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Incorporating detailed muscle architecture aspects into computational models can enable researchers to gain
deeper insights into the complexity of muscle function, movement, and performance. In this study, we
employed histological, multiphoton image processing, and finite element method techniques to characterise
the mechanical dependency on the architectural behaviour of supraspinatus and infraspinatus mouse muscles.
While mechanical tests revealed a stiffer passive behaviour in the supraspinatus muscle, the collagen content

was found to be two times higher in the infraspinatus. This effect was unveiled by analysing the alignment
of fibres during muscle stretch with the 3D models and the parameters obtained in the fitting. Therefore, a
strong dependence of muscle behaviour, both active and passive, was found on fibre orientation rather than

collagen content.

1. Introduction

The musculature of the rotator cuff (RC) plays a crucial role in main-
taining the motion and stability of the shoulder joint. It is composed
of four muscles, named supraspinatus, infraspinatus, subscapularis and
teres minor, which collaborate by ensuring that the humeral head
remains securely in the glenoid fossa as they rotate the humeral head
in coordination with the periscapular muscles [1,2]. The versatile
motion of the shoulder joint regularly subjects the RC to complex and
multiaxial loads, meaning that RC is frequently susceptible to injury,
resulting in weakness, reduced range of motion, pain and functional
limitations. RC degenerative alterations become more prevalent with
advancing age, but acute injuries continue to be a concern across all
age groups [3,4]. Because of the high frequency of supraspinatus ten-
don injuries, extensive research has been conducted on supraspinatus
muscle anatomy, encompassing aspects such as its musculotendinous
structure, imaging characteristics and functional properties. In contrast,
there is relatively limited documentation regarding the morphology and
function of the infraspinatus muscle in comparison to the supraspinatus,
and less attention has been paid to the infraspinatus—supraspinatus
relationship [5].

The integrity of RC is intimately linked to its functional behaviour,
particularly in terms of muscle force production and movement, which
are intricately governed by the muscle’s architectural characteristics
[6]. Parameters such as fibre bundle length, pennation angle, muscle
thickness and cross-sectional area are key factors affecting muscle
force properties and function [7-11]. However, decreased flexibility of
muscles can determine the success rates of rehabilitation and recovery
following RC injury. In this sense, whole muscle stiffness increases
when the tendon is torn and as the severity of the tears increases.
Despite these observations, it remains a subject of ongoing inquiry
whether muscle rigidity primarily arises from fibrotic changes, alter-
ations in the muscle fibres themselves or intricate interactions between
collagen content and the disposition of myofibres. Clarifying the precise
mechanisms underlying muscle stiffness in RC under physiological
condition holds significant implications for understanding RC injuries
and improving treatment strategies.

Computational modelling and simulation techniques have become
indispensable modern methods for understanding the intricate be-
haviours and interactions within the musculoskeletal system. These
methods offer valuable insights into the functioning, interaction and
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contribution of muscles to joint biomechanics and movement gen-
eration. However, these models must overcome various challenges
to accurately represent the complexity of this system under physio-
logical conditions. To date, only a limited number of computational
approaches have integrated multiple muscles into a comprehensive
system-level model, and a small subset of simulations has incorporated
active 3D models of multiple skeletal muscles [12]. Furthermore, most
finite element (FE) models do not consider muscle interactions or
detailed anatomical relationships [13]. Basically, they are constrained
by the assumption that the muscle-to-muscle contact or the represen-
tation of such contact in non-physiological ways [14]. This remains a
high computational limitation because architectural variations within
muscles hold functional significance [15-17].

In the case of RC muscles, the responses of the infraspinatus and
supraspinatus muscles can be influenced by a multitude of factors,
including their geometry, locations of origin and insertion, bone and
tendon interactions, surrounding structures, boundary and loading con-
ditions, among others. Additionally, numerical modelling applications
for RC muscles are severely limited due to the numerous assumptions
involved, such as considering a parallel orientation of muscle fibres to
the surface. This particular presumption renders the models unsuitable
for representing the supraspinatus and infraspinatus muscles, which
are pennate muscles. In pennate muscles, fibres run at an angle to
the axis of traction which is macroscopically manifested by a single
intramuscular tendon, so that the anatomical cross-sectional area does
not accurately represent the cross-section perpendicular to all fibres in
the muscle. Therefore, it is inadequate to model these muscles using
the typical computational musculoskeletal model, which employs the
vector component of muscle force exerted along an axis parallel to the
length of the tendon [18-21].

