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Abstract 

 Background: Surface electromyography is a technique commonly used to assess muscle 

activation. This method, along with kinematic movement assessment using a linear encoder, can 

provide valuable information to strength and conditioning professionals. The electromyographic 

and kinematic analyses of certain lower limb strengthening movements were the focus of the 

present thesis due to the importance of these movements in many daily life tasks and sports-

related skills (squatting, running, jumping, and cutting etc.). 

 Aims: The overall objective of the present doctoral thesis is to examine the muscle activation 

and kinematics of certain lower limb strengthening exercises. For this purpose, the thesis has been 

divided into two sections. Section I includes two systematic reviews (Studies I and II), the aim of 

which is to collect contemporary evidence on the subject and provide recommendations for an 

accurate methodological protocol to be used in future surface electromyography cross-sectional 

studies. The first systematic review focuses on deadlift exercises while the second focuses on leg 

press exercises. Section II includes four cross-sectional studies: Study III focuses on the muscle 

activation analysis of some unilateral-based free weight exercises: the monopodal squat, the 

forward lunge, and the lateral step-up. Study IV analyzes the muscle activation and kinematic 

parameters during the inclined leg press exercise under different conditions in a young female 

population. Study V compares the muscle activation parameters and some kinematic parameters 

during the inclined leg press exercise under different conditions between men and women. Study 

VI analyzes and compares gender-specific load-velocity relationships during the inclined leg 

press exercise; moreover, it provides gender-specific predictive equations for training load 

monitoring during the inclined leg press exercise. 

 Methods: Two different approaches were adopted to achieve the outlined objective: 1) for 

the systematic reviews, by collecting and analyzing the previous literature on the subject, and 2) 

for the cross-sectional studies, by analyzing the muscle activation and kinematics of the target 

exercises among a young trained population. The systematic reviews (Studies I and II), and the 

cross-sectional studies (Studies III-VI) that comprise this thesis draw from the results of the 

Evaluación Kinesiológica y Electromiográfica de los Ejercicios de Acondicionamiento Muscular (EKEAM) 

Project [Reference: DEP 2016-80296-R (AEI/FEDER, EU)]. For the cross-sectional studies, two 

main devices were used: for the muscle activation analysis, a 16-channel WBA Mega device 

(Mega Electronics Ltd., Kuopio, Finland) was employed at a sampling frequency of 1000 Hz. 

while for the kinematic parameters analysis, a linear transducer (T-Force System, Ergotech) was 

used, also at a sampling frequency of 1000 Hz. Analytical approaches included descriptive 

analyses, Student´s t-test, an analysis of variance (ANOVA) and linear regressions. 

 Main findings: Section I, Study I revealed that the erector spinae (ES) and quadriceps muscles 

presented greater muscle activation than the gluteus maximus (GMax) and biceps femoris (BF) 

in most deadlift variants, whereas the semitendinosus (ST) elicited greater muscle activation than 
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the BF during the deadlift exercises. Study II demonstrated that the vastus lateralis (VL) and 

vastus medialis oblique (VMO) were the muscles eliciting the greatest muscle activation during 

the leg press exercises and showed less muscle activation as the knee reached its full extension.  

In Section II, Study III showed that the monopodal squat produced greater overall muscle 

activation than the lateral step-up and forward lunge exercises, whereas the VL and VMO elicited 

the greatest muscle activation during all the exercises. Study IV revealed that the muscle 

activation pattern did not differ under the different conditions during the inclined leg press 

exercises, and that the VMO was the muscle that presented the greatest muscle activation in a 

young female population. Study V demonstrated that variations in stance width and/or feet 

rotation (the conditions) did not affect muscle activation in the inclined leg press exercises but 

there were slight differences in the muscle activation pattern between men and women; it also 

revealed that the mean propulsive velocity (MPV), maximum velocity (Vmax) and maximum 

power (Pmax) were greater for the male population during the inclined leg press exercises, and 

that an external feet rotation of 0° and a stance distance of 100% hip width were the preferred 

conditions for both men and women; furthermore, it reported that a preferred stance position 

should be encouraged during inclined leg press exercises to optimize performance. Finally, Study 

VI supported the application of gender-specific load-velocity relationships and predictive 

equations to quantify the training load in the inclined leg press exercise for men and women. 

 Conclusions: In Section I, Study I concluded that the conventional deadlift could be the 

exercise of choice to maximize anterior thigh and lower-back muscle activation, whereas straight-

leg deadlift variants maximized posterior thigh muscle activation. Study II revealed that leg press 

exercises maximized VL and VMO muscle activation and showed peak muscle activation at 90° 

knee flexion. In Section II, Study III concluded that the monopodal squat, lateral step-up and 

forward lunge could be recommended for rehabilitation, performance, and strength 

improvement purposes, depending on the stability and intensity required. Study IV revealed that 

the inclined leg press exercise could be an exercise of choice when the target is to elicit VMO 

activation to reduce knee-muscle imbalances. Study V concluded that a preferred feet stance and 

external rotation would facilitate performance during the inclined leg press exercise with no 

significant differences in muscle activation. Finally, Study VI provided reference data for young 

males and female that could be used to prescribe the training load for the inclined leg press 

exercise based on movement velocity. Note that in all the studies muscle activation was greater 

during the concentric (positive) phase than during the eccentric (negative) phase for all the 

exercises. 
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Resumen 

 Marco teórico: La electromiografía superficial es una técnica que se ha utilizado 

tradicionalmente para la evaluación de la activación muscular. Este método, junto con la 

evaluación cinemática del movimiento mediante un transductor lineal, puede proporcionar 

información muy valiosa para los profesionales del entrenamiento de la fuerza y del 

acondicionamiento físico. El análisis electromiográfico y cinemático de algunos de los ejercicios 

de fuerza para el fortalecimiento del tren inferior constituyeron el foco investigación de la 

presente tesis, debido a la transferencia de estos movimientos a la mayoría de las tareas de la vida 

diaria, habilidades atléticas y de gestos deportivos (por ejemplo: sentarse, agacharse, correr, 

saltar, cambiar de dirección...) 

 Objetivos: El objetivo general de la presente tesis doctoral fue examinar la activación 

muscular y la cinemática de algunos ejercicios de fuerza para el fortalecimiento del tren inferior. 

Para ello, la tesis se estructuró en dos apartados. La Sección I incluyó dos revisiones sistemáticas 

(Estudios I y II), con el objetivo general de recopilar la evidencia contemporánea sobre el tema y 

proporcionar recomendaciones para el desarrollo de un protocolo metodológico riguroso para 

los estudios transversales de electromiografía superficial posteriores. La primera revisión 

sistemática se centró en los ejercicios de peso muerto, mientras que la segunda revisión 

sistemática se centró en los ejercicios de prensa de piernas. La Sección II incluyó cuatro estudios 

transversales. El Estudio III se centró en el análisis de la activación muscular de algunos ejercicios 

de peso libre de predominancia unilateral: sentadilla unilateral, zancada frontal y subida al cajón 

lateral. En el Estudio IV se analizó la activación muscular y algunos parámetros cinemáticos 

durante el ejercicio de prensa inclinada de piernas bajo diferentes condiciones en una población 

de mujeres jóvenes. En el Estudio V se comparó la activación muscular y algunos parámetros 

cinemáticos durante el ejercicio de prensa inclinada de piernas bajo diferentes condiciones en una 

población de hombres y mujeres. En el Estudio VI se analizaron y compararon las relaciones 

carga-velocidad durante el ejercicio de prensa inclinada de piernas en hombres y mujeres. 

Además, se proporcionaron ecuaciones predictivas específicas de género para cuantificar la carga 

de entrenamiento en el ejercicio de prensa inclinada de piernas. 

