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ABSTRACT

Introduction: Mechanical properties (MP) are clinically applicable 
tools for healthcare professionals working on the musculoskel-
etal system. Objectives: The aim of this study was to evaluate 
two protocols of neuromuscular electric stimulation (NMES) to 
improve MP regeneration of the myotendinous complex after 
segment immobilization in female rats. Materials and Methods: 
Fifty animals were equally distributed into five groups: Control 
(CG, n=10); Immobilized (IG, n=10); Immobilized and freely 
remobilized (IFG, n=10); Immobilized and NMES once /day 
(IEG1, n=10); Immobilized and MNES twice/day (IEG2, n=10). 
Immobilization was kept for 14 days, and remobilization was 
subsequently released for 10 days. NMES was applied for 10 
days, post-immobilization, every morning for 10 minutes to IEG1 

animals and every morning and afternoon (total 20 minutes) 
to the IEG2 group. After these procedures, the gastrocnemius 
muscle was submitted to the mechanical traction assay to evalu-
ate stiffness, resilience, load and stretching at maximum limit 
MPs. Results: Immobilization reduced the MP values concerning 
load and stiffness (p<0.05). Results for NMES applied twice a 
day were less satisfactory than the ones obtained with one ap-
plication or in the remobilized group (p> 0.05). Conclusion: It 
is concluded that the gastrocnemius muscle became structur-
ally better organized through a single NMES application and by 
remobilization.
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INTRODUCTION
Immobilization by segment1,2, physical activity1, neuromuscular 
electric stimulation (NMES)3, among other modalities of external 
stimuli4 are able to promote changes on the mechanical proper-
ties of skeletal muscle, tendon and bones.
The mechanical properties of tissues show two distinct phases: 
the elastic one, reflecting tissue extensibility without triggering 
rupture, and the plastic one, where structural tissue failures are 
found. When a skeletal muscle is passively tensioned without 
triggering contraction, a measurable strength can be obtained. 
This behavior has been named muscle stiffness, elasticity, ex-
tensibility or passive muscle tonus. 5,6

The musculotendinous complex presents distinct structural 
components responsible for supporting tensional loads avoid-
ing potential ruptures. Tendon, fascia, fascicles, contractile 
and cytoarchitectural proteins represent a set of structures 
offering resistance to external strengths.7 These strengths 
are able to change the format and size of a muscle, and are 
directly influenced by tissue temperature, amount and dura-
tion of employed strength.4,7

Some structures account for this behavior, among which ex-
tracellular matrix5,6 and tinine2 are outlined, being known to 

be responsible for viscoelastic resistance of the musculoten-
dinous complex.
Stiffness property can unveil that the tissue is able to promote 
a subtle stretching and bear a heavy load. Matheus et al.3 said 
that this property, when reducibly expressed may leave a muscle 
susceptible to injuries when submitted to tension.
Schleip et al.8 considered the hypothesis that intramuscular 
connective tissue, particularly its most superficial layer, the per-
imysium, would be able to more intensively adapt to external 
mechanical stimuli to the point of increasing its thickness and, 
ultimately, through collagen synthesis by fibroblasts, increasing 
muscle stiffness.
Immobilization of a segment is used in the treatment of mus-
culoskeletal injuries, and this is known to induce deleterious 
changes on the mass, extensibility, strength and musculature 
resistance, associated to augmentation of intramuscular con-
nective tissue9 as well as ligament changes and joint stiffness.10 
It is reported that, after 48 hours of immobilization, the muscle 
develops atrophy, and, after 7 days, its mass is reduced by 
37%.11,12 Willians et al.11 demonstrated that, in association with a 
reduced longitudinal length of fibers, there is a significant serial 
reduction of sarcomeres, and augmentation of perimysial and 
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endomysial connective tissue. Other authors confirmed these 
data using complementary experimental models.13