The primary objective of this study was to determine the me-
chanical properties of both the passive and active behaviour of the
supraspinatus and infraspinatus mouse muscles, considering their pre-
cise architecture. To achieve this goal the study addresses important
aspects, including: (i) conducting series of experimental tests to char-
acterise both passive and maximum active isometric force for both
muscles; (ii) precise image reconstruction of muscle fibre orientation
and external volume; and (iii) employing inverse finite element tech-
niques to find characteristic material parameters for describing the
behaviour according to established constitutive models. This will serve
as a foundational step in establishing a validated in silico model for
diagnosing and performing surgical procedures for shoulder-related
dysfunction. It will empower researchers who are evaluating RC tear
pathology to investigate functional outcomes and pioneer innovative
therapeutic approaches. To present this technique, the paper is struc-
tured as follows: the “Materials and Methods” section will provide
detailed information regarding tissue processing and characterisation,
and evaluation of the mechanical properties of the animal model.
Subsequently, the mathematical formulation and the Finite Element
program used will be established in the “Computational Model” sec-
tion. The results will be rigorously analysed in a dedicated ‘“Results”
section, followed thorough exploration and interpretation in the “Dis-
cussion” section. Finally, the “Conclusions” section will summarise the
findings.

2. Materials and methods
2.1. Animal model

Twelve wild-type (WT, C57BL/6J) mice at 12 weeks of age (26.092 +
0.357 g weight) were purchased from ENVIGO (Ref.: 057; France) and
maintained in our Animal housing facilities in compliance with current
legislation. After one week, the animals were sacrificed by cervical
dislocation to isolate the supraspinatus and infraspinatus muscles for
histological (n = 4) and mechanical characterisation (n = 5) or to obtain
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the bone-tendon-muscle units from shoulders for further anatomical
analyses (n = 3).

Sample sizes were determined using the G*Power statistical pro-
gram, with fixed error (a = 0.05) and power (1 — f = 0.9) parameters,
taking into consideration data collected in previous works [22,23].

The study was conducted according to the guidelines of the Decla-
ration of Helsinki, and approved by the Ethics Committee on Experi-
mental Research of the Universidad de Navarra (protocol code 95/19,
11 December 2019). The authors declare no conflict of interest.

2.2. Histological analysis

For histological analyses, the supraspinatus and infraspinatus mus-
cles were fixed in 4% paraformaldehyde (PAF) for 24 h immediately
after isolation, washed in PBS and immersed into paraffin. Tissues were
serially cut into four longitudinal sections of 4 pm thickness, collected
at 400 pm depth intervals throughout the entire muscles.

The tissue sections were washed in PBS, hydrated in grade ethanol
and stained with Hematoxylin and Eosin (Merck, Darmstadt, Germany),
Masson’s Trichromic and Sirius red stainings to reveal the histological
structure and the accumulation of collagen.

2.3. Multiphoton analysis

The bone-tendon-muscle units were carefully isolated from mice,
fixed in 4% PAF for 48 h and decalcified for 72 h at room temperature
(Fig. 1.a). Then, the units were embedded in agarose and longitudinally
sectioned in 400-500 pm sections through the entire tissues. A total of
5-6 pieces were collected from each unit (Fig. 1.b-c), maintaining the
bone-tendon-muscle connection in any single piece (Fig. 1.d).

Immunostaining of the 400-500 pm bone-tendon-muscle tissue sec-
tions for dystrophin (Abcam) was performed after a permeabilisation
step with 0.5% Triton X-100/PBS for 24 h at room temperature, fol-
lowed by several rinses in PBS. Samples were blocked in 10% bovine
serum albumine/PBS for 24 h, previous to the addition of primary anti-
body for another 24 h at room temperature. Dystrophin anti-rabbit anti-
body was visualised with goat anti-rabbit-488 fluorochrome-conjugated
secondary antibody (Molecular Probes). Stained tissue sections were
kept in PBS at 4 °C in dark until their use.

After multiphoton microscopy analyses, one of these 400-500 pm
pieces was removed from agarose, embedded in paraffin and cut into
4 pm sections at different depth intervals through the whole piece
to corroborate tissue architecture of hard and soft tissues within the
bone-tendon-muscle units through Hematoxylin and Eosin (Merck,
Darmstadt, Germany), Masson’s Trichromic and Sirius red stainings.

2.4. Image acquisition

Hematoxylin and Eosin, Masson’s Trichromic and Sirius red stained
tissue sections were scanned using an automated pathology imaging
system.

For multiphoton microscopy image analyses, dystrophin and second
harmonic generation (SHG) signals were collected using a Zeiss LSM
880 (Carl Zeiss, Jena, Germany) microscope equipped with a two-
photon femtosecond pulsed laser (MaiTai DeepSee, Spectra-Physics,
Newport USA), tuned to a central wavelength of 790 nm using a
10x/0.25 objective (LD LCI Plan-Apochromat 10x/0.25, Carl Zeiss,
Jena, Germany). Tile and z-stack scans from each 300 pm bone-tendon—
muscle sections were acquired at 7.79 pm intervals in non-descanned
mode after spectral separation and emission filtering using 380 nm to
430 nm and 465 nm to 515 nm BP filters for SHG and dystrophin
signals, respectively. The specific resolution achieved for each image
varies, reaching values of up to 20479 x 13311 pixels.
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Fig. 1. Details of the sample preparation before observing the tissue sections under the Multiphoton Microscope. (a) Representative image of the fixed bone-tendon-muscle unit
after isolation from mice. (b) Collection of the agarose-embedded tissue sections obtained from one mouse. (c¢) Detail of the agarose-embedded bone-tendon-muscle sections and
(d) macroscopic visualisation of the humeral head, supra and infraspinatus tendons and muscles.