 Métodos: Se utilizaron dos enfoques para el abordaje de los diferentes objetivos: 1) en el caso 

de las revisiones sistemáticas, mediante la recopilación y análisis de la literatura previa sobre el 

tema, y 2) en el caso de los estudios transversales, mediante el análisis de la activación muscular 

y cinemática de los ejercicios en una población joven entrenada. Las revisiones sistemáticas 

(Estudios I y II) y los estudios transversales (Estudios III-VI) que componen esta tesis, forman 

parte de los resultados del Proyecto de Evaluación Kinesiológica y Electromiográfica de los 

Ejercicios de Acondicionamiento Muscular (EKEAM) [Referencia: DEP 2016-80296-R (AEI / 

FEDER, UE)]. Para los estudios transversales, se utilizaron dos dispositivos principalmente. Por 

un lado, para el análisis de la activación muscular se utilizó un dispositivo WBA Mega de 16 

canales (Mega Electronics Ltd., Kuopio, Finlandia) a una frecuencia de muestreo de 1000 Hz. Por 

otro lado, se utilizó un transductor lineal de muestreo a 1000 Hz (T-Force System, Ergotech) para 
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el análisis de los parámetros cinemáticos. Los análisis estadísticos utilizados fueron estadísticos 

descriptivos, pruebas t de Student, análisis de la varianza (ANOVA) y regresiones lineales. 

 Hallazgos principales: En la Sección I, el Estudio I reveló que el erector espinal de la columna 

(ES) y el cuádriceps presentaron mayor activación muscular que el glúteo mayor (GMax) y el 

bíceps femoral (BF) en la mayoría de las variantes del ejercicio de peso muerto, y el semitendinoso 

(ST) mostró mayor activación muscular que el BF durante los ejercicios de peso muerto. En el 

Estudio II se destacó que el vasto lateral (VL) y el vasto medial oblicuo (VMO) mostraron la mayor 

activación muscular durante los ejercicios de prensa de piernas en comparación con el resto de la 

musculatura y se reportó una mayor activación de dichos músculos a medida que la rodilla 

alcanzaba su extensión completa. En la Sección II, el Estudio III mostró que la sentadilla unilateral 

produjo una mayor activación muscular general en comparación con los ejercicios de subida al 

cajón lateral y zancada frontal, mientras que el VL y el VMO mostraron la mayor activación 

muscular durante todos los ejercicios. El Estudio IV reveló que el patrón de activación muscular 

no mostró diferencias entre las diferentes condiciones durante los ejercicios de prensa inclinada 

de piernas, y el VMO presentó la mayor activación muscular con respecto al resto de músculos 

en una población de mujeres jóvenes. El Estudio V reportó que las variaciones en el ancho de la 

posición y / o la rotación de los pies (condiciones) no afectaron la activación muscular durante los 

ejercicios de prensa  inclinada de piernas, sin embargo, hubo leves diferencias en el patrón de 

activación muscular entre hombres y mujeres; además se reveló que la velocidad de propulsión 

media (MPV), la velocidad máxima (Vmax) y la potencia máxima (Pmax) fueron mayores para la 

población de hombres durante los ejercicios de prensa de piernas, siendo la condición de 0° de 

rotación externa de pies y 100% del ancho de la cadera la preferida para los hombres y mujeres; 

por tanto, se concluyó que se debe fomentar una posición de apoyo preferida durante los 

ejercicios de prensa de piernas para optimizar el rendimiento. Por último, el Estudio VI aprobó 

la aplicación de relaciones carga-velocidad específicas para cada género, y la aplicación de 

ecuaciones predictivas para la cuantificación de la carga de entrenamiento en el ejercicio de 

prensa inclinada de piernas en hombres y mujeres. 

 Conclusiones: En la Sección I, el Estudio I concluyó que el peso muerto convencional sería el 

ejercicio de elección para maximizar la activación de la musculatura anterior del muslo y la parte 

inferior de la espalda, mientras que las variantes del peso muerto con pierna recta maximizaban 

la activación de la musculatura posterior del muslo. El Estudio II reveló que los ejercicios de 

prensa de piernas maximizan la activación de los músculos VL y VMO y mostraron una 

activación muscular máxima con una flexión de rodilla de 90°. En la Sección II, el Estudio III 

concluyó que la sentadilla unilateral, la subida al cajón lateral y la zancada frontal podrían 

recomendarse para fines de rehabilitación, rendimiento y mejora de la fuerza, dependiendo de la 

estabilidad e intensidad requeridas. El Estudio IV reveló que el ejercicio de prensa inclinada de 

piernas podría ser un ejercicio de elección cuando el objetivo es estimular la activación del VMO 

para reducir los desequilibrios entre los músculos de la rodilla. El Estudio V concluyó que una 

posición de los pies y rotación externa individualizada y preferida facilitarían el rendimiento 

durante el ejercicio de prensa inclinada de piernas, no mostrando diferencias significativas en la 

activación muscular entre las condiciones para ambos géneros. Finalmente, el Estudio VI 
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proporcionó datos de referencia para la cuantificación de la carga de entrenamiento en función 

de la velocidad del movimiento en el ejercicio de prensa inclinada de piernas para hombres y 

mujeres jóvenes. Cabe destacar que, en todos los estudios, la activación muscular durante la fase 

concéntrica (positiva) fue mayor que la activación muscular durante la fase excéntrica (negativa) 

para todos los ejercicios. 
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Motivation 

 Research in sports science has increased considerably over recent decades. New sports 

tracking and monitoring technologies have emerged that enhance the body of knowledge 

concerning sports-and-strength training and performance (Piqueras-Sanchiz et al., 2021; 

Suchomel et al., 2021). These advances have allowed coaches, athletes, and sports center users to 

optimize their training programs, thus maximizing their skills and athletic performance 

(Sandbakk, 2020). In this context, it would be desirable to understand the behavior of the muscle 

activation and kinematics during each movement or strength exercise. Thereby, strength and 

conditioning professionals could select those exercises that effectively meet the objective in a 

specific situation (Scott et al., 2016). 

 This doctoral thesis was performed as a result of the project entitled Evaluación Kinesiológica 

y Electromiográfica de los Ejercicios de Acondicionamiento Muscular (EKEAM) [Reference: DEP 2016-

80296-R (AEI/FEDER, EU)], which focused on the analysis of muscle activation and some 

kinematic parameters in certain lower limb strengthening exercises. Despite the advances in 

technologies for monitoring such parameters, there are still several exercises that need to be 

analyzed (Da Silva et al., 2008; DeForest et al., 2014; Eliassen et al., 2018). Accordingly, exercises 

that are varied in nature were chosen (from free weight unilateral-based exercises to guided 

devices-based exercises) to evaluate different stimuli on the participants. Furthermore, there is a 

notable lack of evidence on this topic in the female population (Bolgla et al., 2008; Machado et al., 

2017). For this reason, a concomitant aim of this work was to analyze the behavior of such 

parameters on the female population and to compare the findings to those for the male 

population. 

 The common objective of all the studies included in the present thesis is to provide useful 

information to strength and conditioning professionals, athletes, and clinicians for the precise 

prescription of strength training using sports monitoring equipment.  

 The two main tools used to develop the present thesis were surface electromyography 

equipment for the muscle activation data (Muyor et al., 2019; Rodríguez-Ridao et al., 2020) and 

linear transducer equipment for the kinematic parameters (Martínez-Cava et al., 2020). The 

practical applications of these tools are described below while the manufacturers’ specifications 

for each device are described in the Methods section. 