In parallel to these findings, intramuscular connective tissue 
augmentation8 and macromolecular disorganization of its com-
ponents have been suggested to determine significant modifica-
tions of the mechanical properties of the muscle submitted to 
immobilization.5 

Neuromuscular electric stimulation (NMES) is a resource prov-
en to preserve the cross-sectional area of a muscle and the 
synthesis of proteins, thus minimizing immobilization-induced 
atrophy.7,14,15 When applied during the immobilization period, 
it has been able to avoid connective tissue augmentation.11 In 
situations like the previous one, this resource has promoted the 
maintenance of mechanical properties of stiffness, load and 
stretching at proportional limit.3

The evaluation of mechanical properties of tissues consists of 
a very useful tool for establishing clinical/surgical protocols and 
rehabilitation programs, because it provides relevant knowledge 
about the potential adaptations occurring in muscles, tendons, 
ligaments and bone as a consequence of external stimuli.
In parallel, the use of NMES associated to immobilization period 
has been reported by some studies, but the protocols employed 
are different from each other3,11 and the results achieved are 
inconsistent. Therefore, this study assessed some mechanical 
properties of the gastrocnemius muscle of female rats submitted 
to plastered immobilization, being subsequently remobilized, 
once and twice a day, in different periods, by NMES, or submit-
ted to free mobilization.

MATERIALS AND METHODS

Animals
Fifty young adult female Wistar rats (Rattus Norvegicus Albinus), 
with average body mass of 200±30g, supplied by the Central 
Animal Lab  of Ribeirão Preto Medical School, University of São 
Paulo (USP) have been used in this study.

Experimental groups

This study was approved by the Committee of Ethics in Animal 
Experimentation (CEUA) - University of São Paulo - Ribeirão 
Preto Campus (SP), under the protocol number 06.1.692.53.8.
The animals were divided into 5 groups (n=10): Control (CG) – 
the animals in this group received no intervention, being kept for 
24 days in cages at the Animal Lab of the Bioengineering Labo-
ratory, University of São Paulo, with water and food ad libitum; 
Immobilized (IG) – gastrocnemius muscles in this group were 
immobilized for 14 days at shortening position; Immobilized and 
freely mobilized (IFG) - the animals in this group were previously 
immobilized for 14 days and then released in their cages for 10 
days with water and food ad libitum. Immobilized and NMES/ 
once a day (IEG1) - this group was immobilized for 14 days and 
then submitted to NMES technique applied for 10 consecutive 
days, once a day, for 10 minutes; Immobilized and submitted 
to NMES twice a day (IEG2) - the animals were immobilized for 
14 days and submitted to the same NMES protocol as group 
IEG1, but applied twice a day at different moments, one in the 
morning and the other in the afternoon, with a 6-hour interval 
between applications. No sample was lost during the execu-
tion of experimental groups. The mean body mass at baseline 
was 202,08±15,91g, and 233,33±16,57 at study completion. 
Animals’ age ranged from 42 to 49 days. After the interventions, 
the animals were sacrificed by means of an excessive dose of 
ketamine hydrochloride (80mg/kg) and xylazine hydrochloride 

(15mg/kg) intraperitoneally. Then, the gastrocnemius muscle was 
dissected sparing proximal femoral and distal calcaneal intersec-
tions, which allowed for fixation of the muscle at the universal 
longitudinal traction mechanical assay machine. The gastrocne-
mius muscle was kept into 0.9% sodium chloride (NaCl) solution 
at a temperature of 25° until assays were conducted.

Immobilization
The immobilization of animals’ right posterior limb was provided 
after applying intramuscular anesthetics, with a plastered cast 
including pelvis, hip, knee at total extension and with the ankle 
at maximum plantar flexion, as previously described.4 In this 
method, gastrocnemius and soleus muscles remained at short-
ening position, especially due to the positioning at maximum 
plantar flexion, which enables the approach between the origin 
and insertion of both muscles.

