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Abstract
Patient management following a stroke currently represents a medical challenge. The presented study investigates the effect 
of immobilization on skeletal muscles in short positions after a stroke. A rat model was implemented in order to compare 
four situations within 14 days including control group, immobilization of one forelimb without stroke, stroke without immo-
bilization and stroke with immobilization of the paretic forelimb. To analyze the changes of the mechanical properties of 
the passive skeletal muscle, the biological tissue is assumed to behave as a visco-hyperelastic and incompressible material 
characterized by the first-order Ogden’s strain energy function coupled with second-order Maxwell’s model. The material 
parameters were identified from inverse finite element method by using uniaxial relaxation tests data of skeletal muscle 
samples. Based on measurements of histological parameters, we observe that muscle immobilization led to microconstituents 
changes of skeletal muscles that were correlated with degradations of its mechanical properties. In the case of immobiliza-
tion without stroke, the neurological behavior was also altered in the same manner as in the case of a stroke. We showed 
that immobilization of skeletal muscles in short positions produced contractile tissue atrophy, connective tissue thickening 
and alteration of passive mechanical behavior that were more damaging than the effects produced by a stroke. These results 
showed then that immobilization of skeletal muscles in short positions is highly deleterious with or without a stroke.
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1  Introduction

After a stroke, a patient is placed in bed rest and some mus-
cles of the patient are immobilized in a short position (Nor-
vang et al. 2018). The disorder that we name “spastic myo-
pathy post-stroke” might be considered as the consequences 
of a stroke and the immobilization in a short position that 
follow the stroke (Gracies 2015). Furthermore, it is well 
known that muscular damage might be a result of skeletal 
muscles in short positions. Indeed, immobilization in short 
positions is damaging to muscular tissue (Gracies 2005, 
2015) and triggers a cascade of reactions inside the muscle. 

Firstly, an early alteration of protein synthesis occurs in the 
first few hours, followed by non-contractile tissue thicken-
ing inducing loss of extensibility (Tabary et al. 1972; Booth 
et al. 2001; Hafer-Macko et al. 2008; Smith et al. 2011). In 
the case of post-stroke, it was therefore observed that the 
increase in skeletal muscle stiffness exacerbates the spas-
ticity phenomenon that amplifies muscle immobilization 
in return. For these reasons, we assumed that this cycle of 
retraction–muscle hyperactivity–retraction maintains a real 
muscular disease that we will refer to as spastic myopathy 
(Gracies 2015). Nevertheless, tissue remodeling remains 
little known in this case and the significance of immobi-
lization on the mechanical and structural properties of the 
tissue has yet to be quantified for post-stroke. Thus, it seems 
necessary to evaluate the deleterious impact of post-stroke 
immobilization knowing that few studies exist in human due 
to lack of data. For this reason, current research focuses on 
the development of animal models. Although both immo-
bilization alone (Honda et al. 2018; Jones and Schallert 
1994; Stevens et al. 1999; Tabary et al. 1972) and stroke 
alone (Longa et al. 1989; Ouk 2009; Parkkinen et al. 2013) 
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models are common in literature, there is almost no study 
that combines both pathologies. Furthermore, it should be 
emphasized that most of stroke model studies focused on 
pharmacological (Ouk et al. 2009; Desgeorges et al. 2017) 
or sensorimotor and cognitive purposes (Jones and Schallert 
1994; Zhang et al. 2012; Zvejniece et al. 2012), but very 
few models focused on mechanical or structural properties 
of skeletal muscles (Abo et al. 2004). Previous researches 
have studied microstructural alteration of skeletal muscle 
in both immobilization alone (Tabary et al. 1972; Williams 
and Goldspink 1984; Stevens et al. 1999; Okita et al. 2004; 
Udaka et al. 2008; Honda et al. 2015, 2018) and stroke alone 
(Booth et al. 2001; Pontén and Stål 2007; Smith et al. 2011; 
de Bruin et al. 2014) cases, including, collagen content (Wil-
liams and Goldspink 1984; de Bruin et al. 2014; Honda et al. 
2018), muscle typology (Stevens et al. 1999; Pontén and 
Stål 2007; Smith et al. 2011) or sarcomere length/number 
(Tabary et al. 1972; Williams and Goldspink 1984; de Bruin 
et al. 2014). Whole or sectioned healthy muscles have been 
studied experimentally to either tension (Calvo et al. 2010; 
Mohammadkhah et al. 2016; Wheatley et al. 2016a) and 
compression experiments (Böl et al. 2014; Jalal and Zidi 
2018). The tissue mechanical properties were identified from 
these experiments using stress–stretch analytical expressions 
(Calvo et al. 2010; Wheatley et al. 2016a) or constitutive 
laws were implemented in finite element models (Bosboom 
et al. 2001; Chawla et al. 2009). We can note that some 
studies have taken into account the 3D realistic geometry of 
mechanically stimulated samples in their models (Böl et al. 
2012; Gras et al. 2012). However, few studies have inves-
tigated the mechanical behavior of immobilized (Tabary 
et al. 1972; Williams and Goldspink 1984; Udaka et al. 
2008; Honda et al. 2018) or paretic muscles (Smith et al. 
2011; de Bruin et al. 2014) which are usually based on the 
comparison between healthy and diseased stress–stretch or 
length–tension curves.

Consequently, the following question is addressed: is 
immobilization of skeletal muscle in short position delete-
rious after stroke? An animal model will be implemented to 
investigate this question.

In this paper, we investigated this question from a new 
rat model combining ischemic stroke by transient middle 
cerebral artery occlusion (Longa et al. 1989) with immo-
bilization of impaired limb (Jones and Schallert 1994). 
We evaluated three main metrics: first, infarct volume and 
neurological test; second, the microstructural composition 
of skeletal muscle, including collagen density, proportions 
of muscle fiber types and histomorphology of such fiber; 
third, the changes of the mechanical behavior of the passive 
skeletal muscle using a visco-hyperelastic (Holzapfel 1996) 
and incompressible material characterized by the first-order 
Ogden’s strain energy function coupled with second-order 
Maxwell’s model (Gras et al. 2013; Jalal and Zidi 2018). 

The material parameters were identified from inverse finite 
element method by using uniaxial relaxation tests data of 
skeletal muscle samples. Measurements of histological 
parameters permitted to explain the mechanical and struc-
tural change of skeletal muscle subjected to immobilization 
and/or stroke.

