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ABSTRACT 
 
 
Background: Few studies has evaluated possible differences in muscle architecture in 
quadriceps femoris constituents when electrodes are positioned directly over vastus lateralis 
(VL) and vastus medialis (VM) motor points during a neuromuscular electrical stimulation 
(NMES) session. Objectives: To investigate whether there is a difference in the behavior of the 
rectus femoris (RF), VL, VM and vastus intermedius (VI) during an evoked contraction with 
the electrodes placed over the motor point of the VL and VM. Methods: This is a sub-study of 
a larger controlled trial, conducted with young, healthy male subjects who underwent 
contractions with NMES on quadriceps femoris muscle. The observed variables were: 
pennation angle (θp) and fascicle length (Lf) of VL, VM, VI, RF (at rest and in evoked 
contraction) evaluated by ultrassonography, and torque at 40% of maximum voluntary 
contraction synchronizing the torque tracing with the ultrasonographic recordings. Results: 
There was no difference for θp comparing four components of quadriceps femoris (F3. 57 = 
1.33, p = 0.27, ηρ2: 0.06, power: 0.33). And for Lf, ANOVA showed a significant interaction 
for muscle x contraction (F3. 57 = 3.17, p < 0.05, ηρ2: 0.14, power: 0.70). The Tukey post-hoc 
indicated only interactions not relevant to the study though. Conclusion: There are no acute 
differences in the behavior of the components of the quadriceps femoris during stimulation with 
the electrodes placed on the motor points of the VL and VM. 
 
Keywords: Neuromuscular electrical stimulation; ultrasonography; muscle architecture; 
electrodes placement; quadriceps femoris; isokinetic dynamometer. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
 

  
 

RESUMO 
 

 
Background: Poucos estudos avaliaram as possíveis diferenças na arquitetura muscular dos 
componentes do quadríceps femoral quando os eletrodos são posicionados diretamente sobre 
os pontos motores do vasto lateral (VL) e vasto medial (VM) durante uma sessão de 
eletroestimulação neuromuscular (NMES). Objetivos: Investigar se há diferença no 
comportamento do reto femoral (RF), VL, VM e vasto intermédio (VI) durante contrações 
evocadas com eletrodos posicionados sobre os pontos motores do VL e VM. Métodos: Trata-
se de um estudo secundário de um ensaio clinico com homens jovens e saudáveis que foram 
submetidos a contrações com NMES sobre o quadríceps femoral foi conduzido. As variáveis 
observadas foram: ângulo de penação (θp) e comprimento do fascículo (Lf) do VL, VM, VI, RF 
(em repouso e contração evocada) avaliadas por ultrassonografia, e torque a 40% da contração 
voluntária máxima que foi sincronizado com as medidas ultrassonográficas.  Resultados: Não 
houve diferença para o θp quando comparado os quatro componentes do quadríceps femoral 
(F3. 57 = 1.33, p = 0.27, ηρ2: 0.06, power: 0.33). E para o Lf, a ANOVA mostrou uma interação 
significativa para músculo x contração (F3. 57 = 3.17, p < 0.05, ηρ2: 0.14, power: 0.70). O 
Tukey post-hoc indicou apenas interações não relevantes para nosso estudo. Conclusão: Não 
houve diferenças agudas no comportamento dos componentes do quadríceps femoral durante 
eletro estimulação com os eletrodos colocados sobre os pontos motores do VL e VM. 
 
Palavras-chave: Estimulação elétrica neuromuscular; ultrassonografia; arquitetura muscular; 
posicionamento de eletrodos; quadríceps femoral; dinamômetro isocinético. 
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1- INTRODUCTION 