Neuromuscular electric stimulation (NMES)
A neuromuscular electric stimulation equipment Bioset® brand 
model Physiotonus Four, with generator units of low frequency, 
2-phase, (depolarized), asymmetric and short pulses, applied 
under controlled frequency was used. 
For delivering an electric stimulus to the muscle, two electrodes 
were employed. The first one, a dispersive with area of 6cm2, 
was fixated to the lumbar region, and the second pen-like one, 
named as active, with 0.5cm in diameter was applied over the 
motor point of the right gastrocnemius muscle.
A gel layer between electrodes and contact regions was applied 
in order to allow for a better contact between skin and electrodes, 
enabling an easier delivery of the electric stimulus.
The parameters employed for stimulating the animals were the 
following: 50Hz2 frequency, on-duty cycle of 8s, off-duty cycle of 
22s, and approximately 1mA (resistance of 100Ω) of power, able 
to promote a sustainable and visible contraction of the muscle. 
Before the development of the electric stimulation technique, all 
animals were submitted to trichotomy of the lumbar and ventral 
portions of the right gastrocnemius muscle. Such measure was 
adopted in order to facilitate the irradiation of the electric current. 
During NMES procedure, the knee remained at an extended 
position and the ankle at plantar flexion, which left muscles in a 
shortening position.
During the NMES treatment period, the animals were previously 
anesthetized with 0.05 ml combined solution of ketamine hy-
drochloride (80mg/kg) and xylazine hydrochloride (15mg/kg), 
for each 100 grams of body mass, injected into the muscle. In 
the group submitted to electric stimulation once a day, NMES 
was applied for 10 consecutive days, for 10 minutes a day, with 
20 contractions being produced, applied at the same period of 
the day, i.e., in the morning. When used twice a day, NMES was 
applied once in the morning, and once in the afternoon, with a 
6-hour interval between procedures, totaling an application time 
of 20 minutes and a total number of 40 contractions. In both 
NMES protocols, fatigue was not noticed.

Traction assay
The traction assay on rats’ gastrocnemius muscle was done 
using the universal assay machine EMIC® - model DL10000, 
equipped with a 50Kgf load cell, belonging to the Bioengineering 
Laboratory of the Ribeirão Preto Medical School - USP. A special 
tool was employed, which enabled the fixation of the femur and 
the animal’s paw, sparing muscle origin and insertion. After fixat-
ing the muscle to the tools on the universal assay machine, the 
muscle was submitted to axial traction. The parameters adopted 
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for the assay were 0.30Kgf pre-load, assay speed of 10mm/min, 
load and stretching limits of 8.00Kgf and 25mm, respectively; 
the assays were conducted until muscles were ruptured, and 
followed the previously described protocol.1,3

By means of an interface with a microcomputer (with built-in 
Tesc® software), a graph load versus stretching was built for 
each assay. (Figure 1) The mechanical properties assessed in 
this study were the following: stiffness, load, and stretching at 
maximum limit. Stiffness, which corresponds to the tangent of the 
angle formed by the straight line obtained at the elastic phase 
of the muscle (represented as N/m), showing the correlation 
between load and stretching during the elastic phase. The load 
at maximum limit (LML) reflects the heaviest load recorded on 
the plastic phase before the muscle was fully ruptured, repre-
sented as Newtons (N). The stretching at maximum limit (SML), 
which shows the maximum ability of a muscle to deform during 
the plastic phase when a traction load is applied without a full 
rupture, is represented as meters (x10-3m). 