2 � Materials and methods

2.1 � Animal model

Young adult Wistar rats of 8 weeks and 306 ± 22 g were 
obtained from Janvier Labs. Animal protocols were per-
formed in accordance with the local ethics committee 
ANSES/ENVA/UPEC (n°13/12/16-10). The model imple-
mented in the present study combined right cerebral artery 
occlusion with immobilization of the left forelimb on the 
chest during 14 days. Experiments were carried out in four 
groups of rats:

•	 Control (Cont), N = 7
•	 Immobilization without stroke (Immo), N = 7
•	 Stroke without immobilization (MCAo), N = 5
•	 Stroke and immobilization (ImMCAo), N = 6

2.1.1 � Transient middle cerebral artery occlusion (MCAo)

Surgical procedures were carried out as previously described 
(Ouk et al. 2009). Briefly, a 4/0 monofilament nylon was 
placed through the carotid artery to plug the middle cere-
bral artery during 60 min. The control operation (for control 
and immobilized groups) required 60-min anesthesia and 
the same manipulations without advancing the monofila-
ment until the obstruction. Further descriptions are given in 
“Appendix” (Fig. 7a, b).

2.1.2 � Immobilization

The immobilization protocol was implemented on the left 
forelimb during the 60-min anesthesia of MCAo procedure. 
First, digits were fixed in flexed position by using scotch 
tape. Then, the ipsilateral forelimb was huddled up against 
the chest with the wrist in a palmar flexed position through 
the use of plaster cast (Biplatrix®, BSN medical). Plaster 
thus constitutes a one hole vest where the forelimb could 
do only limited movements (Fig. 7c) (Jones and Schallert 
1994).

2.2 � Sample conditioning

Rats were killed on the fourteenth day with an overdose of 
pentobarbital. Brains, as well as biceps brachii (long head) 
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and flexor carpi ulnaris muscles, were harvested. The super-
ficial connective tissue of both muscles, aponeurosis and 
epimysium, was carefully dissected during the harvesting 
process. Brains were frozen in isopentane at − 20 °C during 
30 min and then stored in aluminum at this same temperature 
until cutting. The long head of biceps brachii muscles was 
stored in NaCl 0.9% (B. Braun, Melsungen, Germany) at 
4 °C until the tensile test. Lastly, flexor carpi ulnaris muscles 
were divided into two parts. The proximal part was snap-
frozen in isopentane cooled in liquid nitrogen (Honda et al. 
2018), whereas the distal part was embedded in paraffin.

2.3 � Brain infarct volume measurement

First, 50 µm coronal slices were cut on a cryostat (CM3050 
S, Leica Biosystems GmbH, Nussloch, Germany) at − 20 °C 
and dropped off on slides (SuperFrost Plus™, Thermo Fisher 
Scientific, Waltham, MA). Slides were made at 12 levels in 
roughly 1 mm steps identified in the Paxinos & Watson ster-
eotaxic atlas. Then, slides were stained using a Cresyl Violet 
protocol previously described (Ouk et al. 2009). Infarcted 
part, with a reduced cellular density, appears brightest. 
Finally, the infarcted volume was obtained by integrating 
surface density Si measured using ImageJ software (NIH), 
VI =

∑12

i=1
Si ⋅ di, where VI was the estimated volume and di 

is the distance between two slides that was set to 1 mm. The 
corrected infarct volume VIc

= VI ⋅ VHH∕VHD reflecting the 
cerebral edema was determined from the healthy VHH and 
damaged hemisphere VHD.

2.4 � Microstructural characterization

The distal parts of flexor carpi ulnaris muscles were embed-
ded in paraffin and cut into 4 μm slices. Sections were 
stained in Sirius red ( 0.1% solution of picrosirius red F3BA 
in a saturated solution of acid picric) as previously described 
(Junqueira et al. 1979).

Histochemical and immunofluorescence staining was per-
formed. Slides were scanned with Lamina Scanner (Perkin 
Elmer, Waltham) and viewed using CaseViewer 2.2 software 
(3D HISTECH Ltd).

2.4.1 � Collagen analysis

As others microconstituents, collagen of perimysium and 
endomysium was obtained by a semiautomatic interface 
developed in MATLAB 2017b (MathWorks, Natick, Ma). 
Briefly, as the collagen in perimysium was more colored 
than collagen in endomysium, a k-mean clustering algorithm 
allowed differentiating those two connective tissues. Refer 
to “Appendix” (Fig. 8) for further description. Misalloca-
tions of certain parts due to chromatic aberration could be 
corrected by the user. Epimysium was not quantified since it 

was almost entirely removed during dissection. The remain-
ing epimysium was deducted to perimysium area. Further-
more, tendinous arch, which connected humeral and ulnar 
head, were independently quantified. Surface densities 
�T = ST∕STotal (T = endomysium, perimysium, tendinous 
arch) were then calculated by dividing the collagen area 
by the muscle cross-sectional area STotal that was computed 
from the total tissue slice area where the empty regions that 
appeared white were subtracted from the total area calcula-
tion (Schipke et al. 2017). White empty spaces were artifacts 
due to histochemical protocol and were removed using a 
luminance threshold in CIELAB color space.

2.4.2 � Histomorphology

Fiber morphological analysis was performed using a cus-
tomized labeling interface developed using MATLAB. This 
interface included filtering tools in CIELAB color space 
and mathematical morphology tools. If necessary, the user 
could manually count bonded fibers by allocating the real 
number of fibers. The mean ( Ea) ± standard deviation ( Sa ) 
values for the fiber area were determined using the described 
procedure. The normalized standard deviation Sn

a
= Sa∕Ea 

measured the size variations.
Furthermore, for each fiber, isoperimetric quotients, 

denoted Q = 4�a∕p2 , were obtained in which a represents 
the fiber area and p its perimeter. This coefficient gives cir-
cularity information, since Q = 1 in the case of a circle and 
Q < 1 otherwise. The mean ( EQ ) and the normalized stand-
ard deviation ( Sn

Q
 ) values were then calculated.

2.4.3 � Immunohistology

The slides were produced from proximal parts of the flexor 
carpi ulnaris using primaries antibodies to slow myosin 
heavy chain isoform (MHCI) and to one fast myosin heavy 
chain isoform (MHCIIa) (Bloemberg and Quadrilatero 
2012).