 Six studies have been included in this thesis that offer insights into the muscle activation and 

kinematics of the deadlift, leg press and unilateral-based exercises (monopodal squat, forward 

lunge and lateral step-up).  
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Resistance training and health benefits 

 The virtues of strength training (or resistance training) have been extensively reported in the 

scientific literature for all age group populations (Myers et al., 2017; Syed-Abdul, 2021). An 

endless list of biopsychosocial benefits have positive impacts on human welfare. These include 

body fat loss, muscle mass gain or maintenance, cardiovascular health improvement, mental 

health balance, self-esteem enhancement, increased bone mineral density, attenuation of 

depressive symptoms, pain reduction, skills and movement control improvements, increased 

strength and force production, an increased force development rate, faster muscle activation, as 

well as greater personal enjoyment, social integration, personal growth and well-being (Westcott, 

2012; Westcott et al., 2009). 

 All of the above outcomes require an in-depth understanding of the biomechanical, 

physiological, and kinematic aspects that affect human movement.  

 

Electromyography (EMG) 

 Electromyography focuses on muscle function by recording and interpreting the electrical 

signal emanating from the muscle (Besomi et al., 2019, 2020). Two main definitions need to be 

considered for the interpretation of the electromyography signal - on the one hand, muscle 

activation, which refers to the number of muscle fibers activated and their firing rates during a 

given effort and, on the other, the EMG amplitude, which relates to the time-varying standard 

deviation of the EMG signal associated with the transmission of action potentials along the 

muscle fiber membranes (Besomi et al., 2020; Farina et al., 2004a). These terms are frequently used 

interchangeably in the scientific literature, although they represent different concepts. 

 Several techniques have been developed recently, using electrodes placed on the skin (the 

conventional surface electrode and matrix surface electrode) or intramuscular electrodes (the 

fine-wire electrode or needle electrode). Each technique has its particular drawbacks which need 

to be considered so as to minimize the risks of bias when interpreting the results (Besomi et al., 

2020). A combination of anatomical, physical and detection-system parameters influence the 

EMG features. 

 Regardless of the technique applied, subsequent normalization is usually required to 

facilitate the analysis and interpretation of the EMG signals (Besomi et al., 2020). Normalization 

procedures make it possible to compare muscles, measurement sessions and participants, etc. In 

the present thesis, bipolar surface electrodes were used in the studies undertaken, considering 

the specific requirements of the developed protocols (Vigotsky et al., 2018).  

 Surface electromyography (sEMG) is a non-invasive technique commonly used to assess 

neuromuscular function; it consists of a very sensitive voltmeter that detects the electrical 

fluctuations on the sarcolemma crossing the muscle fiber membranes (Besomi et al., 2020). In this 
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case, bipolar adhesive electrodes were placed 2 cm apart in a longitudinal orientation to the 

muscle-belly fibers. There was also a neutral electrode placed outside of the muscle belly of the 

target muscle. The signal sources are the depolarizing and repolarizing zones of the muscle fibers. 

The intracellular action potentials’ (IAPs) shape depends on the status of the muscle, and changes 

with increased fatigue. IAPs are the source of the EMG signals and propagate along the muscle 

fibers without changing shape. Each IAP originates and extinguishes at the end plate and tendon, 

so the total current density over the entire muscle length is zero (Farina et al., 2004a, 2004b; 

Roberto Merletti & Farina, 2016).  

 Every muscle group has its specific electrode location. The studies included in the present 

thesis followed the standard guidelines for the electromyographical protocols, which are fully 

described in the SENIAM Guidelines (Surface Electromyography for the Non-Invasive 

Assessment of Muscles). These guidelines were followed for every cross-sectional study included 

in the present thesis (Stegeman & Hermens, 2007). SENIAM also provides recommendations for 

signal processing, modelling, crosstalk, EMG amplitude normalization, sensor placement and 

procedures. All these details need to be carefully considered when interpreting the sEMG. The 

final goal of this technique is to identify the degree of muscle activation and the timing of 

activation within the movement patterns of a specific exercise. The force of a muscle contraction 

is regulated by the number, frequency, and synchronization of the motor units recruited 

(Vigotsky et al., 2018).  

 

Muscle function - Concentric (or positive) phase of the movement vs. eccentric (or 

negative) phase of the movement 

 Various authors use different approaches to refer to the same concept. Traditionally, the 

“concentric” and “eccentric” concepts have been used to refer to the shortening and lengthening 

of fiber contractions, respectively (Franchi et al., 2014). In contrast, some advocate for the use of 

the words “positive” and “negative” for the exercise phases, which directly refer to the traditional 

concentric and eccentric phases, respectively (Padulo et al., 2013). Researchers defending this 

position argue that, in a particular movement, there are always muscles that contract their fibers 

concentrically while others contract their fibers eccentrically, so it might be more appropriate to 

refer to them as positive and negative movement phases (Padulo et al., 2013; Zatsiorsky & 

Prilutsky, 2012).  

 These concepts have been used interchangeably throughout the range of articles included in 

the present thesis due to the requirements of the reviewers of the different journals. Regardless 

of the vocabulary used, an important point to keep in mind when it comes to electromyography 

is the fact that it is essential to separate these phases when analyzing the EMG signal (Iversen et 

al., 2017; McCurdy et al., 2018). For a given exercise intensity, the EMG amplitude elicited would 

vary greatly from one phase to another. Therefore, it is fundamental to separate it whether the 
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purpose is to accurately identify the degree of muscle activation or the timing of activation within 

the movement patterns of the specific phases of a given exercise (Farina et al., 2004a). 

 

Muscle activation, muscle activity, muscular activity, neuromuscular activity, EMG activity 

 It should be noted that there are also disagreements in the scientific literature regarding the 

concept of “muscle activation”. Consequently, these concepts have been used interchangeably 

throughout the different studies included in the present thesis to refer to the same definition; 

again, this is due to the requirements of the reviewers and editors of the distinct journals. There 

are even authors who refer to this concept as EMG amplitude or muscle excitation. As yet, no 

conclusive consensus has been reached (Vigotsky et al., 2018).  

 

Kinematics  

 The linear transducer, a dynamic measurement system for strength assessment and strength-

training monitoring, was also used in the present doctoral thesis. This system has been broadly 

validated elsewhere, and it is an essential tool for monitoring strength training and sports 

performance (González-Badillo et al., 2011; González-Badillo & Sánchez-Medina, 2010). This 

device records biomechanical parameters such as movement displacement, acceleration, force, 

velocity, and power. Useful data such as peak power, mean propulsive velocity, peak force, peak 

velocity, timing during the acceleration phase and maximum range of motion can then be 

automatically extracted from the recordings. This device provides real-time feedback for coaches, 

athletes, or research participants, and keeps a record of the data for further analysis (Martínez-

Cava et al., 2020).  

 The system automatically distinguishes repetitions and exercise phases, providing real-time 

information on critical parameters for each repetition. Therefore, in situations where rapid force 

or explosive force play an important role, these kinds of devices are essential (Pareja-Blanco et 

al., 2020). The linear transducer system allows one to quantify the training stimulus and to receive 

feedback on the output during a training session. Hence, research using this tool enables reference 

data to be obtained that can facilitate the prescription and design of individualized strength-

training programs (Morán-Navarro et al., 2020; Spitz et al., 2019). 

 In the studies included in the present thesis, the variables derived from the linear transducer 

were mean propulsive velocity (MPV), mean velocity (MV), maximum or peak velocity (Vmax / 

PV), maximum or peak power (Pmax), displacement (in centimeters), and time (in milliseconds). 