Neuromuscular electrical stimulation (NMES) is a tool used in clinical practice 

to promote the activation of peripheral motor nerves to produce skeletal muscle 

contraction. NMES is used to rehabilitate immobilized patients to preserve muscle mass 

and function, even in Anterior Cruciate Ligament (ACL) reconstruction to restore muscle 

strength.1,2 However, NMES can promote visible contractions, the nature of the evoked 

contraction differs from the voluntary contraction.3 The evoked contraction occurred by 

synchronous recruitment of the muscle fibers, while the voluntary contraction has 

asynchronous recruitment. In addition, the evoked contraction seems to recruit fast fibers 

regarding slow muscle fibers.4-6 Thus, it has raised interest in knowing the extent of these 

differences to the muscle architecture because this information can guide the prescription 

of NMES to specific muscle adaptations.7 

Muscle architecture is one of the main factors that influence the force generation 

capacity8-10 because it provides biomechanical characteristics that are specific to a muscle 

and determines its function.9,11 The main variables of the muscle architecture are the 

fascicle length (Lf), and the pennation angle (θp), which are expected to, respectively, 

reduce and increase during an isometric contraction.8,12,13 Ultrasonography is a resource 

that can assist in real-time visualization of muscle architecture by observing fascicular 

movement and deep aponeurosis in vivo, which allows measuring changes in θp and Lf 

during skeletal muscle contraction.8 Ultrasound was previously used to measure muscle 

thickness, Lf, and θp in multiple regions of the four quadriceps muscles in rest to describe 

the complex architecture of this muscle group.14 Despite that, muscle architecture has 

been little explored during NMES.  
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NMES evokes muscle contraction of motor axons through electrodes placed 

over a muscle or nerve. NMES commonly is applied through two electrodes, an “active” 

cathode and a “return” anode, placed on the skin over a muscle belly (or muscle group) 

to target the motor points.15 On quadriceps muscle, interestingly, the electrodes are 

commonly positioned only over the motor points of vastus medialis (VM) and vastus 

lateralis (VL) during the NMES session.16-18 A systematic review evaluated the gain of 

strength and function, utilizing NMES, after ACL reconstruction, and the majority of 

studies included have reported the electrode configuration over the vastus.19 Also, Vieira 

et al.20 showed that a larger distance between electrodes in NMES provides a greater 

amount of torque because the relative number of motor fibers stimulated are affected by 

a larger area of current, which justifies the placement on VL proximal and VM distal. 

However, a previous study 21 observed that electrode configuration did not seem to alter 

the traditional measurements of quadriceps activation, but positioning on rectus femoris 

(RF) presented greater torque concerning the positioning on vastus. The authors admitted 

that the exact mechanisms behind this finding are unclear; they speculated that greater 

torque production with the rectus configuration might result from greater amounts of 

adipose tissue in the areas where the vastus electrodes are positioned than the rectus 

electrodes were placed. Therefore, further studies should be done to confirm these results 

and justify the placement of electrodes over the RF for greater torque production. 

Additionally, Torry et al.22 showed that the vastus is more affected in a situation of 

arthrogenic inhibition, justifying the use of NMES on these muscles in a more common 

way in clinical practice. 

As far as we know, the muscular architecture of the quadriceps femoris is little 

explored during NMES sessions, and the behavior of its components (RF, VL, VM and 

VI) is a lack to be studied by comparing the possible placement of the electrodes. The 
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purpose of this study was to investigate whether there is a difference in the behavior of 

the RF, VL, VM, and vastus intermedius (VI) during an evoked contraction with the 

electrodes placed over the motor point of the VL and VM. Once the muscle length was 

standardized for isometric contractions, we hypothesized that any difference in the degree 

of increase in θp, as well reduction in Lf, would be greater in the VL and VM constituent 

due to a direct electrode position during an evoked contraction. This knowledge may help 

physical therapists to establish a methodologic impact for future studies that might lead 

to a better understanding of evoked torque related to the positions of the electrodes for 

potential clinical NMES quadriceps activation. 

2- MATERIAL AND METHODS 

2.1- Participants 

Twenty men with no known neuromuscular disorders and not engaged in 

systematic lower limb strengthening or sports competitions in the previous six months, 

physically active according to International Physical Activity Questionnaire (IPAQ) and 

with a minimum torque range of 40% of the maximum voluntary isometric contraction 

during NMES participated in the study. Sample size (n = 20) was determined a priori 

using G* POWER (v 3.13; University of Trier, Germany). The level of significance was 

set at p = 0.05, a power (1- β) = 0.80, and an effect size = 0.75. Subjects were informed 

about the purposes, benefits, and risks before enrollment, and all agreed to participate and 

signed the consent form. Approval was obtained (protocol number 

94388718.8.0000.8093) from the Research Ethics Committee of the University of 

Brasília/Faculty of Ceilândia following the Helsinki Declaration of 1975. 