2.4.4 � MHC analysis

Type I, type IIa and hybrid I∕IIa fibers were quantified by a 
semiautomatic interface developed in MATLAB. The fibers 
were manually pointed by the user with a square region of 
interest (ROI) inside the fiber. A mean green and blue fluo-
rescence wavelengths were recorded inside the ROI of each 
fiber. The green and blue average wavelengths corresponded, 
respectively, to the proportion of MHCI and MHCIIa iso-
form expressed by fibers. Then, a custom k-mean cluster-
ing algorithm quantized type I, type IIa and hybrid fibers. 
Finally, the area densities fI , fIIa and fI−IIa were computed 
from total surface area. Refer to “Appendix” (Fig. 9) for 
further description.
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2.5 � Passive mechanical behavior of skeletal muscle

Long head of biceps brachii muscles was extracted imme-
diately after killing the animals. The muscles were stored in 
NaCl 0.9% (B. Braun, Melsungen, Germany) at 4 °C until 
tensile test achieved at room temperature. The experiments 
were carried out between 1- and 2-h postmortems in order to 
avoid, on the one hand, the spontaneous rhythmic contraction 
immediately following extraction (Honda et al. 2018), on the 
other hand, the rigor mortis phenomenon (Van Loocke et al. 
2006). Note that the humid mass was weighed before the test. 
Relaxation tests were performed by the uniaxial mechanical 
testing system (MTS Insight, MTS Systems Corporation, Eden 
Prairie, Mn). The test machine was controlled by data process-
ing software (TestWorks.5, MTS Systems Corporation, Eden 
Prairie, Mn). Tendons were fully secured in jaws, and sandpa-
per pieces were added between muscles and jaws in order to 
avoid any slippage (Calvo et al. 2010).

A 0.1 N preload was applied in order to stabilize the 
mechanical behavior (Mohammadkhah et al. 2016). A loading 
was then imposed at a strain rate of 0.5% s−1 up to 10% strain. 
Then, the strain was kept constant for 300 s to allow stress 
relaxation in the sample. Finally, the muscles were unloaded 
until 0.1 N and stretched again at the same strain rate up to any 
signs of slippage. Forces over time were recorded by a 100 N 
force sensor and smoothed in MATLAB.

On the other hand, 3D reconstructions of muscles were 
completed by using 2 cameras (Hero 5 Black edition) and a 
custom reconstruction algorithm.

2.5.1 � Constitutive law

The mechanical behavior of the passive skeletal muscle 
was assumed to be made of a visco-hyperelastic and nearly 
incompressible (Holzapfel 1996). Hyperelastic behavior was 
described by first-order Ogden model (Ghoreishy 2012; Jalal 
and Zidi 2018) strain energy:

with w(C) and U(J) are the isochoric and purely volumetric 
contribution of W  defined by:

and

here C denotes the right Cauchy–Green tensor, J = �1�2�3 
denotes the determinant of deformation gradient tensor 
where �i (i = 1, 2, 3) are the principal stretches, � is the 
shear modulus. � is a dimensionless curvature parameter. 
Furthermore, the time function describing the viscoelastic 

(1)W = w(C) + U(J),

(2)w =
�

�

(

��
1
+ ��

2
+ ��

3
− 3

)

,

(3)U =
1

D
(J − 1);

behavior is represented by the Prony series (Holzapfel 1996; 
Van Loocke et al. 2008):

where �k are the relaxation times, �∞ and �k are the relative 
moduli for branches of Maxwell’s model. Each �k is defined 
as follows:

where E
k
 is the elastic modulus of the kth spring and E

∞
 

is the modulus of the infinite lone spring. Therefore, �k is 
related to �∞ as �

∞
+
∑n

k=1
�
k
= 1.

To limit the number of material parameters necessary 
in the model, we assume that the mechanical response of 
the skeletal muscle is described by only two branches of 
Maxwell’s model. In this case, if we consider the only iso-
choric contribution, the constitutive equation law is given 
as follows (Holzapfel 1996):

where S is the second Piola–Kirchoff stress tensor.
Finally, the Young’s modulus E0 = 3��∕2 of the hyper-

elastic branch and the total relaxation ratio �T = �1 + �2 
were computed.

2.5.2 � Inverse finite element model

Tensile relaxation tests were modeled with a finite element 
method using ANSYS Mechanical APDL 17.2 (ANSYS 
Inc., Canonsburg). The real sample geometries included 
by importing the 3D reconstruction of the tissue using 
MATLAB. For the simulations, an average of 582 quad-
ratic tetrahedral elements (SOLID 187 with 10 nodes) 
and 1127 nodes were implemented. The mesh size was 
chosen after a mesh sensibility study had been performed 
in order to choose the coarser mesh with good relevance. 
The displacement boundary conditions were prescribed 
on top surface, while fixing displacement in orthogonal 
directions and the bottom surfaces were fixed. The visco-
hyperelastic model was chosen as previously described 
with material parameters to optimize the parameter vector 
Vop

p
= [�, �, �i, �i;(i = 1, 2)] (Fig. 10). Note that D is fixed 

at 10−3 since skeletal muscle is considered nearly incom-
pressible (Böl et al. 2014).

(4)�(t) = �∞ +

n
∑

k=1

�ke
−

t

�k ,

(5)�k = Ek∕

(

E∞ +

n
∑

k=1

Ek

)

, �∞ = E∞∕

(

E∞ +

n
∑

k=1

Ek

)

(6)S =

t

∫
0

[

�∞ + �1e
−

t−�

�1 + �2e
−

t−�

�2

](

2
d

d�

dw

dC

)

d�,
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2.5.3 � Material parameters’ identification

The vector Vop
p

 was identified by an inverse finite ele-
ment method. For that, numerical reaction forces over time 
Fn
z
(ti,Vp) were fitted with experimental reaction forces Fe

z
(ti) 

in order to minimize the following objective function:

where m is the number of measuring points and ti time dur-
ing the test. The objective function was minimized using 
the Levenberg–Marquardt algorithm included in lsqnonlin 
MATLAB function. Furthermore, the coefficients of deter-
mination were determined in order to evaluate fitting quality. 
Note that the initial parameters (Table 1) were fixed from 
the analytical value obtained in a preliminary study (Jalal 
and Zidi 2018).

It must be emphasized that algorithm convergence was veri-
fied by analyzing re-convergence of optimized parameters and 
by disrupting initial parameters.