These variables were included separately in some of the cross-sectional studies, and they were 

used in the last study (Study VI) to obtain load-velocity relationships. 
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Exercise variants 

 In the studies included in the present thesis, movements that vary in nature have been 

evaluated. The purpose of this approach was to study the muscle activation response of the lower 

limb muscles involved and the associated kinematics under diverse stimuli. The studies 

evaluated free weight exercises (Study III), exercises on guided devices (Studies IV-VI), and 

unilateral (Study III) and bilateral exercises performed under different execution velocities 

(Studies IV-VI). It can be difficult to determine if a given exercise is a variant of another exercise, 

or is itself a separate exercise; this is because once variables of the exercise are modified 

(implementation, direction of movement, resistance, or stability, etc.), the stimuli might totally 

differ from one another even though the exercises appear similar.  

 

Closed kinetic chain vs. open kinetic chain movements 

 Closed kinetic chain (CKC) exercises refer to those movements in which the distal segment 

of the limb remains fixed. In contrast, open kinetic chain (OKC) exercises are those movements 

in which the distal segment of the limb moves (L. L. Andersen et al., 2006). All the exercises 

evaluated in the studies included in the present thesis were CKC movements although some of 

them were more stable than others, a fact that might influence muscle activation. 

 

Free weights vs. guided devices 

 Muscle activation is often greatly impaired by the degree of freedom and stability that a 

given exercise provides to the movement (Saeterbakken et al., 2016). Various implements are used 

to create the desired movement stimulus (kettlebells, dumbbells, bars, hexagonal bars, guided 

devices, elastic resistances, etc.) (Wirth et al., 2017). In the studies included in the present thesis, 

free weight exercises performed with a straight bar and box were evaluated, as were the 

monopodal squat, forward lunge and lateral step-up (Study III), exercises using guided devices, 

and certain variants of the inclined leg press exercise (Studies IV-VI).  

 One must bear in mind that the inclined leg press device provides more stability than the 

free weight exercises. This implies that muscle activation would elicit a greater variability 

between repetitions, and that more stabilizer muscles would be involved in the movement during 

the free weight exercises than during the inclined leg press exercises (Schott et al., 2019; 

Schwanbeck et al., 2020). All the exercises mentioned are in some way related to various sports 

skills or daily activities (walking, squatting, running, or jumping) (Migliaccio et al., 2018). 
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Bilateral movements vs. unilateral movements 

 Another aspect that greatly affects muscle activation and stability is the movement’s 

unilateralism. It is evident that unilateral movements would require greater involvement of the 

stabilizer muscles and core muscle activation (Gonzalo-Skok et al., 2017; Speirs et al., 2016). 

Furthermore, balance would need to be considered when prescribing these kinds of exercises. In 

the studies included in the present thesis, the unilateral-based exercises evaluated were the 

monopodal squat, forward lunge and lateral step-up (Study III) whereas the bilateral exercises 

evaluated were certain variants of the inclined leg press exercise (Studies IV-VI).  

 As with any other group of exercises, unilateral movements have their advantages and 

disadvantages. For instance, these exercises do not generally allow heavy loads to be moved, for 

obvious reasons, since unilateral-based exercises seriously compromise body balance and 

proprioception (Suchomel et al., 2018). In contrast, they seem to be an appropriate choice when 

the purpose of the training is to enhance specific daily life skills or sports skills, since most of 

these are unilateral-based or, at least, both limbs are not equally involved (walking, running, 

kicking, throwing, catching, turning, etc.) (Gonzalo-Skok et al., 2017). 

 Conversely, bilateral exercises usually allow one to work with heavier loads (move heavier 

weights) that require guidance (Rodiles-Guerrero et al., 2020), or within acute rehabilitation 

programs where the focus might be to move lighter loads safely (Schellenberg et al., 2017).  

  

Are muscle activation and kinematics comparable between 

men and women? 

 Men and women have well-known biomechanical, anthropometric, and physiological 

dissimilarities (Balsalobre-Fernández, García-Ramos, et al., 2018; Torrejón et al., 2019). Therefore, 

it would seem obvious that they must require different strength-training approaches to attain 

maximum performance. However, in sport sciences research, far more work has been carried out 

on men than on their female counterparts, demonstrating a general underrepresentation of 

women in the sport sciences field (Martínez-Rosales et al., 2021).  

 This reality has likely been influenced by diverse factors. For instance, although trends are 

changing in favor of women, historically they did not take part in sports as much as men, what 

is known as “demographic inertia” (Emmonds et al., 2019), and this has made research on this 

population more difficult. It is also worth noting that the limited presence of women in this area 

(athletes, coaches, professors, or researchers) might affect the recruitment of women to sport 

sciences research (Costello et al., 2014; Martínez-Rosales et al., 2021). Furthermore, the attributes 

that distinguish women’s physical nature have been seen as a hurdle in this research area. For 

example, fat accumulation in some parts of the female body hinders sEMG data acquisition 

(Stastny et al., 2017). Likewise, the menstrual cycle or pregnancy lead to fluctuations in diverse 
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physiological and anatomical parameters related to sports performance, which can represent a 

major handicap when it comes to research (Mujika & Taipale, 2019). 

 Nevertheless, such differences between men and women should be regarded as the primary 

reason to investigate diverse parameters within the female population. Since women’s bodies 

behave differently to men´s bodies, it is essential to investigate approaches that incorporate 

knowledge of such fluctuations and consequently get the maximum performance from this 

population (Costello et al., 2014; Mujika & Taipale, 2019). For example, women presented lower 

hamstrings-to-quadriceps muscle activation ratios than men during some hamstrings 

strengthening exercises (Ebben, 2009). Furthermore, velocity under different maximum load 

percentages varied between men and women during some upper body pushing exercises, with 

steeper load-velocity profiles for men as well as greater velocities under submaximal loads 

(García-Ramos, Suzovic, et al., 2019; Torrejón et al., 2019). However, most studies in the literature 

failed to compare these outcomes between genders. For this reason, the studies included in the 

present thesis investigated a similar number of men and women. 

 

Gaps addressed in the present thesis 

 The scope of the studies included in the present thesis was to investigate the muscle 

activation (measured by surface electromyography) and kinematics (measured by a linear 

transducer) of certain lower limb strengthening exercises. To achieve this, two research blocks 

(sections) were addressed. The first comprised two systematic reviews which attempted to lay 

out the background to the topic. One of the systematic reviews focused on deadlift exercises while 

the other focused on leg press exercises.  A theoretical framework was designed based on both 

systematic reviews that took into account the existing methodology and the gaps in the literature. 

The second section was made up of four cross-sectional studies; these were developed from the 

insights derived from the previous systematic reviews regarding the highlighted gaps in the 

literature. The gaps revealed in the systematic reviews and later addressed in the cross-sectional 

studies were as follows: 

 

i. No prior research existed that evaluated lower limb muscle activation using surface 

electromyography during unilateral-based exercises (such as the monopodal squat, 

lateral step-up and forward lunge) in a population of young college students (men 

and women). 

ii. There were no previous studies assessing the lower limb muscle activation and 

kinematic parameters (MPV, Vmax and Pmax) under different conditions (controlled vs. 

maximum intended velocity and feet stances of 0° 100% vs. 45° 100% vs. 0° 150%) 

during inclined leg press exercises in a young female population. 
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iii. There were no previous studies comparing the lower limb muscle activation and 

kinematic parameters (MPV, Vmax, Pmax, footplate displacement and time) under 

different conditions (steady-paced vs. maximum intended velocity and feet stances 

of 0° 100% vs. 45° 100% vs. 0° 150%) during inclined leg press exercises in healthy 

young college students (male and female). 

iv. There were no previous studies analyzing or comparing the load-velocity 

relationships (MPV, MV, PV and relative load) between genders during the inclined 

leg press exercise, or determining the predictive equations for gender-specific 

velocity and load in a young trained college student population. 