2.5. Collagen content analysis

Digital images of Sirius red stainned tissue sections were processed
using Fiji software [24] to quantify the collagen content. Positive
staining was expressed as the percentage of the stained area divided
by the total area of muscle.

2.6. Multiphoton image processing

Using the z-Stack SHG and fluorescent images from multiphoton
microscopy, five or six parallel scans were obtained at different depths
from each section (Fig. 1.d). This showed the appearance of hard
(tendons and bones) and soft (muscles) tissues within the RC. SHG
signal channel allowed for detection of the hard tissues, due to their
strong SHG responses as consequence of their highly ordered and non-
centrosymmetric structures. On the other hand, the green fluorescence
channel improved the detection of the weaker SHG signals generated
by the muscles, since the sections were immunostained for dystrophin.
A different file was saved for each section. Fiji was selected as the
image processing tool. In this study, the fluorescent channel to detect
soft tissue was selected. As it was commented, the slices of each
section revealed the fibre orientations at different depths. All the slices
were stacked together to work with only one image that showed the
alignment of the muscle fibres for each section. Moreover, the stacked
images allowed to reconstruct the whole sample volume, segmenting
the contours and fitting a smooth surface to them in SolidWorks.

2.7. Mechanical characterisation
Supraspinatus and infraspinatus muscles from right upper limbs

were used to assess passive biomechanical features, while active be-
haviour of the muscles were analysed in the contralateral limbs.

2.7.1. Passive behaviour

The passive behaviour was studied using an electromechanical In-
stron Microtester 5248 testing setup (Illinois Tool Works Inc., Glenview,
IL, USA), equipped with a 5 N load cell with minimal resolution
of 0.001 N. A testing velocity estimated as 0.2 L/100 mm min~!,
where L is the initial sample length and 0.2 is the deformation rate,
was maintained throughout the test and for all specimens. The whole
muscle was tested immediately after sacrificing the animals, either the
supraspinatus or the infraspinatus, which were carefully isolated in a
retrograde direction, from their tendon insertion into the humeral head
to their proximal position in the scapula. For each test, the zero load
point was defined after the muscle specimen was clamped at both ends
(tendon and scapula). All specimens were subjected to a displacement
rate of 3 mm/min until failure. Force and displacement were acquired
at 10 Hz and recorded in a data file for further processing.

2.7.2. Active behaviour

The contractile force generation tests used to quantify active be-
haviour of the muscles were carried out with a 1200 A system (Aurora
Scientific Inc. ON, Canada) for in-vitro isolated muscle tests, immedi-
ately after sacrificing the animals. Since removing the tissue from the
scapula often led to samples unresponsive to the electric field stimula-
tion, a mounting technique that allowed the muscles to remain attached
to the scapula (Fig. 2.a) was applied. Both the supraspinatus and
infraspinatus tendons were secured using suture (Prolene 6/0, Johnson
and Johnson) thread loops and released from their attachment on
the humeral head (Fig. 2.b, arrowheads) after removing the acromion
and the subscapularis muscle. The dorsal border of the scapula was
twice perforated with a needle at the fossa, in the medial borders of
the scapula, aligned with the supraspinatus and infraspinatus muscles
(Fig. 2.b, arrows) and held with suture thread loops (Fig. 2.c, arrows).
Then, the scapula was cut across the spine to isolate the individual
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Fig. 2. Scheme of the samples preparation. (a) Supraspinatus and infraspinatus tendons inserted on the humeral head. (b) Free tendons secured with sutures (arrowheads) and
holes made on the opposite side of the scapula, in the muscle line of action (arrows), (c) for its next fixation with suture loops (arrows). (d) Then, the scapula was cut across
the spine to isolate the individual muscles. (e) Infraspinatus muscles allocated to the contractile device through the sutured ends of the tendon and scapula, keeping the entire
structure submerged in a physiological thermal bath. Meanwhile, the supraspinatus muscle was kept in a thermal bath.

muscles (Fig. 2.d) The end of the suture of the infraspinatus tendon
was attached to the upper clamp of the device, while the suture end
connected to the scapula bone was secured to the lower fixation point
(Fig. 2.d), ensuring the proper alignment of the tendon and muscle.
The supraspinatus muscle/scapula was kept at 37 °C in Han’s balanced
medium.

The muscle/scapula sample was maintained on a circulating heated
Ringer’s solution bath saturated with carbogen gas at 27 °C, using
a cylindrical bath chamber (Fig. 2.d). Inside the chamber, the stim-
ulating electrical field required for muscle activation was generated
by two electrodes located parallel to the sample. The samples were
stimulated by a series of single impulse isometric twitches (1 ms, at
100 V) to determine the optimal length of each sample. To avoid the
onset of muscle fatigue, the samples were allowed to rest for 2 min
between twitches, with a final resting interval of 5 min. After this
process, muscle samples were stimulated with activation frequencies
ranging from 10 to 140 Hz (10, 80, 100, 120 and 140 Hz), to induce
isometric tetanic contractions. For each frequency, the stimulation was
maintained during 0.5 s applying 100 V pulses with 1 ms duration. The
samples were rested for 5 min before being stimulated with another
frequency. All data from contractile tests (Force (mN), Time (s)) was
acquired using a 10 kHz sample frequency.