2.6 � Statistics

A two-way ANOVA with immobilization and stroke as fac-
tors was performed, including the interactions of the factors. 
Then, a Tukey–Kramer post hoc test was achieved. All statisti-
cal processing was implemented in MATLAB by setting the 
significance threshold p = 0.05 . The statistical model validity 
was verified by testing residuals normality, independence and 
homogeneity of the variance.

3 � Results

3.1 � Infarct volume measurement: groups 
distribution

The mean total hemispheric volume is 619 ± 50mm3 , and 
infarcted areas range from 16 to 321mm3 . Some lesions that 
were located exclusively in the subcortical zone persisted, 
whereas some lesions recovered in cortical and subcortical 
areas. Only rats that had lesions larger than 50mm3 were 
included in MCAo and ImMCAo groups. They exhibited mean 
a volume lesion of 182 ± 81mm2 [50 − 321mm2] including, 
in any case, putamen and internal and external capsules that 
have been reported as most common affected cerebral areas in 
case of post-stroke spastic paresis (Picelli et al. 2014; Cheung 

(7)� =

m
∑

i=1

[

Fn
z
(ti,Vp) − Fe

z
(ti)

]2
,

et al. 2016). Rats with lesions smaller than 50mm3 were 
excluded from the study.

3.2 � Body and muscle wet weight

Histograms of body weight between D0 and D14 as well as 
biceps brachii wet weight are shown in Fig. 1a-b. Body weights 
of control rat increased by 23% within 14 days, whereas rats 
of Immo and MCAo group showed little weight gain (1% and 
6%, respectively). Rats of ImMCAo group lose an average of 
12% of their weight at D14 . Left biceps brachii wet weight fol-
lowed the same variations as body weight. When considered 
independently, immobilization and stroke affected significantly 
both body weight (pIm = 0.008 and pAVC = 0.034) and left 
biceps brachii wet weight (pIm = 0.005 and pAVC = 0.024) . 
Finally, correlation between both mass and Infarct volumes has 
been computed; refer to the “Appendix” section (Fig. 11a–b) 
for further description.

3.3 � Collagen densities

Histograms of collagen surface densities of endomysium, 
perimysium and tendinous arch are presented in Fig. 1c–e. 
Endomysium 

(

�Endomysium

)

 and perimysium 
(

�Perimysium

)

 
s u r f a c e  d e n s i t i e s  p r o g r e s s e d  f r o m 
�Cont
Endomysium

= 8.4%, �Cont
Perimysium

= 8.5% for the control group 
t o  �Im

Endomysium
= 12%, �Im

Perimysium
= 12.5%  a n d 

�AVCI
Endomysium

= 13.3%, �AVCI
Perimysium

= 15.2% for the Immo and 
ImMCAo groups (pEndo

Im/Cont
= 0.043 ; pEndo

AVCI/Cont
= 0.005 and 

pPeri
Im/Cont

= 0.108 ; pPeri
AVCI/Cont

= 0.004) . As other connective tis-
sue, tendinous arch 

(

�Tendinous arch
)

 dramatically increased 
for both immobilized groups from �Cont

Tendinous arch
= 3.9% to 

�Im
Tendinous arch

= 11% and �AVCI
Tendinous arch

= 9% for Immo and 
ImMCAo groups (pTend

Im/Cont
= 0.017 and pTend

AVCI/Cont
= 0.13) . We 

note that the collagen surface densities in endomysium 
and perimysium were greater in the ImMCAo group than 
in the Immo group (pEndo

AVCI/AVC
= 0.020 ; pPeri

AVCI/AVC
= 0.085) . 

Finally, when considered independently, immobilization 
factor was significant for all conjunctive tissues 
(pEndo

Im
= 3e−4; p

peri

Im
= 0.002 and pTend

Im
= 0.001) . On the con-

trary MCAo factor just trend toward significance for col-
lagen density in perimysium (pperi

AVC
= 0.077) . The conjunc-

tive tissue thickening is represented in Fig. 2 by the blue 
and black arrow for endomysium and perimysium, respec-
tively, and tendinous arches are indicated by a green star. 
Collagen surface density of tendinous arch was 2.8 and 

Table 1   Initial material 
parameters’ values of inverse 
finite element method

Parameters μ (kPa) α γ1 τ1 (s) γ2 τ2 (s)

Boundaries [1; 2000] [0.1; 100] [0.1; 0.9] [0.1; 50] [0.1; 0.9] [50; 1000]
Initial value 50 3.5 0.5 5 0.3 80
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2.3 higher in Immo and ImMCAo groups in comparison 
with rats of the control group.

3.4 � Histomorphology

Mean muscle fiber area was significantly smaller 
in immobilized groups than in the control group 
(pIm/Cont = 4e−5 and pAVCI/Cont = 8e−5) (Fig. 1f). This atro-
phy is particularly noticeable in Fig. 2f in comparison 
with rats of the control group in Fig. 2c. We observe that 
the mean muscle fiber area of MCAo group was reduced 
by 24% with respect to control group (pAVC/Cont = 0.176) 
but was significantly higher than the immobilized group. 
Atrophy came with an increase in the variability of fiber 
area (pIm/Cont = 0.012 and pAVCI/Cont = 0.085 ) (Fig.  1g). 
We can note an increased variability of fiber area for an 
immobilized rat (Fig. 2f) in relation to rats of the con-
trol group (Fig. 2c). When considered independently, the 
immobilization factor was significant for both measures 
(p

Moy

Im
= 2e−6 and p.E−T

Im
= 0.003) . On the contrary, MCAo 

factor seemed to have little impact on fiber size in the 
short term (pMoy

AVC
= 0.129 and p.E−T

AVC
= 0.808) . Finally, no 

differences were observed in the isoperimetric quotient 
between groups.

3.5 � Muscle fiber type

Few differences in muscle fiber ratio were found between 
groups. Nevertheless, the surface ratio of hybrid fib-
ers of type I − IIa increases nonsignificantly in Immo, 
MCAo and ImMCAo groups with respect to control group 
(pIm/Cont = 0.055; pAVC/Cont = 0.125 and pAVCI/Cont = 0.377)

(Fig. 1h). Hybrid fibers are marked with an orange star in 
Fig. 3 for one representative rats of the control group and 
one of ImMCAo group.

3.6 � Mechanical parameters identification

Uniaxial relaxation traction tests have been performed on 
different samples obtained from each group. An illustrative 
profile of force versus displacement for the loading path and 
force versus time for the relaxation phase is shown for each 
group (Fig. 4a, b).