 

The specific objectives of the different studies included in the present thesis emerged from the 

above-mentioned gaps in the literature; these objectives are extensively explained in the Aims 

section. All the studies reported greater muscle activation during the concentric (positive) phase 

than during the eccentric (negative) phase of the exercise, and they delivered several 

contributions to the body of knowledge on the subject: 

i. The systematic review on the deadlift (Study I) revealed that the ES and quadriceps 

muscles presented greater activation than the GMax and BF in most deadlift variants, 

and that the ST elicited greater muscle activation than the BF during all the deadlift 

exercises. This study gave advice on the use of different implements or devices when 

performing deadlifts. 

ii. The systematic review on leg press exercises (Study II) showed that the VL and VMO 

were the muscles eliciting the greatest muscle activation during the leg press 

exercises and presented lower muscle activation as the knee reached its full 

extension. In addition, both reviews offered a compilation of recommendations 

regarding methodological issues arising during surface electromyography protocols. 

iii. Study III showed that the monopodal squat elicited greater overall muscle activation 

than the  lateral step-up and forward lunge exercises, the exception being the RF in 

the lateral step-up. The VL and VMO elicited the greatest muscle activation in all 

three exercises. 

iv. Study IV revealed no differences in the muscle activation pattern between the 

different conditions during the inclined leg press exercises in a young female 

population. Furthermore, the VMO presented the greatest muscle activation of all 

the muscles involved. Secondly, the 0° 100% condition was reported as the most 

comfortable for all participants and presented the highest velocities and power. 

Hence, a preferred stance position should be encouraged during the inclined leg 

press exercises to optimize performance. 

v. Study V reported that variations in stance width and/or feet rotation did not affect 

muscle activation in the inclined leg press exercises. There were no significant 
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differences in the muscle activation pattern between the conditions within each 

gender group. However, there were slight differences in the muscle activation 

pattern between men and women. Furthermore, the MPV, Vmax, Pmax, and 

footplate displacement values were higher for the male population under all 

conditions. 

vi. Study VI supported the application of individualized load-velocity relationships for 

training load monitoring in the inclined leg press exercise. Moreover, valuable 

reference data and gender-specific predictive equations were provided for the 

training load monitoring of the inclined leg press exercise. 
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“Hay gente cuerda y sana que están como cabras 

Que huyen del rebaño, que suben montañas” 
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Overall aim of the thesis 

 The overall purpose of this doctoral thesis was to collate information from several studies 

that have been conducted over recent years examining the muscle activation and kinematics of 

certain exercises used for lower limb strengthening. To this effect, different approaches were 

addressed in the studies constituting this thesis. Firstly, in Section I, two systematic reviews are 

included; these gather information on the deadlift and leg press exercises. Secondly, in Section II, 

four cross-sectional studies analyze unilateral exercises and some variants of the leg press 

exercise. The specific aims of each study are explained below. 

Section I | State of the art  

 This section focuses on the two systematic reviews of the contemporary evidence on the topic. 

The primary purpose of each review was to collate all the information from studies evaluating muscle 

activation in the deadlift (Study I) and inclined leg press (Study II) exercises. Furthermore, a 

concomitant purpose of both systematic reviews was to thoroughly analyze the methodological 

protocols carried out in the different studies. Therefore, a precise protocol emerged for further cross-

sectional research. 

 Study I 

 The aim of Study I was to systematically review the current research literature on muscle 

activation measured with surface electromyography (sEMG) of muscles recruited when 

performing the deadlift exercise and all its best-known variants. An increased understanding of 

the muscle activation that occurs during these exercises will provide the researcher, clinician and 

athletes with relevant information on the best exercise to use to activate a specific muscle or group 

of muscles associated with the deadlift and its variants. 

 Study II 

The aim of Study II was to systematically review the current research literature on muscle activity 

(measured by sEMG) of muscles recruited when performing the leg press exercise and its best-known 

variants. This can provide athletes and coaches with a useful guide to lower limb strengthening during 

leg press exercises and its variants regardless of the training goals. 

 

 

Section II | Cross-sectional studies 

This section is dedicated to studying muscle activation and kinematics during certain lower limb 

strengthening exercises. On the one hand, Study III focused on analyzing the muscle activation elicited 

during three unilateral-based free weight movements: the monopodal squat, forward lunge, and 

lateral step-up. On the other, three studies analyzed certain guided device-based exercises, the leg 

press exercises. Two of them (Studies IV-V) focused on the muscle activation and kinematics during 
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the inclined leg press exercise under different conditions. Study VI evaluated the load-velocity 

relationships in the inclined leg press exercise. The last two studies outlined certain differences in the 

outcome variables between males and females that may affect training individualization.  

 

Study III 

 The objectives of Study III were to evaluate the sEMG activity of the gluteus medius, gluteus 

maximus, biceps femoris, vastus lateralis, vastus medialis and rectus femoris muscles in the lateral 

step-up, forward lunge and monopodal squat exercises:  

i. to determine which of these three exercises produces the greatest sEMG activity in the 

evaluated muscle groups 

ii. to compare the sEMG activity of the concentric phase vs. the eccentric phase  

iii. to analyze which muscles have the greatest sEMG activity in each of the evaluated 

exercises 

 

Study IV 

The main aims of Study IV were:  

i. to compare muscle activation of the vastus medialis oblique (VMO), vastus lateralis (VL), 

rectus femoris (RF) and gluteus medialis (GMed) under different conditions of 

movement velocity (controlled velocity - 2″ eccentric and 2″ concentric phase - and 

maximal intended velocity) and feet placement (0° 100%; 45° 100% and 0° 150%) over the 

footplate during the inclined leg press exercise 

ii. to compare muscle activation under each controlled velocity condition and between 

contraction phases (eccentric and concentric)  

iii. to compare the mean propulsive velocity (MPV), peak velocity (Vmax) and peak power 

(Pmax) parameters between the above conditions in a young female population 

 

Study V 

 The objectives of Study V were: 

i. to compare muscle activation of the VMO, VL, RF and GMed between males and females 

under different feet stance (100% hip width and 0°/45° external feet rotation) and 

movement velocity (steady-paced and maximum intended) conditions  

ii. to compare muscle activation during the positive phase under steady-paced velocity 

conditions (100%/150% hip combined with 0°/45° external feet rotation) between males 

and females 

iii. to compare the kinematic parameters (MPV, Vmax, Pmax, footplate displacement and time) 

between males and females under the different conditions    

 The study hypotheses were that there would be no significant differences in muscle activation 

with regard to the feet position, the higher the mean velocity, or the greater the muscle activation. 
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Study VI 

 The aims of Study VI were threefold: 

i. to analyze the load-velocity relationships between mean propulsive velocity (MPV), 

mean velocity (MV), peak velocity (PV) and relative load during the inclined leg press 

exercise  

ii. to analyze the differences in the load-velocity relationships between males and females  

iii. to determine the predictive equations for gender-specific velocity and load for loads 

between 50%-100% 1 repetition maximum (1RM) in a population of young, trained 

college students  

 Based on previous findings, it could be hypothesized that: 

i. the load-velocity relationships would be strong and highly linear for both gender groups  

ii.  males would present steeper load-velocity relationships than females. 
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“En cada batalla 

Y nunca me he rendido 

Porque si la pierdo 

Para qué quiero estar vivo?” 
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The EKEAM project  

 This thesis derives entirely from part of the EKEAM (Evaluación Kinesiológica y Electromiográfica de 

los Ejercicios realizados en los aparatos de Acondicionamiento Muscular) project. The project was supported 

by the Spanish Ministry of Economy and Competitiveness, reference: DEP 2016-80296-R (AEI/FEDER, 

EU). 