2.2- Experimental design 
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This is a sub-study of a cross-over larger trial dealing with muscle-tendon 

behavior at hip and knee angles during maximum evoked and voluntary contractions. The 

full protocol can be assessed with the ClinicalTrials.gov (Identifier: NCT03822221). The 

volunteers were instructed not to participate in exhaustive activities 48 hours before the 

tests, sleep, and eat properly. The procedures took place in two visits, separated by a 

period of seven days. In the first visit, the volunteers were familiarized with the research 

procedures to reduce performance variability. In this visit, characterization variables were 

also obtained: height, weight, and the IPAQ, the passive measures of θp and Lf with 

ultrasound, as well as the motor point localization on the VL and VM, using a pen 

electrode, as described by Botter et al.23 The location of each motor point was recorded 

as the distance from the patellar base and the thigh midline to be reproduced in the 

following sessions. Subsequently, two maximum voluntary contractions (MVC) and two 

maximum evoked isometric contractions (MEIC) were performed to verify if participants 

tolerated a current amplitude enough to generate an MEIC ≥ 40% of the MVC and to 

familiarize the participant with the dynamometer and verify responsiveness and comfort 

during NMES.  

The second visit was the experimental session, with a minimum of seven days 

rest after the familiarization. Before the beginning of this session, a warm-up of 6 

submaximal isometric contractions of 5 seconds and a 10-second rest interval between 

them (three to 50%, two to 75%, and one to 90% of the maximum effort perception) and 

another two maximal voluntary contractions with two minutes rest between them was 

conducted. All participants were submitted to eight MEIC at a rate of 1 per minute, which 

was the number of contractions required to assess all quadriceps constituents (two 

contractions for each one). The variables observed were θp and Lf at rest and evoked 

contraction at 40% of MVC.  



 
 

 5 
 

2.3- Analysis at 40% of maximum voluntary contraction  

To synchronize the torque tracing with the ultrasonographic recordings, we used 

a data acquisition device, New Miotool (Miotec Biomedical Equipment Ltd., POA, 

Brazil®) collected with a sampling rate of 2000 Hz per channel, A/D converter of 14 bits, 

common rejection mode of 110 dB (at 60 Hz). For this, the data acquisition device was 

connected to the computerized dynamometer, and a high-definition camera was 

positioned to capture the ultrasound display. When the assessor started recording cine-

loop ultrasound images prior to contraction, a visual indicator appeared on the ultrasound 

screen, which enabled the synchronization of all data on a torque-time recording 

generated by the device.24 In this torque-time screen, it was possible to move a cursor to 

the point where the torque was 40% of the MVC. In the time displayed, as well as in rest, 

we obtained a print image from the ultrasonographic video files using the Tracker 4.87 

software for the calculation of θp and Lf using the ImageJ software (v. 1.46; National 

Institutes of Health, Bethesda, Maryland). 

2.4- Torque 

The Biodex System 4 ™ isokinetic dynamometer (Biodex Medical Systems, Inc, 

Shirley, New York) assessed the torque during voluntary contraction and NMES. The 

individuals were positioned on the isokinetic dynamometer chair with the hip flexed at 

85º of flexion and the knee at 60º of flexion. The equipment axis was aligned with the 

anatomical axis of the knee and the lever arm with a force transducer, which was firmly 

fixed 2-3 cm above lateral malleolus with a strap. Each subject was firmly stabilized on 

the test chair with two belts crossing the chest and one crossing the pelvic girdle to 

minimize any unwanted body movement during strength production. The resting torque 

was used for subsequent gravity correction due to the limb weight and forces from the 

passive tension of structures crossing the knee.25 The number of contractions 
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corresponded to the number of ultrasound assessments: four muscles (VL, VM, VI, and 

RF), with two measurements for each = eight evoked contractions, which were separated 

by one minute of rest.  