The best fit values of the material parameters’ vector 
Vop

p
 were computed by an inverse finite element method by 

using tensile relaxation tests. Hyperelastic parameters are 
given in Fig. 5. Note that there were no statistical differences 
between groups for all parameters. However, we can show 
that the shear modulus increased in the immobilized group 
and the curvature parameter was lower in those groups, 
which means that immobilization in short position could 

Fig. 1   Histogram and cor-
relation of some parameters 
between groups. a Body weight 
change between D0 and D14 
(mJ0/J14

rat). b Biceps brachii wet 
weight at D14 (mBB). c–e 
Collagen surface densities in 
endomysium (ρendomysium), 
perimysium (ρperimysium) and 
tendinous arch (ρtendinous arch), 
respectively. f, g Mean (Ea) and 
normalized standard deviation 
(Sa

n) of fibers area. h Area den-
sity of hybrid muscle fiber I–IIa
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lead to stiffening and a loss of nonlinearity of the immobi-
lized muscle. Furthermore, when considered independently, 
the immobilization factor had an impact on total relaxation 
ratio (p�T

Im
= 0.055).

3.7 � Correlation

Correlations between the mechanical parameters �, �, E0, �T 
and the collagen densities are presented in Fig. 6. Pearson 
coefficients, as well as p value, are listed in Table 2. It must 
be emphasized that totally the collagen densities �Collagen 
included endomysium and perimysium collagen but not 
the collagen located in the tendinous arch. Correlations 
were made on all rats but also for non-immobilized (Cont 
and MCAo) and immobilized (Immo and ImMCAo) groups 
taken independently. Instantaneous Young’s modulus E0 

and shear modulus � were significantly correlated with col-
lagen density of endomysium (rE0 = 0.412 ; pE0 = 0.041 
and r� = 0.446 ; p� = 0.025) and almost significantly cor-
related with the total collagen (rE0 = 0.347 ; pE0 = 0.089 
and (r� = 0.348 ;p� = 0.088) . In addition, we can notice 
a nonsignificant negative trend between dimensionless 
curvature � parameter and endomysium collagen density 
(r� = −0.291 ; p� = 0.158) . Lastly, the total relaxation ratio 
�T was almost positively correlated with the endomysium 
(r�T = 0.394 ; p�T = 0.052) and the total collagen densities 
(r�T = 0.360 ;p�T = 0.077) . Moreover, when considered inde-
pendently, the immobilized and non-immobilized groups 
were most of the time similarly correlated to the global 
tendencies although not significantly. It is noticed that cor-
relation between collagen densities in perimysium and the 
mechanical parameters follows the same trend than for the 

Fig. 2   Collagen in FCU slice with Sirius red staining. Rat of group 
a–c control, d–f immobilization, g–i MCAo, j–l, MCAo followed by 
immobilization of paretic immobilization. Green stars show tendi-

nous arch, and blue and black arrows point to thick endomysium and 
perimysium, respectively
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endomysium/total collagen densities (although not signifi-
cantly). Thus, the higher the collagen densities, particularly 
in endomysium, the stiffer and higher linear the mechanical 
behavior and the more stress relaxed during relaxation phase. 

4 � Discussion

4.1 � Brain infarct volume

The mortality rate (32.1%) was comparable to a previous 
meta-analysis that showed mortality was 15.1 ± 13.5% [0% 
to 60.4%]. We note that the number of the rat of all groups 
reduced. This was particularly true for both MCAo and 
ImMCAo groups with, respectively, 5 and 6 animals. How-
ever, it should be underlined that numerous studies in our 
scope of work used groups of similar size (Stevens et al. 
1999; Coq and Xerri 1999; Shortland et al. 2002; Bouley 
et al. 2007; Pontén and Stål 2007; Wheatley et al. 2016b). 
This small size was due to the infarct size exclusion cri-
teria of 50mm3 . Indeed, in the present study, we chose to 

include animals that had at least subcortical lesion larger 
than 50mm3 . All the lesions have affected putamen, internal 
capsule and external capsule that have been reported as the 
worst affected area in spastic paresis patient (Picelli et al. 
2014; Cheung et al. 2016). The average size of the infarcted 
area was 182 ± 81mm2 , which is comparable to the previous 
study on rat of the same age. These were included between 
120mm2 (Liu et al. 2016; Rogers et al. 1997), 243 ± 16mm2 
(Gautier et al. 2009) and 282 ± 8mm2(Ouk et al. 2009).

4.2 � Body and muscle mass

At the overall level, we noted an increase in body mass of 
23% for the control group during the first 14 days, whereas 
Immo and MCAo groups had little body mass change dur-
ing this period (Fig. 1a). It must be emphasized that these 
results were in agreement with studies from the literature 
(Li et al. 2011; Parkkinen et al. 2013; Desgeorges et al. 
2017). A study on cerebral palsy following injury of the 
spinal cord (Strata et al. 2004) showed that rats of immo-
bilized groups are 30 to 45% lighter than control rats after 

Fig. 3   Representative images of rat FCU slice showing type I (green), IIa (blue) and hybrid I/IIa (orange stars) fibers in case of control (cont) and 
stroke followed by immobilization (ImMCAo)
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17 days of immobilization. In addition, in conformity with 
the mass loss (12%) of ImMCAo group in our study, Strata 
et al. (2004) showed that rats subjected to both immobiliza-
tion and spinal cord injury were the lighter. Furthermore, 
BB mass loss of immobilized groups (Fig. 1b) was in agree-
ment with previous studies on soleus muscles subjected to 2 
to 6 months of immobilization (Honda et al. 2018; Spector 
et al. 1982; Stevens et al. 1999; Udaka et al. 2008).

4.3 � Connective tissue

At the microstructural level, we note that immobilization 
produced an increase in collagen surface densities in both 
endomysium (Fig. 1c) and perimysium (Fig. 1d). These 

increases of 40 to 80% with respect to control group are 
in accordance with data of the literature on rats immobi-
lization (Honda et al. 2018) and on patients with spastic 
paresis (Smith et al. 2011). We quantified tendinous arch 
collagen densities (Fig. 1e), which constituted a new data 
to the author knowledge. As for endomysium and perimy-
sium, this collagen density increases in both immobilized 
groups. Otherwise, it should be emphasized that the total 
collagen density of control group ( �Collagen = 0.17 ) was 
consistent with a previous study on others healthy muscles 
(Smith and Barton 2014). In addition, changes of collagen 
density in FCU endomysium of our study were similar to 
those obtained on human FCU that increased from 0.07 for 
control to 0.1 for the spastic patient (de Bruin et al. 2014). 