 

Study design 

 The EKEAM project is a cross-sectional investigation which aims to examine the muscle activation 

and kinematics involved in strength exercises performed in sports centers under diverse training 

loads. The project is divided into three sections, the first is dedicated to evaluating exercises for 

strengthening the upper limbs, the second is dedicated to lower limb exercises, and the third is 

dedicated to core exercises. Each section is subdivided into several individual studies, grouped into 

exercises that focus on stimulating the same muscle groups. For instance, within the second section, 

three exercise blocks have been investigated to date: i. unilateral exercises (the monopodal squat, 

forward lunge, and lateral step-up); and ii. the leg press and its variants. 

 Therefore, this thesis is framed within the project’s second section. Most of the studies included 

in the project have a cross-sectional design, although initially some systematic reviews were carried 

out to establish the project’s starting point and theoretical framework. Specifically, two systematic 

reviews (Section I) and 4 cross-sectional studies (Section II) comprise this thesis. 

 The target population of the cross-sectional studies consisted of healthy young people with 

resistance training experience. The participants were from Almería (Spain) and most of them were 

college students or fitness center users who were recruited to voluntarily take part in each of the 

individual studies. The EKEAM project was approved by the Ethics Committee on Human Research 

at the University of Almería.  

 The temporalization of each study was typically distributed over 4 steps. The first step included 

the conceptualization and programming of the schedule. The second step consisted of recruiting the 

participants and explaining the procedures. The third step involved familiarization with the 

procedures and data acquisition. The last step included data curation, formal analysis and preparing 

the manuscripts. 

 The general data acquisition procedures comprised anthropometric measurements, a warm-up 

protocol, familiarization with the exercise technique, skin preparation (shaving and cleaning), 

placement of the electrodes and electrogoniometer (if necessary), recording the maximum voluntary 

contractions, the RM test (if necessary), and recording the sEMG and kinematics during the specific 

exercises. 
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Overall inclusion criteria for participants 

 Each participant was recruited to participate in a single study, according to the specific inclusion 

criteria of each study. However, all the participants had to meet the following basic inclusion criteria:  

i. to present no discomfort that prevented or limited the participants from executing the 

exercises under evaluation 

ii. to not be taking any medications, anabolic steroids or similar drugs 

iii. to not have had any musculoskeletal disease or injury in the 6-12 months prior to 

evaluation (depending on the study) 

iv. to have a minimum of 6-12 months of experience (depending on the study) in gym 

training and to be familiarized with the exercises in each study 

v. to be engaged in resistance training at least 2-3 times per week 

vi. to refrain from strenuous physical activity 24-48h prior to evaluation (depending on the 

study). 

 

Outcome variables and measures 

 A brief description of the main measures from the EKEAM project is presented below. A more 

detailed description of the outcome variables for each specific study is presented in the results section 

of this thesis.  

It should be noted that not all the variables were used in all the studies; rather they depended on the 

particular objective of each study. 

i. The main outcome variable was muscle activation, measured in microvolts (µV). The 

muscle activation data were collected through surface electromyography (sEMG). A 16-

channel WBA Mega device (Mega Electronics Ltd., Kuopio, Finland) was used for the 

measurements at a sampling frequency of 1000 Hz. The analog signal was converted to 

digital via an A/D converter (National Instruments, New South Wales, Australia) and 

filtered by bandwidth (12–450 Hz) with a fourth-order Butterworth filter using the 

LabView software program (National Instruments, Austin, TX, USA). The raw sEMG 

signals were then converted into root-mean-square (RMS) signals with 20-millisecond 

windows for further analysis using the MEGAWIN software program (Mega Electronics 

Ltd.). The data were then ready to analyze. Bipolar adhesive Ag/AgCl electrodes (Medico 

Lead-Lok, Noida, India) were used to record the sEMG data; each positive and negative 

pair were placed 2-cm apart in accordance with the SENIAM guidelines 

(http://www.seniam.org/). 
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ii. An electrogoniometer (Biometrics Ltd., Newport, United Kingdom) connected to and 

synchronized with the Mega WBA EMG console (Mega Electronics; Kuopio, Finland), 

was used as a reference to determine the positive and negative phases of the exercises. 

The electrogoniometer was fixed with tape onto the same limb as the electrodes. 

iii. The velocity-based parameters, such as mean propulsive velocity in m/s (MPV), mean 

velocity in m/s (MV), maximum or peak velocity in m/s (Vmax / PV), maximum or peak 

power in W (Pmax), displacement (cm) and time (ms) were monitored by a linear 

transducer sampling at 1000 Hz (T-Force System, Ergotech). The signal was smoothed 

using a 4th-order low-pass Butterworth filter, with no phase shift and a 10 Hz cut-off 

frequency. The T-Force system was connected to a personal computer where the relevant 

kinematic parameters were automatically calculated for each trial. Furthermore, the T-

Force software provided real-time feedback and stored all the data. 

iv. A KORG MA-1 (Keio Electronic Laboratories, Tokyo, Japan) metronome was used to 

control the execution velocity of the exercises. 

 

Anthropometric measures 

 For all the anthropometric measurements, participants were barefoot and wearing light clothes. 

i.  A Seca 213 stadiometer (Seca, Hamburg, Germany) was used to measure the height. 

ii.  A body composition analyzer (model BF-350; Tanita, Tokyo, Japan) was used to measure 

the weight.  

iii.  A measuring tape (SECA 200; Harpenden range, Holtain Ltd., Crymych, Wales, UK) 

was used to measure the hip width. 

iv.  A wrist heart rate monitor, Polar RS400 (Polar Vantage NV, Polar Electro Oy, Finland), 

was used to monitor the HR in real time during the warm-up protocols. 

 An overview of the main characteristics of the cross-sectional studies included in this thesis is 

shown in Table 1. 
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Table 1. Overview of the main characteristics of the cross-sectional studies included in this thesis. 

µV, microvolts; %MAVIC, maximum activation voluntary isometric contraction; %MVC, maximum voluntary 

contraction; MV, mean velocity; MPV, mean propulsive velocity; Pmax, maximum power; RTE, resistance training 

experience; sEMG, muscle activation through surface electromyography; Vmax, maximum velocity. 

 

 

 

 

 

              

Study Sample 
Age 

(years) 
RTE Exercises Outcome variables Muscles 

III 

10 men 

and 

10 

women 

24.0 ± 5.5 
> 6 

months 

(i) Monopodal squat                                     

(ii) Forward lunge 

(iii) Lateral step-up 

sEMG (µV)                                     

sEMG (%MAVIC) 

Gluteus medius                  

Gluteus maximus 

Biceps femoris 

Vastus lateralis 

Vastus medialis 

Rectus femoris 

 

 

 

 
 

IV 
10 

women 
22.6 ± 2.5 3.3 ± 2.0 

Inclined leg press:                                          

(i) 0° forefoot external rotation, 

100% hip width distance 

(ii) 45° forefoot external 

rotation, 100% hip width 

distance 

(iii) 0° forefoot external 

rotation, 150% hip width 

distance  

sEMG (%MVC)                            

MPV (m/s) 

Vmax (m/s) 

Pmax (W) 

Gluteus medialis 

Vastus lateralis 

Vastus medialis 

oblique 

Rectus femoris 

 

 

 

 

 

V 

15 men 

and         

13 

women 

22.7 ± 2.9      

22.7 ± 2.7 

3.1 ± 1.8      

3.1 ± 2.0 

Inclined leg press:                                           

(i) 0° forefoot external rotation, 

100% hip width distance 

(ii) 45° forefoot external 

rotation, 100% hip width 

distance 

(iii) 0° forefoot external 

rotation, 150% hip width 

distance  

sEMG (%MVC)                     

MPV (m/s) 

Vmax (m/s) 

Pmax (W) 