After testing the infraspinatus muscles, the connections were re-
moved from the device and the suture ends within the supraspinatus
tendon and scapula were fixed to the clamps, following the same con-
tractile protocol to analyse the supraspinatus muscle active behaviour.

2.8. Statistical analysis

All statistical analyses were performed using SPSS 15.0 (SPSS Inc.).
The Shapiro-Wilk test was used to assess normal distribution. Variables
were analysed with the Mann-Whitney U test or Student ¢ tests. All ex-
periments were performed using at least three independent experiments
per each condition. Data are expressed as means + SEM. Values p < 0.05
were considered to be statistically significant.

3. Computational model
3.1. Model formulation

The passive and active finite strain response of the muscle was sim-
ulated within the framework of continuum mechanics postulating the

existence of a strain energy function (SEF) [25]. This function is usually
expressed in a decoupled form consisting in a volume-changing and a

volume-preserving parts in order to handle the quasi-incompressibility
constraint:

V=¥, +¥,+7, (@9

In Eq. (1), ¥, = %(J — 1)? is the term that accounts for volume-
changing deformations with « the bulk modulus and J being the
determinant of the deformation gradient. The SEF, ‘f’p, used to represent
the passive behaviour of the tissue was taken in this work as [26]:

W, =c; (I, -3) + z_j (exp04<f4-f4o> —ey (I, = Tpg) - 1) @

where I, is the first invariant of the symmetric volume-preserve
Cauchy-Green tensor, and I, is the pseudo-invariant related to the
anisotropy induced by the orientation of the muscle fibres reinforced
with collagen tissue. c|, c3, ¢, and I, are parameters to be determined.

The strain energy ¥, is associated with the active response and con-
sequently, with the actin-myosin interaction and is expressed as [25]:

¥, = f,f, 5(1‘ -17 3)
a ™~ Aaciz 4

where P, is a proportionality factor related to the maximum active
stress due to the muscle contraction. J, is a pseudo-invariant associated
to the elastic deformation of the muscle fibres. The functions f,; and
fact are, respectively the influence of filament overlap on the active
response of the muscle [27] and the activation function [28].

~Ga=Aopt)?

fi=exp 2 faer = a(tanh (A, (t — 1)) (tanh (A, (r — 1)) (4)

A, represents the deviatoric part of the muscle fibre stretch. 4,,
defines the fibre stretch at which filaments overlap is optimum for
force generation and ¢ adjusts the horizontal amplitude of the function.
0 < @ < 1 is the activation parameter, A, and A, govern the initial slope
starting at ¢ = ¢; and the final slope at 7 = ¢, of the activation function.

The formulation of the muscle activation model involves the defini-
tion of a contraction or stretch velocity ia (see Grasa and Calvo [29]
for detailed derivation) which can be obtained as:

s Aa = Aopt - 24, (I, -1
Aq =U0< 222 2 (Ja - 1)24‘—4 (14 ) —Vfact> ®

a
where v, is associated with the initial contraction velocity and v could
be interpreted as a friction parameter that takes into account the
relative sliding speed between actin and myosin.

In this work, the commercially available finite element software,
COMSOL Multiphysics 5.3a, was used to implement the needed equa-
tions of the mathematical model. The program uses the classical
Galerkin method to obtain an algebraic problem from the set of partial
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Fig. 3. Relationship between the maximum force developed by the infraspinatus muscle in the model (mN), the number of elements in the mesh, and the computational time (s)

required for each simulation.

differential equation system. In each step time increment, the stretch
velocity is updated when activation is present (f,, > 0) and the active
fibre stretch computed. Then, the active contribution to the SEF can be
obtained updating the elastic deformation of the fibres as \/T =2 /la‘l,
with 4 the total stretch.

3.2. Finite element model

To find the optimal mesh, a size sensitivity analysis was conducted
for both muscle domains. In this analysis, the optimal mesh using
the Delaunay-based mesh generator of the program was selected after
determining that further refinements did not significantly affect the
maximum force developed by the model. The mesh sensitivity analysis
is presented in Fig. 3. This figure shows the relationship between the
maximum force developed by the infraspinatus muscle in the model,
the number of elements in the mesh, and the computational time
required for each simulation.

The selected mesh is shown in Fig. 4.a and consists of 5669 nodes
and 20616 quadratic serendipity tetrahedral elements. The quality of
the mesh was assessed based on the equiangular skew of the elements,
and a measure greater than 0.5 was found in all of the mesh ele-
ments. No frictional contact was defined between the muscle and bone
surfaces, considering the bone domain as a rigid body.