Fig. 4   Ilustrative example of 
tensile relaxation test of skeletal 
muscle for all groups: Cont, 
Immo, MCAo, ImMCAo. a 
The load–displacement curves 
illustrate the loading path. b 
The load–times curves illustrate 
the relaxation
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We showed that rats of group MCAo were not exhibiting 
an increase in collagen density in endomysium and solely 
and a nonsignificant slight increase in perimysium. Thus, 
results from Immobilized groups were closer of what is 
observed in patients with spastic paresis.

4.4 � Myofiber size

Along with the fibrosis, we note that mean muscle fibers 
cross-sectional area decreased dramatically for the immo-
bilized group (Fig. 1f). This 60% decrease was compara-
ble with another study on rat immobilized soleus (Honda 
et al. 2015), and with the study on spastic paresis patients 
(Smith et al. 2011; de Bruin et al. 2014) with, respectively, 
45, 60 and 27% of fiber cross-sectional area decreases with 
respect to control group. Rats of the immobilized group 
had significantly smaller fiber cross-sectional area than 
the rats of MCAo group. Furthermore, the variability of 
muscle fiber cross-sectional area increases significantly 
(Fig. 1g) due to immobilization, which is in agreement 
with results obtained qualitatively on patients with spas-
tic paresis (Booth et al. 2001; Pontén et al. 2007; Zogby 
et al. 2017). Thus, we showed that immobilization affects 
significantly transversal morphology that leads to mor-
phological characteristics close to that observed on spastic 
paretic patients. Otherwise, it was noticed muscle fiber of 
patients with spastic paretic had a transversal geometry 

more circular than healthy subjects (Booth et al. 2001). We 
proposed an index of circularity to measure this phenom-
enon. Nevertheless, we found no significant differences 
between groups. It should be underlined that the circular 
form of pathological muscle fiber remains qualitative and 
may vary among patients (Booth et al. 2001).

4.5 � Myofiber typing

Skeletal muscle can adapt its myofiber typology in response 
to the functional demands (Leeuw and Pette 1996). For this 
reason, we measured the proportions of some muscle fiber 
types. The area densities fI and fIIa of muscle fiber of type 
I and IIa did not differ between groups. It should be noted 
that studies on spastic paresis patient do not lead to a con-
sensus concerning muscle typology. Thus, studies in the 
literature showed that the proportion of fast fiber increased 
(De Deyne et al. 2004; Pontén and Stål 2007), while some 
studies showed that the proportion of these types of fib-
ers decreased (Smith et al. 2011). In particular, De Bruin 
et al. (2014) showed that muscle typology of patients with 
spastic paresis did not differ from control tissues. Studies 
on immobilized rats showed a change of muscle typology 
with an increase in fast fiber Booth and Kelso 1973; Udaka 
et al. 2008). However, these modifications were quantified at 
4-week immobilization. In the light of the long myosin heavy 
chain half-life of 13 days (Leeuw and Pette 1996), it was not 

Fig. 5   Histogram of biceps 
brachii visco-hyperelastic 
parameters between groups. 
Material parameters’ vector was 
computed by an inverse finite 
element method (FEM)
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surprising to find there was no significant variation after 
14 days of immobilization. Change at the mRNA (messenger 
ribonucleic acid) and protein level occurred in the first few 
days (Stevens et al. 2004, 1999). During the first days, we 
noticed hybrid fibers with a nonsignificant increase in area 
density fI−IIa (Fig. 1h) (pIm/Cont = 0.055; pAVC/Cont = 0.125 
and pAVCI/Cont = 0.377).

4.6 � Mechanical properties

For the mechanical study, a first-order Ogden model coupled 
with a second-order Maxwell model for incompressible tis-
sues was implemented. The model accurately fits experi-
mental data 

(

r2 = 0.99 ± 0.007 [0.96; 0.997]
)

 . The mean 
value of the shear modulus � (Fig. 5a) and the curvature 

Fig. 6   Pearson correlations for all groups, immobilized groups and 
non-immobilized groups considered independently. Correlation 
between identified mechanical parameters (μ, α, E0, γT) and collagen 

densities in endomysium and perimysium and total slice. Pearson 
coefficients (r, p) were indicated in Table 2. Trend lines were added 
for all groups with p < 0.1
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parameter � (Fig.  5b), respectively, ranged from 14 to 
20 kPa and from 10.6 to 12.1 among groups. These val-
ues were in agreement with the literature on skeletal mus-
cle (� = 15.6 ± 5.4 kPa et � = 21.4 ± 5.7) (Bosboom et al. 
2001). The Young’s modulus E0 (Fig. 5c) averaging 232 kPa 
for the control group lied within the range in the literature. 
Indeed, E0 varied between 53kPa (Wheatley et al. 2016a), 
137 kPa(Gras et al. 2012) up to 276 kPa (Myers et al. 1998). 
Concerning the viscoelastic parameters, the averages of the 
relaxation times �1 and �2 were 5.3 and 120 s , respectively, 
while the averages of the relaxation coefficient �1 and �2 
were 0.58 and 0.26 (Fig. 5d–g). The stresses decreased more 
and with a faster rate than in the work of Gras et al. (2013) 
(�1 = 18 s; �2 = 395 s; �1 = 0.20 ; �2 = 0.19) , but decreased 
with a smaller amplitude and at a slower rate than in Wheat-
ley et  al. (2016a) (�1 = 0.202 s; �2 = 12.2 s; �3 = 262 s; 
�1 = 0.641 ; �2 = 0.124 ; �3 = 0.114) . However, the tests per-
formed by some studies in the literature were, respectively, 
implemented at a rate of at 0.1%L0 s−1 and 17%L0 s−1 , while 
muscles were stimulated at 0.5%L0 s−1 in the presented study. 
Thus, considering that viscoelastic behavior can widely vary 
with respect to the strain rate (Van Loocke et al. 2008), the 
specimen tested by Wheatley et al. (2016a) relaxed with a 
higher and faster rate than our tested muscle tissues. Our 
samples decreased with a higher and faster rate than Gras 
et al. (2013) specimens. Note that we did not find any signifi-
cant difference in the visco-hyperelastic parameters among 

the different tested groups. Nevertheless, the mean instan-
taneous Young’s modulus E0 of Immo MCAo and ImMCAo 
samples was higher than for the control group. Furthermore, 
we noted an increase in the shear modulus � and a slight 
decrease for the curvature parameter � in the immobilized 
group with respect to the control and MCAo group. On the 
other hand, immobilization tended to produce an increase 
in the total relaxation ratio �T (Fig. 5h) in a nearly signifi-
cant way (p�T