Footplate  

displacement (cm) 

Time (ms) 

Gluteus medialis             

Vastus lateralis 

Vastus medialis 

oblique 

Rectus femoris 

 

 

 

 

 

 

VI 

15 men 

and         

13 

women 

22.7 ± 2.9      

22.7 ± 2.7 

3.1 ± 1.8      

3.1 ± 2.0 

Inclined leg press                                         

(Preferred individual feet 

position) 

MPV (m/s)                              

MV (m/s) 

 Pmax (m/s) 

- 
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“Que no queremos ser tanto, queremos ser un poco de sol y un poco de noche” 
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Abstract 

The main purpose of this review was to systematically analyze the literature concerning studies which 

have investigated muscle activation when performing the Deadlift exercise and its variants. This study 

was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis 

Statement (PRISMA). Original studies from inception until March 2019 were sourced from four 

electronic databases including PubMed, OVID, Scopus and Web of Science. Inclusion criteria were as 

follows: (a) a cross-sectional or longitudinal study design; (b) evaluation of neuromuscular activation 

during Deadlift exercise or variants; (c) inclusion of healthy and trained participants, with no injury 

issues at least for six months before measurements; and (d) analyzed “sEMG amplitude”, “muscle 

activation” or “muscular activity” with surface electromyography (sEMG) devices.  

Major findings indicate that the biceps femoris is the most studied muscle, followed by gluteus 

maximus, vastus lateralis and erector spinae. Erector spinae and quadriceps muscles reported greater 

activation than gluteus maximus and biceps femoris muscles during Deadlift exercise and its variants. 

However, the Romanian Deadlift is associated with lower activation for erector spinae than for biceps 

femoris and semitendinosus. Deadlift also showed greater activation of the quadriceps muscles than 

the gluteus maximus and hamstring muscles. In general, semitendinosus muscle activation 

predominates over that of biceps femoris within hamstring muscles complex.  

In conclusion i. Biceps femoris is the most evaluated muscle, followed by gluteus maximus, vastus 

lateralis and erector spinae during Deadlift exercises; ii. Erector spinae and quadriceps muscles are 

more activated than gluteus maximus and biceps femoris muscles within Deadlift exercises; iii. Within 

the hamstring muscles complex, semitendinosus elicits slightly greater muscle activation than biceps 

femoris during Deadlift exercises; and iv. A unified criterion upon methodology is necessary in order 

to report reliable outcomes when using surface electromyography recordings. 

 

Keywords: EMG, electromyography, strength, lower limbs, resistance exercises. 
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Introduction 

 Resistance training provides several health benefits related to enhancing muscle strength, 

reversing muscle loss, reducing body fat, improving cardiovascular health, enhancing mental health 

and increasing bone mineral density (Cussler et al., 2003; G. R. Hunter et al., 2000; O’connor et al., 2000; 

Strasser & Schobersberger, 2011; Westcott, 2012; Westcott et al., 2009). Accordingly, resistance training 

should be considered essential for the whole population, but it is even more relevant when the target 

is the transference into some specific activity or daily life tasks (V. Andersen et al., 2019; Brearley & 

Bishop, 2019), injury prevention (Faigenbaum & Myer, 2010) or maximizing sports performance 

(Young et al., 2019). 

 Free-weight resistance training is already well known as a key point in every strength training 

program (Escamilla et al., 2002; Myers et al., 2017; Schott et al., 2019). In categories of creating diverse 

stimulus for muscle groups, different modalities such as barbell, kettlebells, hexagonal bars or 

dumbbells devices are typical recurring resources for coaches and trainers (Dicus et al., 2018; Wu et 

al., 2019). Besides, other implements which can considerably modify the exercise load profile are elastic 

bands (Choe et al., 2021; G. R. Hunter et al., 2000), chains or Fat Gripz devices (Krajewski et al., 2018). 

 It is essential to be acquainted with which muscles are activated during certain exercises and to 

compare different movement patterns when choosing exercises for a concrete objective (Bourne et al., 

2017). Surface electromyography (sEMG) is one of the main tools used to measure muscle activation, 

and it can be defined as an electrophysiological recording technology used for the detection of the 

electric potential crossing muscle fiber membranes (Neto et al., 2019). Thereby, task-specific data 

regarding motor unit recruitment patterns are reported through sEMG. For instances, athletes have 

the possibility to perform a concrete exercise when targeting a particular muscle (Hug, 2011; Wakeling 

et al., 2006). 

 Deadlift, Squat and Bench Press are basic resistance exercises performed in several training 

programs for improving physical fitness in athletes (Ferland & Comtois, 2019). This explains the great 

interest in studying muscle activation, which also translates these movements into some of the most 

investigated exercises in the current literature using sEMG (V. Andersen et al., 2018; Slater & Hart, 

2017; Wu et al., 2019). Deadlift is frequently performed primarily when the goal is the strengthening of 

thigh and posterior chain muscles; specifically gluteus, hamstrings, erector spinae and quadriceps 

(Krajewski et al., 2018; Strasser & Schobersberger, 2011). Thus, Deadlift is classified as one of the most 

typical resistance exercise for posterior lower limb strengthening, as well as its variants (Choe et al., 

2021). Moreover, Deadlift has been mentioned in numerous studies comparing this exercise with other 

variants such as Stiff Leg Deadlift (Bezerra et al., 2013), Hexagonal Bar Deadlift  (V. Andersen et al., 2018) 

or Romanian Deadlift (Lee et al., 2018). It has also been contrasted with other less popular variants such 

as Sumo Deadlift (Escamilla et al., 2002), unstable devices (Chulvi-Medrano et al., 2010) and elastic 

bands Deadlift (V. Andersen et al., 2019), among others.  

 To the best of our knowledge, there is no comprehensive review of the current literature 

concerning Deadlift movement pattern, and there is significant controversy when determining which 

muscles are involved within each Deadlift variants. For instance, the greatest muscle activation has 
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been reported for the biceps femoris compared with the erector spinae and gluteus maximus during 

Deadlift (V. Andersen et al., 2019), whereas Snyder et al. (2017) found greater erector spinae activation 

in comparison with gluteus maximus and biceps femoris. In contrast, V. Andersen et al. (2018), 

reported maximal activation for biceps femoris versus gluteus maximus and erector spinae for the 

same tested movement.  

 Thus, the main purpose of this manuscript was to systematically review the current literature 

investigating muscle activation measured with sEMG of muscles recruited when performing the 

Deadlift exercise and all its best-known variants. An increased understanding of the muscle activation 

that occur during these exercises will provide the researcher, clinician and athletes with relevant 

information about the use of the best exercise to activate a specific muscle or group of muscles 

associated with the Deadlift and its variants. 

 

Methods 

 This systematic review was reported and developed following the Preferred Reporting of 

Systematic Reviews and Meta-Analysis (PRISMA) guidelines (Moher et al., 2009; Urrútia & Bonfill, 

2010). The protocol for this systematic review was registered on PROSPERO (CRD42019138026) and is 

available in full on the National Institute for Health Research 

(https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42019138026). The quality of 

included studies was assessed by two reviewers using the PEDro quality scale, which consists on 

eleven questions and distributes the score proportionally to the total amount of questions included. 

However, due to the inability to blind researchers and trainees, three of eleven questions were 

excluded from the scale resulting in a maximum of eight (Neto et al., 2019). 

 A literature search of PubMed, OVID, Scopus & Web of Science electronic databases was 

performed from March–April 2019. Reviews included publications from inception until March 2019. 