The anisotropy of the tissue was incorporated in the model using
the real muscle fibre orientation determined by the image processing
as will be shown later. A plain text file, containing the coordinates
of the tissue domain together with the components of an orientation
vector, was imported into the software. When assembling the matrices
to solve the model, the software used this orientation map to interpolate
and find the proper fibre direction in every element integration point.
In Fig. 4.b these orientations are represented for the infraspinatus
muscle. The model incorporated appropriate boundary conditions to
simulate the mechanical tests for both muscles, aiming to determine
their passive and active behaviour as described previously in the ex-
perimental protocols. For the computational simulation of the passive
behaviour, one end of the model was attached with a fixed constraint.
A displacement of 2 mm was imposed to the opposite end in the loading

direction. For the active behaviour both ends were clamped with a fixed
constraint, and the isometric contraction was established to recreate the
experimental results. This process was performed for both muscles.

4. Results

4.1. Collagen preferably accumulates in the infraspinatus than in
supraspinatus muscles of healthy mice

Both the supraspinatus and infraspinatus muscles were isolated
from the RC of the mice, longitudinally sectioned, and stained with
hematoxylin—eosin (HE), Masson’s Trichromic (MT), and Sirius Red
(SR) (Fig. 5.a-b). HE staining allowed for the visualisation of the
bipennated muscle structure, a feature that became more evident in the
MT-stained tissues (Fig. 5.a, ). The latter facilitated the differentiation
between tendons and muscles due to the high collagen content in the
tendons (Fig. 5.c). This characteristic morphology was further sup-
ported by SR staining (Fig. 5.a, c). Furthermore, by using SR staining,
we quantified the accumulation of connective tissue in both tissues
(Fig. 5.c), and found that the infraspinatus muscles exhibited a signifi-
cantly higher collagen content compared to the supraspinatus muscles
(Fig. 5.d), reflecting a two-fold increase (infra: 4.75+0.71, supra: 2.46 +
0.32).

4.2. Second harmonic signals accurately compile the RC structure

Multiphoton microscopy images from the bone-tendon-muscle units
allowed to visualise the natural position of the glenohumeral joint
at the shoulder by the generation of SHG signals. Bone hard tissues,
such as humerus and scapula, produced a strong SHG signal (Fig. 6.a)
because of their highly ordered and non-centrosymmetric crystalline
structure, primarily composed of hydroxyapatite. The supraspinatus
tendon, like bones, also produced a strong SHG response and appeared
as bright, well-defined structure (Fig. 6.a), due to the densely packed
collagen fibres, which have a non-centrosymmetric highly ordered
structure. On the other hand, the supraspinatus and infraspinatus soft
muscle tissues created weaker but distinct SHG signals (Fig. 6.a), as a
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(b)

Fig. 4. (a) Finite element mesh used in the model for the scapula and both muscles. (b) Representation of the fibre directions in the infraspinatus muscle.
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Fig. 5. (a) Representative images of longitudinal supraspinatus and infraspinatus muscle tissue sections stained with hematoxylin-eosin, Masson’s trichromic and Sirius red, (b)
maintaining their natural position in the RC. (c) High magnification longitudinal images showing the pennated organisation of the muscles and the presence of collagen. (d) Graph
shows the accumulation of collagen in the supraspinatus and infraspinatus muscles after staining the tissue sections for Sirius red (mean + standard deviation of the mean). SK-M,

skeletal muscle; T, tendon; SUPRA, supraspinatus muscle; INFRA, infraspinatus muscle.

consequence of their composition of myofibres, which are surrounded
and interwoven with collagen fibres, but lack the structural arrange-
ment and organisation found in tendons and bones. Thus, through
the analysis of SHG signals, we can visualise the bone-tendon-muscle
connections within the RC. Both the supraspinatus and infraspinatus
muscles lie on the scapula, separated by its spine, with the supraspina-
tus tendon running through the supraspinatus muscle before inserting
into the top of the humeral head beneath the acromion (Fig. 6a).

HE, MT and SR stainings confirmed the interaction between soft
and hard tissues, showing a broad overview of RC microstructure

(Fig. 6.b), illustrating the distribution and organisation of collagen and
muscle fibres (Fig. 6.c), and providing detailed visualisation of collagen
presence (Fig. 6.d), further corroborating the SHG-collagen co-signals.
Furthermore, SHG signals acquired at a higher magnification confirmed
the pennated characteristic feature of the muscle fibres due to the
ordered arrangement of actin and myosin filaments within the myofi-
bres (Fig. 6.e) in both supra and infraspinatus muscles. Meanwhile,
dystrophin immunostaining, a specific skeletal muscle marker, helped
distinguishing muscle from bone and tendon in images captured at a
lower magnification (Fig. 6.f).
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Fig. 6. (a) Representative z-stack projection multiphoton image of agarose-embedded RC bone-tendon-muscle unit from healthy mice, acquired at 10X magnification. (b) Illustrative
images of waxed-RC tissue sections stained for hematoxylin-eosin, (¢) Masson’s trichromic and (d) Sirus red. Images in b-d correspond to the area highlighted in (a). (e) Representative
SHG signals from skeletal myofibres acquired at a high magnification (25X). (f) Combination of SHG collagen signals and dystrophin immunostaining acquired at 10X magnification.