Figure 1 – Load vs stretching curve obtained in the mechanical assays of 
the muscles. The ■ sign n represents the point concerning load and stretch-
ing at proportionality limit (PL) achieved at the elastic phase. The tangent of 
angle α represents values for stiffness. The triangle are represents the energy 
absorbed during the elastic phase (resilience). The sign O represents values 
for load and stretching at maximum limit (ML)  

Table 1 – Mean and standard deviation values for mechanical properties of 
stiffness, load and stretching at maximum limit on the different study groups

LOAD
(N)

STRETCHING
(x 10-3m)

STIFFNESS
(x103 N/m)

GC 33.19 ± 1.66# 12.73 ± 1.19#,▲,● 3.62 ± 0.33#,●

GI 17.85 ± 5.71,●,♦ 9.96 ± 2.61♦ 1.83 ± 0.71▲,●,♦

GIL 34.42 ± 5.55# 11.37 ± 1.63#,▲,● 3.43 ± 0.64#

GIE1 31.36 ± 4.50# 8.55 ± 1.45 4.24 ± 0.96#

GIE2 28.44 ± 3.59# 7.61 ± 1.28 4.74 ± 0.62#

 ■n: p<0.05 (compared to CG); #: p<0.05 (compared to IG); ▲ s: p<0.05 (compared to IEG1);● 

l: p<0.05 (compared to IEG2); ♦ ©; p<0.05 (compared to IFG).
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Statistical analysis
Firstly, the results were tested for normality using the method by 
Kolmogorov and Smirnov. For comparison between groups, the 
ANOVA and Tukey-Kramer tests were used, with a significance 
level of 5%.

RESULTS

Immobilization significantly reduced the values for stiffness, 
load and stretching at maximum limit of gastrocnemius muscles 
compared to control group (p<0.05). (Table 1) Considering the 
properties of load and stiffness, the muscles of the animals sub-
mitted to immobilization showed lower values compared to those 
obtained with the application of NMES protocols (once and twice 
a day). (Table 1) Remobilization by NMES applied once and twice 
a day gave back a similar value for the mechanical property of 
load to the muscle, similar to control conditions (CG vs IEG1, 
CG vs IEG2 p>0.05), but the property of stretching at maximum 
limit was not reestablished. (Table 1)
When stiffness was assessed, NMES applied once a day (CG vs 
IEG1, p>0.05), as well as animals’ release (CG vs IFG p>0.05) 
favored the reestablishment of this property, while NMES applied 
twice a day determined superior values to those obtained on 
control group (CG vs IEG2, p<0.05).
The mean and deviation values obtained with the assessment of 
the different properties for different experimental groups of the 
study are shown on Table 1.