Im
= 0.055) . Immobilized muscles, therefore, 

tended to become stiffer and more relaxed. Studies by oth-
ers on immobilized rats show that muscle fiber (Udaka et al. 
2008) and whole muscle (Honda et al. 2018) that had been 
immobilized in short position exhibited a significantly stiffer 
behavior than the control muscle group. Furthermore, stud-
ies on spastic paresis patients showed that the mechanical 
behavior of muscle fiber did not differ from control subjects, 
while injured fascicule mechanical behavior was signifi-
cantly stiffer than control fascicules (de Bruin et al. 2014; 
Smith et al. 2011). This suggested that stiffening of skeletal 
muscle could be due to alteration of the extracellular matrix.

4.7 � Correlation between mechanical properties 
and collagen densities

Correlations between mechanical parameters and collagen 
densities are shown in Table 2. The tensile tests and his-
tological quantifications were implemented on different 

Table 2   Pearson coefficients 
values for all groups, 
immobilized (I) groups and 
non-immobilized (NI) groups 
considered independently. 
Correlation between identified 
mechanical parameters (μ, α, 
E0, γT) and collagen densities in 
endomysium and perimysium 
and total slice

r p rNI pNI rI pI

μ
 Endomysium 0.446 0.025 0.226 0.480 0.552 0.051
 Perimysium 0.178 0.396 0.389 0.211 -0.126 0.681
 Total collagen 0.348 0.088 0.375 0.230 0.220 0.469
α
 Endomysium − 0.291 0.158 − 0.002 0.995 − 0.435 0.138
 Perimysium − 0.117 0.578 − 0.394 0.206 0.191 0.533
 Total collagen − 0.228 0.274 − 0.263 0.408 − 0.089 0.773
E0

 Endomysium 0.412 0.041 0.212 0.508 0.733 0.004
 Perimysium 0.202 0.332 0.286 0.367 0.059 0.849
 Total collagen 0.347 0.089 0.299 0.345 0.503 0.079
γT
 Endomysium 0.394 0.052 0.396 0.203 − 0.005 0.988
 Perimysium 0.237 0.254 0.250 0.433 − 0.177 0.563
 Total collagen 0.360 0.077 0.369 0.238 − 0.167 0.585
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muscles: BB and FCU, respectively. Nevertheless, on the 
one hand, it had been shown that BB (Lee et  al. 2015; 
Pontén and Stål 2007) and FCU (de Bruin et  al. 2014; 
Lieber and Fridén 2002; Yaşar et al. 2016) was affected 
by spastic paresis. On the other hand, BB and FCU were 
both flexor muscles that had been immobilized in short 
position in the acute phase post-stroke. Therefore, we 
assumed that the mechanical behaviors and the structures 
of both muscles were altered in the same manner. We 
noted that an increase in collagen density (and particu-
larly in endomysium) was significantly correlated with an 
increase in muscle stiffness (rE0 = 0.412 ; pE0 = 0.041 and 
r� = 0.446 ; p� = 0.025) . These results were in agreement 
with a previous study (Honda et al. 2018) and suggested that 
ECM alteration caused changes in the mechanical behav-
ior. In addition, we also showed that endomysium collagen 
density was significantly correlated with �T(r�T = 0.394; 
p�T = 0.052) and tended to be negatively correlated to � 
(r� = − 0.291 ; p� = 0.158) . These correlations could be 
explained by the fact that collagen exhibited a visco-hyper-
elastic behavior (Yang et al. 2012) and was mainly respon-
sible for the nonlinear behavior of skeletal muscle (Meyer 
and Lieber 2011). There were no in vitro studies that could 
be found, to the authors’ knowledge, that had analyzed vis-
coelastic or visco-hyperelastic behavior of skeletal muscle 
affected by stroke or immobilization in clinical or animal 
studies.

Thus, we showed that immobilization in short position 
was more deleterious than a stroke, in particular in terms 
of muscle fiber atrophy, extracellular matrix thickening and 
mechanical behavior alteration. Rats subjected to MCAo 
exhibited only a little or no mechanical and structural param-
eter changes while immobilized rats, with or without stroke, 
displayed marked atrophy of skeletal muscle, fibrosis of the 
extracellular matrix and a tendency to visco-hyperelastic 
parameter changes. These results supported the hypothesis 
that immobilization was the starting point of a cascade of 
reactions within the muscle. Rats of ImMCAo group, com-
bining stroke and immobilization of paretic forelimb was 
almost always the group with the worst parameters change. 
These alterations were similar to alterations that have been 
observed in patient with spastic paresis, at collagen density 
level (de Bruin et al. 2014) or in muscle fiber cross-sectional 
area (Booth et al. 2001; Pontén et al. 2007; Zogby et al. 
2017) or even alterations of the mechanical behavior (Smith 
et  al. 2011). These results suggested that the ImMCAo 
group represented a reliable model of spastic myopathy 

post-stroke. Correlations found in the analyses revealed that 
the collagen amount affects the muscle mechanical behavior. 
Nevertheless, Pearson’s linear correlation coefficients did 
not exceed 0.4 in absolute terms. As a result, the increase in 
collagen densities alone did not explain changes in the visco-
hyperelastic behavior. It could be interesting to describe pos-
sible changes of titin protein or three dimensions collagen 
structure since they were reported as partly responsible for 
the mechanical behavior (Prado et al. 2005; Gillies et al. 
2017) and affected by immobilization of the muscle in short 
position (Järvinen et al. 2002; Okita et al. 2004; Udaka et al. 
2008). Lastly, we did not observe the correlation between the 
mechanical properties and the collagen densities were more 
pronounced for the endomysium collagen densities. To our 
knowledge, these results were not discussed in the literature 
and required more studies on the collagen structure in order 
to understand the causes of this relationship.