4.3. Myofibre pennation angles

The Fiji Tubeness plugin [30] was used to process the multiphoton
microscopy images (Fig. 7.a). These images were treated as a 3D
stack and another set of images were generated where myofibres were
transformed to tubular structures. In this plugin, after a few trials, a
sigma value of 10 was observed to bring the best results. A comparison
between the appearance of the muscle fibres after stacking all the slices
(Fig. 7.a) and the appearance of the fibres after applying the Tubeness
plugin is presented in Fig. 7.b.

Each of the images was imported to Fiji and manipulated separately
using the OrientationJ plugin and the Vector Field method [31]. This
plugin examined the images conducting an analysis of the fibre orienta-
tions and created a graphic vector field providing a map of coordinates
and orientation angles. Fiji Tubeness plugin enabled the possibility to
obtain the muscle fibre directions. The original data loaded into Fiji
showed certain noise and a colour gradient. This prevented Orienta-
tionJ plugin from properly functioning when applied directly to the
stacked slices. An intermediate step was necessary to obtain the muscle
fibre directions. This step consisted of applying Tubeness plugin. This
plugin binarized the previous image and converted the appearance of
myofibers into tubular structures, as mentioned before. This enabled
the correct application of Vector Field option ensuring an accurate
interpretation of the binarized image acquiring the fibre orientations.
Fig. 7.c shows a detail of the infraspinatus fibre orientations.

After obtaining the vector field of the fibres and their orientation
angles, a series of statistical analyses were conducted. First of all, six
regions were selected in both muscles as can bee seen in Fig. 8. These
regions encompass locations on both sides of the tendon from the
proximal to the distal area of the tissues.

Using these regions, the variability of the fibre orientation was
assessed for both muscles along the different image sections. This
analysis was intended to probe whether or not the directions remained
constant in the out of plane direction. One image from the bottom of the
stack, one from the middle and another from the top were selected for
the three mice samples obtained by the multiphoton microscope. The

orientations of the muscle regions were tested initially for normality
using the Kolmogoérov-Smirnov test, which confirmed the validity of
the hypothesis with a p-value greater than 0.05. A one-way ANOVA
analysis was performed to determine the similarity of the fibre an-
gles within each region, regardless the section of study. This analysis
provided a p-value over 0.01 in all cases proving that the orientation
remains constant along the Z-direction for both muscles.

Table 1 shows the mean and standard deviation of the fibre orien-
tations with respect to the central tendon at the different regions.

4.4. Passive behaviour identification

Results for passive experimental tests are shown in Fig. 9.a (mean
+ shaded standard deviation). The average evolution of the force
registered to conduct an extension of 2 mm in the infraspinatus muscle
was of 0.042 + 0.004 N whereas for the supraspinatus muscle was of
0.075 £ 0.029 N. Infraspinatus muscles weighed 38.4 + 3 mg in contrast
to 42 + 3 mg of the supraspinatus.

To reproduce the experimental results with the computational
model, a prescribed displacement was applied progressively to the
tendon end in both muscles until reaching a maximum of 2 mm.
With the aim to minimise the difference between the experimental
and numerical force-displacement evolution, a series of Monte Carlo
simulations were conducted for parameter identification of the SEF
associated to the passive behaviour (see Eq. (2)). In these simulations,
the parameter range of variation was gradually decreased to reach a
coefficient of determination R* > 0.99. The passive SEF parameters
for both muscles are shown in Table 2 and the computational force—
displacement evolution curve in Fig. 9.a. The computational time
needed for the passive analysis of the infraspinatus was 45 s and for
the supraspinatus was 153 s.

4.5. Active behaviour identification

In Fig. 9.b the mean and standard deviation of the experimental
active forces obtained for both muscles samples are represented. These
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(c)

Fig. 7. (a) Appearance of muscle fibres observed under Multiphoton microscope. (b) Threadlike aspect of the muscle fibres after applying Tubeness plugin. (c) Representation of

infraspinatus fibre orientations after applying OrientationJ plugin.

Table 1
Pennation angles (angles of the fibres with respect to central tendon) of the different regions of the infraspinatus and supraspinatus (mean + standard deviation).
Infraspinatus Supraspinatus
Rgl Rg2 Rg3 Rg4 Rg5 Rgb6 Rgl Rg2 Rg3 Rg4 Rg5 Rgb6
Mean 17.22° 26.60° 5.39° 13.08° 25.46° 17.90° Mean 7.84° 13.98° 12.03° 14.45° 20.78° 15.84°
Std +5.36° +5.63° +7.43° +5.70° +5.26° +5.92° Std +7.20° +7.47° +5.64° +5.76° +4.83° +5.92°
Table 2 of the SEF (Eq. (3)). In a similar way to how it was done in the
Parameters for the passive part of the SEF (Eq. (2)). passive behaviour, a series of simulations, varying those parameters,
Infraspinatus were conducted to find a coefficient of determination between the
Ly [-1] ¢; [MPa] ¢; [MPa] ey [-1] R experimental and computational curves R> > 0.99. These parameters
11 0.0067 0.00022 8.7 0.9992 are shown in Table 3. The evolution of force over time obtained by the
Supraspinatus computational model for both muscles is represented in Fig. 9.b. The
I [-1 ¢, [MPa] ¢; [MPa] e [-1 R2 computational time needed for the active simulations was 221 s for the
1.1 0.0123 0.0012 8.17 0.9989 infraspinatus and 256 s for the supraspinatus.