2.5- NMES 

The Neurodyn 2.0 electrical stimulation unit (Ibramed, SP, Brazil) was 

connected to two isolated cables. All physical parameters of the stimulator were verified 

using a digital oscilloscope (DS1050E, Rigol, Ohio, USA). The self-adhesive electrodes 

of 25 cm2 were placed on the motor point of VL and VM. A pulsed current was applied, 

with a frequency of 100 Hz, pulse duration 400 µs, rise time of three seconds, ON time 

of four seconds, the decay time of three seconds, and OFF time of two minutes. The 

specifications of the ON time were designed to mimic a ramp contraction and allow the 

quadriceps unit assessment with ultrasound imaging as recommended in voluntary 

contractions.26 To achieve the evoked contraction, subjects were instructed to fully relax 

during NMES. The current amplitude was gradually increased. Participants reported their 

discomfort after each evoked contraction using a 0–10 numeric scale, where 0 represented 

no discomfort and 10 represented the maximum discomfort they could support. 

According to a previous study, participants were informed that a report of 8 out of 10 of 

perceived discomfort should correspond to the maximum tolerated current amplitude they 

were willing to tolerate.27 After achieving the maximum tolerated current amplitude, eight 

evoked contractions were obtained to allow all ultrasonographic recordings. In the 

primary study,11 the range of electrical intensity tolerated by all volunteers corresponded 

to a torque generation at 40% of the MVC. 

2.6- Ultrasonography 
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θp and Lf were obtained using a portable ultrasound device (M-Turbo®, 

Sonosite, Bothwell, WA, USA) in B mode with a 7.5 MHz linear transducer. Depth (6 

cm, programmed in the device), compression, and stabilization of the transducer were 

kept constant between evaluations (by means of an apparatus made with styrofoam and 

velcro). Two videos were obtained for each quadriceps component. The transducer was 

positioned in the longitudinal plane of muscle, keeping it parallel with the direction of 

muscle fascicles. Proper transducer alignment was achieved when several fascicles were 

tracked without interruption. The lateral compartment of bipennate RF, VL, and VM were 

evaluated, respectively, in the percentages 50%, 60%, and 75% of the distance between 

the medial aspect of anterosuperior iliac spine and upper edge of patella, starting from 

proximal to distal, as adapted from Blazevich, Gill, and Zhou.14 For the VI, although it 

could be seen on the same window of the RF or VL 14 VI visualization was often partially 

lost during contraction. Thus, it was recorded more distally in the anterior aspect of the 

thigh. The RF also was seen in the anterior aspect of the thigh. The VL was viewed by 

sliding the transducer in a lateral direction, five cm from the midline, and VM was 

considered with the transducer at three cm in the medial direction of the thigh. Video files 

recorded during the contractions evoked were transferred to a computer for processing in 

public domain software (ImageJ software v. 1.46; National Institutes of Health, Bethesda, 

Maryland). The θp was calculated considering the angle between deep aponeurosis and 

fascicles. The Lf was directly measured whenever possible, or in cases where the fascicles 

extended beyond the visible field of view, linear extrapolation was applied.28 The figure 

1 shows an example of measurement at rest and during evoked contraction of muscle 

architecture. 
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Figure 1 - Muscle ultrasonography: An ultrasound analysis of the vastus lateralis at rest 
(A) and during NMES-evoked contraction (B). (a) deep aponeurosis; (b) superficial 
aponeurosis; (c) muscle thickness; (d) fascicle with extrapolation or not; (e) pennation 
angle; (f) distance between end of fascicle visualization and superficial aponeurosis; (g) 
lines indicating the cross point between fascicle and deep aponeurosis; (h) tendon-
aponeurosis complex displacement. Legend: NMES: neuromuscular electrical 
stimulation. 

2.7- Statistical Analysis 

Values of θp and Lf, are reported as mean ± standard deviation (SD). For θp and 

Lf, analyses were performed with the rest and contracting values (starting from rest up to 

40% of the maximum voluntary torque). A two-way ANOVA was performed to verify 

the interaction between “muscle” (RF, VL, VM, and VI), and “contraction” (rest and 

evoked contraction at 40% of MVC) for the θp and Lf. And one-way ANOVA was 

fulfilled to verify the interaction between “muscle” during evoked contraction at 40% of 

MVC for the θp and Lf. When a significant difference was detected, the Tukey post-hoc 

test was applied to identify differences. The effect sizes and statistical power were 
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calculated. The effect size was determined using the partial square eta (ηρ2): small (ηρ2 

= 0.01), medium (ηρ2 = 0.06) and large (ηρ2 = 0.14). The significance threshold was set 

at P <0.05 for all procedures. All analyzes were performed using Statistica 23.0 (StatSoft 

Inc., Tulsa, Oklahoma, USA), and Graphpad Prism 8.3.0 software (San Diego, CA, USA) 

was used for graphic design. 