5 � Limitations

In this work, several limitations appeared to investigate the 
effect of immobilization on structural and mechanical proper-
ties of skeletal muscle post-stroke. First, although rat models 
were reported to be reliable models of ischemic stroke (Fluri 
et al. 2015; Yamori et al. 1976) and of skeletal muscle injuries 
(Gregory et al. 2003; Strata et al. 2004; Ye et al. 2013), we 
noted some differences between rat and human skeletal mus-
cles that could lead to inaccurate extrapolation (Gregory et al. 
2003). In that respect, a similar study on patient post-stroke 
should be developed as well as other studies with other animals 
commonly used in skeletal muscles studies such as rabbit (Böl 
et al. 2012; Abraham et al. 2013; Wheatley et al. 2016b) and 
pigs (Van Loocke et al. 2008; Jalal and Zidi 2018). Further-
more, the short experimental duration of 14 days and the long 
half-life of myosin heavy chain (MHC) of 13 days (Leeuw and 
Pette 1996) induced no significant difference in muscle fiber 
typology that could be detected by immunohistology between 
groups. Other techniques as RT-PCR or electrophoresis could 
allow the measurement of RNA and MHC changes (Stevens 
et al. 1999). In addition, future studies should examine other 
microconstituents such as laminin (Townsend et al. 2016), dif-
ferent types of collagen (Urso et al. 2006; Honda et al. 2015) 
or PAX7+ satellite cells (Dirks et al. 2014; Kneppers et al. 
2018). In this context, the degree of anisotropy change of skel-
etal muscle subjected to stoke and/or should be investigated. 
For that, an inverse finite element modeling to identify the 
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Fig. 7   a Diagram, b schema and c photos illustrating the methods 
for carrying out MCAo and immobilization. ACA, anterior cerebral 
artery; MCA, middle cerebral artery; Pt, pterygo-palatine artery; 
ECA, external carotid artery; ICA, internal carotid artery; CCA, com-
mon carotid artery

material parameters of an anisotropic model would be neces-
sary. It also appears interesting to follow these alterations as 
well as mechanical and locomotor behaviors changes during 
the first days after stroke. In that sense, a longitudinal study 
that allowed the measurements of these changes depending on 
immobilization duration is currently ongoing.

6 � Conclusion

The characterization and modeling of skeletal muscle con-
firmed on a rat model of spastic myopathy that immobili-
zation was a deleterious factor in general and particularly 
following stroke. The combination of stroke and immobi-
lization of paretic forelimb led to structural and mechani-
cal alterations of muscle immobilized in short position. 
The collagen densities in connective tissue, as well as 
the cross-sectional area of muscle fiber, were particu-
larly impacted by immobilization. The visco-hyperelastic 
mechanical behavior was also affected by the pathology. 
Thus, injured muscle trended to become stiffer with a more 
linear behavior and a larger viscous component. These 
results in agreement with the literature data on patients 
with spastic paresis suggested that our model combining 
stroke and immobilization was a reliable model for the 
study of spastic myopathy post-stroke. Further studies 
on animal model and on human post-stroke will make it 
possible to better understand the evolution of the pathol-
ogy during the first weeks following a stroke. The effects 
determined on the animal model raised the question of 
the patient management following a stroke. Indeed, if our 
findings were to be confirmed in human, it would then be 
essential to modify therapeutic strategies in order to pre-
vent the immobilization of some muscle in short position 
and consequently to avoid the cascade of reactions within 
the muscle leading to spastic myopathy. To our knowledge, 
this was the first time that the mechanical and structural 
changes of skeletal muscle that had been subjected to a 
stroke and/or immobilization were investigated in this 
manner.
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Appendix

See Fig. 7.
The model was done under isoflurane anesthesia (5% for 

induction, 2.25–2.5% for maintenance via artificial ventila-
tion in 30% oxygen and 70% nitrous oxide at l L/min). Sur-
gical procedures were carried out as previously described 
(Ouk et al. 2009). First, having exposed the right carotid, 
it consists of ligating pterygopalatine, common carotid and 
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external carotid arteries with silk sutures. Then, a temporary 
knot and an aneurismal clip were placed successively down-
stream of the puncture site on the common carotid artery. 
A 4/0 monofilament nylon was introduced through the right 
common carotid artery. Once filament got to the aneurysm 
clip, the knot was tightened and the clip was removed. 
Finally, the monofilament was gently advanced of almost 

20–22 mm into the internal carotid artery until resistance is 
felt, meaning that the rounded head of monofilament reached 
the middle cerebral artery. The monofilament rounded head 
was obtained by burning the filament end and optimized for 
a diameter of. After 60 min, the monofilament was removed 
until the rounded head was blocked by the ligature. All the 
silk sutures and the monofilament were left in place. Note 

Fig. 8   Illustration of the semiautomatic collagen analysis. a Initial 
part of red Sirius slice. b Analyzed slice from k-mean clustering 
(k = 4) with endomysium in blue and perimysium in red. c Cluster 
including muscle fiber. d Cluster including white background. e Clus-
ter including endomysium f Cluster including perimysium. In order 

to illustrate the process, the endomysium and perimysium cluster was 
colored in blue and red, respectively. Some misallocations remain 
after first step (k-mean clustering). That is to say endomysium in per-
imysium cluster and vice versa. There were manually corrected by the 
user with a polygonal tool
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that body temperature was maintained at by a heated surgery 
table. The recovering place is a controlled room at 27° with 
an oxygen adjunction. Then, once awake, rats were placed 
in a cage at ambient temperature with the possibility to eat 
and drink ad libitum. It should be underlined that the control 
operation (for control and immobilized groups) consists in 
60-min anesthesia and same handling without advance the 
monofilament until the obstruction.

See Figs. 8, 9, 10 and 11.

Whether it is for all groups (black solid line), for immobi-
lized group (orange dotted line) or non-immobilized group 
(blue dotted line), we observe a strong correlation between 
biceps brachii wet weight and body weight (Fig. 8a). Fur-
thermore, we show that muscle weight and cerebral infarct 
size are negatively correlated as previously described by 
Parkkinen et al. (2013) (Fig. 8b).

Fig. 9   Illustration of the 
semiautomatic immunohistol-
ogy analysis. a Cross section 
incubated in primary antibody 
collagen against MHCI and 
MHCII. b Slice subdivision 
with selected region of interest 
(ROI) of one myofiber. Each 
myofiber was selected and a 
mean {Green;Blue} doublet was 
computed inside each ROI. c 
Myofiber automatically assign-
ing using a K-mean clustering 
(k = 3)
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