forces correspond to the maximal isometric tetanic contractions in-
duced by an electrical activation signal of pulses applied at a frequency
of 140 Hz. A maximum isometric force of 125.605 + 47.441 mN at
t = 0.2 s was obtained for the supraspinatus muscle whereas for the
infraspinatus muscle, a maximum of 176.865 + 69.501 mN was achieved
attr=02s.

Fixing the tendon end of the computational model, an isometric
contraction could be simulated for both muscles. This model allowed
to determine the set of parameters associated with the active part

The developed model could provide useful tools to understand the
effect of the muscle architecture in the contraction and force develop-
ment. Fig. 10.a shows the active stretch 4, along a representation of
muscle fibres when developing the maximum isometric force. In both
muscles, at this time point, the more shortened fibres are located at
the distal end or tendon region that inserts in the humeral head. The
maximum principal stress (Fig. 10.b) is also represented at the same
time instant. It can be observed that the maximum principal stresses are
located near the insertions whereas in the muscle belly, lower values
could be found. In this latter region, during contraction, muscle fibres
progressively shorten and rotate decreasing their active stress due to
actin and myosin filament overlapping (i.e. force-length relationship).
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Fig. 8. Regions of the infraspinatus and supraspinatus selected for the statistical analysis and reference system for angle measurements.
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Fig. 9. Curves for experimental and computational results. (a) Force—displacement for the passive response and (b) force-time for the active tetanic isometric contraction.

5. Discussion

Using computational models based on the finite element method
to analyse muscle biomechanics, computed tomography (CT) and mag-
netic resonance imaging (MRI) are common data acquisition techniques
used to develop 2D and 3D geometrical models of skeletal muscles [12,
27,32-35]. These techniques provide information related to the physio-
logical and anatomical aspects of the entire muscle and its surrounding
structures. Consequently, different strategies should be adopted to de-
fine the anisotropy of the tissue induced by its architecture such as
diffusion tensor-MRI [36]. The Second Harmonic Generation (SHG)
imaging technique provides fine-grained, high-resolution images of tis-
sue structures, down to the submicron scale [37]. Thus, it can enhance
the visual fidelity and realism of the simulated tissue to generate

highly realistic and detailed tissue structures. SHG offers higher spa-
tial resolution than MRI, making it suitable for visualising fine tissue
structures and interactions without requiring contrast agents [38]. As
found in our study, SHG imaging of mouse RC is highly specific to
collagen fibres and other non-centrosymmetric structures, enabling
targeted visualisation of collagen-related structures, such as tendons
and bones [39]. Since collagen is present in the endomysium and
perimysium connective tissue of muscle, our imaging of collagen fibres
indirectly revealed the orientation of muscle myofibres, as they align
with the collagen structures. This advantage allowed us to discern be-
tween the supraspinatus and infraspinatus muscles, which are adjacent
to the scapula and separated by the scapular spine. It provided a fine
microscale imaging of muscle connections through the supraspinatus
tendon and the humeral head. Furthermore, this level of detail was
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Fig. 10. (a) Active stretch A, represented along the fibre orientations at r = 0.2 s for infraspinatus (left) and supraspinatus (right). (b) Contour plot of the first principal stress

(MPa) at t = 0.2 s for infraspinatus (left) and supraspinatus (right).

Table 3
Parameters determined from the fitting of the 3D models to the mean of the
experimental tetanic contraction under isometric conditions.

Infraspinatus Supraspinatus

Force-stretch relationship

Ao [ =1 1 1

& 0.16384 0.16384
Force Time relationship

A [-1 180 200

A [-1 53 61
Active SEF

P, (MPa) 0.42 0.363

vy s 6 6

v[i-1 0.59 0.59
Goodness of fit

R? 0.9762 0.9745

crucial for accurately visualising the orientation and arrangement of
muscle fibres, enabling the quantification of individual myofibres and
their pennation angles.