DISCUSSION
The immobilization of a segment of the body is able to reduce 
mechanical properties of the musculotendinous complex.1,3,5 In 
parallel, immobilization is known to change the direction of col-
lagen fibers5, promote atrophy of muscle fibers13, reduce exten-
sibility of sarcometric proteins (titin) and its isoforms (α and β)2, 
as well as to promote changes on extracellular matrix6 regarded 
as the potential causes for the reduced values of mechanical 
properties assessed in this study. 
When a body segment is immobilized, muscles are subjected to 
adjustments, which may leave them susceptible to subsequent 
injuries by mechanical stress5,9; however, some of these changes 
can be avoided or even reversed with the use of remobilization 
techniques.1 In our study, we adopted NMES and release of 
animals in their cages as remobilization methods.
The results achieved show that stiffness was considerably re-
duced in the immobilized group when compared to the other 
groups, corroborating with other researchers’ findings.1,3,5 When 
increased, the property in question reveals that the muscle is 
able to stand heavy loads and show a subtle stretching. This 
change may be present in cases of muscle shortening and at 
sites affected by injuries, with subsequent scarring tissue forma-
tion, because both change collagen fibers configurations, reduc-
ing tissue’s stretching ability.5 In our study, we noticed that the 
groups submitted to NMES once and twice a day showed the 
highest values for stretching at maximum limit when compared 
to other groups. 
Cyclic mechanical loads work as an important regulator for differ-
ent muscle functions, including gene expression on extracellular 
matrix16, growth factors expression6,16, as well as the synthesis 
of proteins and cytokines of the matrix.17 NMES generates ten-
sional cyclic loads able to promote structural changes on the 
musculotendinous complex, thus contributing to the modification 
of mechanical properties.
In our study, the results achieved on the groups submitted to 
intervention with NMES may have experienced increased in-
tramuscular collagen degradation. Authors demonstrate that 
the muscles with prevalence of fast-contraction fibers show an 
increase of type-2 metalloproteinases expression after highly 
intensive exercises.18 Nevertheless, when the activity is stopped, 
collagen synthesis is reestablished within 1-3 days.6 In groups 
were NMES was applied, no daily intervals were provided for ap-
plications, which could have enhanced collagen degradation. 
We believe in the hypothesis that this fact has contributed to the 
reduction of the values of stiffness and stretching at maximum 
limit for the groups submitted to NMES as compared to the 
immobilized-freely released group, once the animals included 
in the latter remained free in their cages after an immobiliza-
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tion period, which allowed them to practice some low-intensity 
physical activity (ambulation) able to reduce metalloproteases 
expression18, reestablish collagen synthesis and the subsequent 
reorientation of its fibers5, this changes probably have contrib-
uted to the reestablishment of stiffness properties, increased 
load support and ability to stretch at the maximum limit of the 
immobilized- freely remobilized group.
Studies demonstrate that the reestablishment of mechanical 
properties of the gastrocnemius muscle to control parameters 
is achieved by releasing animals in their cages for four weeks1; 
however, this finding was not consistent to the ones by Matheus 
et al.3, who released the animals for 10 days. In our study, release 
lasted 14 days, a sufficient time interval for promoting reestab-
lishment to control parameters for all assessed properties.
In the group where the NMES intervention occurred twice a day, 
we noticed that the stiffness property showed superior values 
compares to control group, a result that could be regarded as 
beneficial, as shown by other authors.3 Nevertheless, we should 
notice that, even when presenting stronger stiffness, the muscles 
of that group could stand lighter loads and experienced a subtle 
stretching when compared to the other groups, suggesting a 
stronger tissue susceptibility to injuries. 
Grounded on the findings described above, and on that remo-
bilization by physical exercises after immobilization changes the 
amount and orientation of the connective tissue on the muscle10, 
we believe on the hypothesis that, even when perimyseal con-
nective tissue expression is increased after an immobilization 
period, electric stimulation could have enhanced, just like highly 
intensive physical exercises18, metalloproteinases activity, reduc-
ing collagen proliferation on the muscle with resultant reduction 
of the ability to stand tensional loads. 
Another hypothesis suggested in this study is concerned to 

animals’ alertness. The group submitted to immobilization and 
subsequent release remained at the restraint sites and showed 
no change in terms of alertness. These sites enabled animals 
to ambulate within their physiological limits, which did not occur 
with groups submitted to NMES, since they have been anesthe-
tized and subsequently submitted to electric stimulation. When 
applied on a muscle with intact innervation, NMES promotes the 
recruitment of motor units in a distinct way from physiological 
patterns, i.e., initial recruitment of units susceptible to fatigue and 
then of the most resistant ones.19 An electric stimulus applied on 
a given segment of the body elicit action potentials in all axons of 
the nerve - autonomic, motor and sensorial.20 Thus, a consistent 
contraction as the one performed in our study may have been 
aggressive, intensifying the process of micro-injuries. 

CONCLUSIONS
Therefore, the results achieved with this experimental model 
showed that, when applied after immobilization, NMES should 
be progressively used, with time intervals between days. It is 
not recommended to apply this technique more frequently than 
once a day. Free mobilization may be encouraged, respecting 
subject’s pain limits. These findings should be taken into account 
during a rehabilitation process and when selecting a therapeutic 
approach, so that potential muscle injuries resulting from over-
loads are prevented at the most.

ACKNOWLEDGEMENTS
The authors acknowledge the Bioengineering Laboratory staff 
at FMRP-USP for the technical support during the conduction 
of this study. This study was supported by  FAEPA (Fundação 
de Apoio ao Ensino, Pesquisa e Assistência do Hospital das 
Clínicas, FMRP‑USP).