3- RESULTS 

Twenty men (mean ± SD age: 24.0 ± 4.6 years, body mass: 77.0 ± 9.3 kg, height: 

177.6 ± 6.3 cm) participated of the study. The mean torque observed was 201.14 ± 50.22 

N.m during MVC, and torque at 40% of MVC was 80.45 ± 20.08 N.m, as shown in table 

1. 
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Table 1. MVC torque 40% and 100% 

Participants 40% Torque MVC 100% Torque MVC 

1 111,19 277,98 

2 76,40 191 

3 89,78 224,45 

4 62,99 157,48 

5 104,21 260,53 

6 66,93 167,34 

7 72,46 181,15 

8 78,02 195,07 

9 75,06 187,65 

10 99,45 248,64 

11 89,50 223,76 

12 64,96 162,40 

13 60,56 151,40 

14 117,78 294,45 

15 67,25 168,13 

16 49,95 124,89 

17 64,01 160,04 

18 75,52 188,80 

19 117,52 293,82 

20 65,53 163,83 

Mean 80,45 201,14 

SD 20,08 50,22 

Values expressed in absolute form. Legend: MVC: maximum voluntary 
contraction.  

 

Figure 2 shows the mean and SD of θp and Lf.  
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Figure 2 - Changes in pennation angle and fascicle length of components of 
quadriceps femoris during neuromuscular electrical stimulation at 40% of the 
maximum voluntary torque: fascicle length (right y-axis) and pennation angle (left y-
axis) of all constituents of the quadriceps femoris individually (x-axis) at rest (continuous 
line) and during NMES (dotted line). Data are presented as mean ± SD. Legend: NMES: 
neuromuscular electrical stimulation; RF: rectus femoris; VL: vastus lateralis; VM: 
vastus medialis; VI: vastus intermedius.  

 

Table 2 shows the changes in θp and Lf of four quadriceps femoris' components 

(RF, VL, VM, and VI) during evoked contraction.  
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There was no interaction for muscle x contraction for θp (F3. 57 = 1.33, p = 0.27, 

ηρ2: 0.06, power: 0.33). However, in a secondary analysis, we observed at ANOVA one-

way a significant interaction for contraction showing an increase of θp (F1.19 = 26.42, p 

< 0,05, ηρ2: 0.58, power: 0.99) for each quadriceps components. Analyzing Lf ANOVA 

Table 2. Fascicle length and pennation angle of the rectus femoris, vastus lateralis, vastus medialis and vastus 
intermedius at rest and during neuromuscular electrical stimulation at 40% of maximum voluntary contraction.  

 Rest NMES 

Rectus femoris 

θp 13.74 ± 2.57 16.00 ± 4.68 

 (17.36 ± 30.76%) 

Lf 11.25 ± 2.49 11.21 ± 2.47 

 (2.54 ± 26.28%) 

Vastus lateralis 

θp 11.42 ± 1.91 14.64 ± 3.26 

 (31.11 ± 32.92%) 

Lf 12.95 ± 2.81 11.20± 2.23 

 (-11.09 ± 20.69%) 

Vastus medialis 

θp 11.87 ± 2.21 15.20± 4.10 

 (35.69 ± 42.09%) 

Lf 12.61 ± 3.18 10.58± 2.46 

 (-12.87 ± 24.76%) 

Vastus intermedius 

θp 13.52 ± 2.49 15.12 ± 3.25 

 (13.35 ± 23.52%) 

Lf 10.87 ± 2.20 11.03± 2.68 

 (3.23 ± 25.57%) 

Values expressed as mean ± SD. Legend: θp: pennation angle; Lf: fascicle length; NMES: neuromuscular 
electrical stimulation. 
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two-way showed interaction for muscle x contraction (F3. 57 = 3.17, p < 0.05, ηρ2: 0.14, 

power: 0.70). The Tukey post-hoc indicated only interactions not relevant to the study.  

 

4- DISCUSSION 

The objective of this study was to investigate whether during an NMES session 

the placement of the electrodes over the motor point of the VL and VM produce a 

different alteration in the muscle architecture in the behavior of quadriceps components, 

because it is the major positioning used in literature, although there is another possible 

configuration with the electrodes positioned over the RF.   