The use of SHG imaging has allowed not only to determine
supraspinatus and infraspinatus architecture, but also their whole
geometry with high accuracy. Although sections of 500 pm were ob-
tained for each muscle, the microscope captured images every 7.79 pm
which, after segmentation, provided the external contour delimiting
the tissues. This process for generating the 3D muscle domains has
a limitation regarding the upper part not in contact with the bone
where segmentation turned to be quite difficult. In this region, the
fitting surface was chosen smooth enough to close the muscle volume
with no visual discrepancy to the real tissue. As described previ-
ously, when characterising their passive mechanical behaviour, the
muscles were tested entirely. This procedure was adopted due to the
impossibility of extracting regular shaped samples of the tissue to
guarantee uni-axial loading. Therefore, a technique based on finite
element simulations [40] allowed to find an anisotropic hyperelastic
constitutive law and to determine their characteristic parameters. To
the best of authors’ knowledge, no previous research results on the

10

passive behaviour of supraspinatus and infraspinatus muscles could be
found in the literature. In the work of Smith and Barton [41], muscles
from the lower limb (Extensor digitorum longus and soleus muscle)
were tested passively in the physiological range of deformation. They
reported higher collagen content for the mouse control group and a
global stiffness value representing the passive behaviour. Although
these results cannot be compared, they are in the same order of magni-
tude as parameter ¢, in our proposed SEF which represents the stiffness
at a lower strain range. Studies where constitutive laws are formulated
for computational simulation purposes, i.e. finite element models, are
only reported for other species and muscle tissues [26,27,42]. The
proposed technique to determine SEF parameters is not exempt from
limitations since the models are developed with a geometry that is not
the one used in the real experiment. This limitation may not be critical
since the average behaviour is analysed and animals were carefully
selected regarding age and weight and consequently tissue dimensions.

In the work of Valencia et al. [43], contractility of the supraspinatus
muscle was analysed in mice of the same age and weight. They reported
values of 260 + 30 mN for tetanic contractions that are larger than the
results in our study (125.6 + 47 mN). Differences could be found in
the experimental protocol, since Valencia et al. [43] used an in-vivo
setup while in our work in-vitro tests were conducted. The dissection
and manipulation time of muscles may influence cellular processes
within the muscle tissue, potentially resulting in an underestimation
of the maximum tetanic force of the supraspinatus. This is particularly
noteworthy in our study when analysing the supraspinatus subsequent
to the infraspinatus and despite resting times between stimulus, fa-
tigue may appear. On the other hand, no maximum tetanic force
has been reported in the literature for mouse infraspinatus muscles.
Based on the muscle weight measurements, the infraspinatus exhibits a
weight approximately 9% lighter than the supraspinatus. Despite that,
the infraspinatus muscle developed a greater maximum tetanic force
compared to the supraspinatus. As observed, pennation angles in the
infraspinatus muscle are larger than those for the supraspinatus. It is
well known that the force produced by pennate muscles is greater
than the force produced by parallel muscles [44]. Therefore, as demon-
strated in the analysis of the two muscles, the higher the pennation
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angles, the greater the force, despite having less mass. This effect
is also contemplated and predicted by the computational modelling.
The parameters obtained for both muscles differs basically in those
related to the force time relationship. The initial and final slopes for
the infraspinatus muscle are lower, indicating a longer time to reach the
maximum isometric force and to relax, respectively. It is noteworthy to
mention that the model does not contemplate the metabolic behaviour
of muscle fibres and only predicts an average behaviour. Moreover,
slight differences are noted in the results of the model at the end of
the contraction phase in both muscles, as evidenced by the goodness of
fit.

While the computational model may be properly calibrated with
suitable parameters for isometric contractions, it retains the ability to
simulate additional physiological scenarios. However, it is important to
note that these additional scenarios, such as concentric and eccentric
contractions, have not been explicitly tested. However, to faithfully
replicate concentric and eccentric contractions, it becomes imperative
to integrate additional relationships into the strain—energy function
such as the dependence with the velocity of contraction. Furthermore,
further experimental tests are necessary to validate the model in these
scenarios.

Our study showed that the infraspinatus muscles exhibit a higher
collagen content than their supraspinatus counterparts, yet the former
is less stiff. Regarding collagen content this result is in agreement with
that observed in humans where the insertion area of the infraspinatus is
clearly larger than that of the supraspinatus [45]. Likewise, it is known
that for the development of mechanical dysfunction in cuff rupture,
there must be involvement of the infraspinatus; isolated rupture of the
supraspinatus is not sufficient [46]. Also clinical experience has allowed
to observe the importance of the pennation angle in the prognosis
of RC injuries [11]. As it has been demonstrated, the finite element
model accounting for the real fibre orientations allowed to understand
how in both passive and active simulations, pennation angle reduces
progressively orientating the fibres in the loading direction. Taking into
account the inherent differences between species that may limit direct
extrapolation to humans, after geometry and model parameters, the
methodology presented could provide future insights into the prognosis
of injuries once the angle of pennation is known. In cases in which it
is not possible to repair the infraspinatus, the palliative option with
latissimus dorsi or lower trapezius transfer is considered. Beyond the
vectorial possibilities of each transfer, it would be necessary to compare
which would be more convenient in this aspect [47].

6. Conclusions

The study of the architecture of the mouse RC muscles supraspinatus
and infraspinatus has unveiled the important effect of the pennation
angle on their mechanical behaviour. The information provided by
the multiphoton microscopy has contributed to elaborate an accu-
rate muscle fibre mapping to develop suitable computational models.
The parameters obtained from fitting these 3D models, along with
their proven robustness, can be used for further analysis of shoulder
biomechanics.
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