NMES capacity to increase muscle strength is already a consensus in the 

literature. Kern et al.29 found that after a two-year training with NMES in the lower limb 

of individuals with a complete lesion of the lower motor neuron, the quadriceps femoris 

had a 35% increase in its cross-sectional area, in addition to an increase of 1187% in the 

production of strength, which allowed patients to perform standing exercises assisted by 

electrostimulation. And one of the main factors that influence the force generation 

capacity is the muscle architecture,8-10 because it provides biomechanical characteristics 

that are specific to a muscle and determines its function. 

Muscle architecture has been defined as “the organization of muscle fibers 

within a muscle concerning the axis of force generation”. It is also one of the main 

manners of measuring muscle function.9,30 One device commonly used to predict the 

capacity of a muscle to generate force is surface electromyography by motor unit 

activation.31 However, the artifacts produced by the external electrical current are a 

common limitation to the interpretation of the electromyographic analysis. Thus, 

ultrasonography seems a feasible tool to obtain measures of muscle force production, as 

previous studies have postulated that, for isometric contractions of the same intensity for 
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a given joint angle, differences in the amount of changes on θp or Lf reflect differences 

in the contribution of that muscle for the observed torque.30,32 

Blazevich et al.,14 used ultrasonography to observe quadriceps femoris muscle 

architecture in vivo, but did not evaluate at contraction, only at rest. As, the study by 

Carbonaro et al.33 related ultrasound and NMES to assess the architecture of the 

superficial and deep compartment of the anterior tibialis, suggesting that electrical 

stimulation through the muscle belly using surface electrodes recruits more superficial 

motor units. Another study correlated these two tools,34 but ultrasound was used only at 

rest as a way to assess hypertrophy gains after training with NMES of four and eight 

weeks. Therefore, there is a lack of studies evaluating muscle architecture variables 

during an NMES session of quadriceps femoris.  

The amplitude of the current is the only way to increase the generation of torque 

produced by the evoked contraction, from the moment the frequency and pulse width are 

defined.35 However, the current amplitude is directly related to the discomfort perceived 

by the subjects. When the current intensity is increased, both the motor fibers and the 

nociceptive sensory fibers are stimulated, which can lead to a sensation of pain and 

burning. Therefore, if an increase in the generation of evoked torque is desired, the 

therapist can be limited to increasing, because along with this, the discomfort also 

increases.18 Due to this, using efficient currents is a way to overcome the perceived 

discomfort.  

Previous studies have already reported that an NMES training intensity of 40% 

MVC is capable of improving MVC strength.3,36 Besides Pinto et al.37 demonstrated when 

the discomfort perceived is reported at as 6 in the Visual Analog Scale, the torque evoked 

corresponds to 40% of MVC. Therefore, a NMES session using a moderate current 

amplitude is an efficient way to introduce this resource in a rehabilitation protocol.  
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Our main finding was no difference in muscle architecture of the components of 

quadriceps femoris promoted by electrostimulation at 40% of MVC with the electrodes 

positioned over the motor point of VL and VM, which is clinically important once it was 

already reported in the literature that an NMES training intensity of 40% MVC is capable 

of improving MVC strength.3,36 It indicates that independently of the electrodes 

placement, NMES can produce significant gains on quadriceps femoris strength.  

Some limitations of the study should be mentioned: the exact observation of Lf's 

start and end point during evoked contraction may have varied because NMES promoted 

a sudden muscle contraction, and the transducer was held by the examiner, making it 

challenging to acquire an accurate image. In addition, our ultrasound had a probe width 

of 40 mm, which limited the visualization of all muscle fascicles. Finally, our results are 

limited to our population and a single NMES session.  

5- CONCLUSION 

There is no difference in the behavior of the components of the quadriceps 

femoris during stimulation with the electrodes placed on the motor points of the VL and 

VM, even as there were no acute changes in the quadriceps muscle architecture, which 

suggests that NMES can be used with this configuration of electrodes because all the 

quadriceps muscles undergo similar acute changes. Besides, more studies are necessary 

to analyze chronic changes in architecture in long-term training to confirm the findings 

of this study.  
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