 The search strategy conducted in the different databases, along with Medical Subject Heading  

(MeSH) descriptors, related terms and keywords used were as follows; (a) PubMed & OVID: (deadlift 

OR "dead-lift" OR "romanian deadlift" OR "stiff-leg deadlift" OR "barbell deadlift" OR "hexagonal bar 

deadlift" OR "hip hinge" OR "hip extension") AND ("resistance training" OR "strength training" OR 

"resistance exercise" OR "weight lifting" OR "weight bearing") AND ("muscular activity" OR "muscle 

activation" OR electromyography OR electromyographical OR electromyographic OR 

electromyogram OR "surface electromyography" OR semg OR EMG) (b) Scopus: (TITLE("deadlift" OR 

"dead-lift" OR "romanian deadlift" OR "stiff-leg deadlift" OR "barbell deadlift" OR "hexagonal bar 

deadlift" OR "hip hinge" OR "hip extension") AND ("resistance training" OR "strength training" OR 

"resistance exercise" OR "weight lifting" OR "weight bearing") AND ("muscular activity" OR "muscle 

activation" OR "electromyography" OR "electromyographical" OR "electromyographic" OR 

"electromyogram" OR "surface electromyography" OR "sEMG" OR "EMG")); (c) Web of Science: 

ALL=(((deadlift* OR "dead-lift"* OR "romanian deadlift"* OR "stiff-leg deadlift"* OR "barbell deadlift"* 

OR "hexagonal bar deadlift"* OR "hip hinge"* OR "hip extension"*) AND ("resistance training"* OR 

"strength training"* OR "resistance exercise"* OR "weight lifting"* OR "weight bearing"*) AND 

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42019138026
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("muscular activity"* OR "muscle activation"* OR electromyographical* OR electromyographic* OR 

electromyogram* OR "surface electromyography"* OR semg* OR EMG*))). 

Studies were included if they met the following criteria: 

i.  cross-sectional or longitudinal (experimental or cohorts) study design; 

ii.  evaluated neuromuscular activation during Deadlift exercise or variants; 

iii.  included healthy and trained participants, with no injuries for at least six months before 

measurements; 

iv.  analyzed “sEMG amplitude”, “muscle activation” or “muscular activity” with surface 

electromyography devices (sEMG); 

 Most articles found were written in English, but there were no language restrictions. Reviews, 

congress publications, theses, books, books chapters, abstracts, and studies with poor protocol 

description or insufficient data were not included. Studies whose participants did not have at least six 

months of resistance training experience were excluded. We also excluded all studies in which 

participants were under eighteen years old due to underdevelopment of strength and coordination 

(Krings et al., 2019). Studies reporting muscle activation only from upper limbs during Deadlift exercise 

were also considered. 

 As different terms are related to the same concept, in categories of unifying criteria, the “muscle 

activation” term will be used when referring to “sEMG amplitude”, “muscle excitation”, “muscle 

activity”, “neuromuscular activity” or similar. 

 Articles were selected by two independent reviewers according to inclusion and exclusion 

criteria. After eliminating duplicates, the titles and abstracts were analyzed and if there was not 

enough information, the full text was evaluated. All studies identified from the database searches were 

downloaded into the software EndNote version X9 (Clarivate Analytics, New York, NY, USA). 

 Every decision was approved by both reviewers. However, a third reviewer was consulted in 

case of disagreement. The whole search process took two weeks. All steps taken are thoroughly 

described in the flow chart (Fig 1). 

 During the data extraction process, the following information was collected from every study: 

reference, exercise-movements measured, sample size (n), gender, age (years), experience (years), 

evaluated muscles, electrode’s location, limb tested (non-dominant/dominant), sEMG collection 

method, sEMG normalization method, outcomes, percentage maximal voluntary isometric contraction 

(% MVIC), and main findings. 

 Muscle activation was the main data gathered, dividing eccentric and concentric sEMG activity 

data when reported. All studies finally selected reported muscle activation of every muscle and 

exercise separately. Furthermore, data related to exercise loading and exercise description details were 

collected. 
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Figure 1. Flowchart. 

  

 Data collected in this review could not be analyzed as a meta-analysis since there was not enough 

homogeneity in terms of the type of analysis and methods carried out amongst studies. Therefore, a 

qualitative review of the results was conducted. 

 

Results 

Search results 

 A total of 207 articles were identified from an initial survey executed by two independent 

reviewers. 98 of these articles were duplicated, which led to a remaining amount of 109 in the process. 

The next step involved reading the title and abstract with the purpose of eliminating all those not 

meeting the inclusion criteria. Finally, twenty-eight articles were fully read, and nineteen of these were 

eventually selected for the review (Fig 1). The publication date of all selected articles ranged from 2002 
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to January 2019. Additionally, all studies were categorized as having a good/excellent quality in the 

methodological process based on the PEDro quality scale. 

 All selected articles presented a cross-sectional design. In fact, most experimental studies found 

used an untrained participant sample, so they were excluded. Regarding experience time, all 

participants had at least six months of previous resistance training experience, although some studies 

did not report the exact experience time of participants (Table 2). 

 No common criteria were followed when referring to the exercise loading at which exercises were 

evaluated during sEMG recordings. As a matter of fact, only two studies used a similar method, 

assessing one repetition maximum intensity (1RM) (V. Andersen et al., 2018; Krings et al., 2019). Some 

studies measured a number of repetitions of xRM, whereas others measured a number of repetitions 

of a range between 65–85% of 1RM (Table 2), which could be considered in all cases as a submaximal 

load intensity (Yavuz & Erdag, 2017).  

 Data regarding the studies’ general description and main findings are presented in Table 2, while 

Tables 3–6 contain data referring to muscle activation during Deadlift exercise and/or its variants. We 

found no unified criteria for the sEMG normalization method. Out of all included studies, seven 

reported data description regarding muscle activation in relation to exercise type and normalized 

sEMG activity as a percentage of maximal voluntary isometric contraction (% MVIC) (Table 3); three 

of them as percentage of peak root mean square (% peak RMS) (Table 4); two studies reported data 

expressed as absolute RMS values in microvolts (mV) (Table 5); and three studies expressed data as a 

percentage of 1 repetition maximum (% 1RM) (Table 6). In addition, there were four studies which 

were not included in the tables because they assessed the sEMG only from the upper limbs or showed 

the muscle activation in a different measurement unit than that used in our analysis. 

 Most researched Deadlift variants include the Conventional Barbell Deadlift (10/19 studies) (V. 

Andersen et al., 2018, 2019; Camara et al., 2016; Chulvi-Medrano et al., 2010; Escamilla et al., 2002; 

Korak et al., 2018; Krings et al., 2019; Lee et al., 2018; Nijem et al., 2016; Snyder et al., 2017) and the Stiff 

Leg Deadlift (6/19 studies) (Bourne et al., 2017; Ebben, 2009; Edington et al., 2018; Iversen et al., 2017; 

McCurdy et al., 2018; Schoenfeld, Contreras, et al., 2015), which are followed by Unilateral Stiff Leg 

Deadlift (2/19 studies) (Bourne et al., 2017; Ebben, 2009), Romanian Deadlift (2/19 studies) (Lee et al., 

2018; McAllister et al., 2014) and Hexagonal Bar Deadlift (2/19 studies) (V. Andersen et al., 2018; Camara 

et al., 2016) (Table 2). 

 It is also important to clarify that exercises such as “Olympic Barbell Deadlift”, “Straight Bar 

Deadlift”, “Barbell Deadlift”, “No Chains Deadlift” and “Conventional Barbell Deadlift” all refer to the same 

exercise, so “Deadlift” will be used for all cases. 

Concentric and eccentric phases 

 Generally, studies analyzing electromyographical data assess muscle activation on each 

repetition, treating it as a single unit. Nonetheless, it has been reported that electromyographical 

activity could differ significantly between concentric and eccentric phases of the movement. Therefore, 

some authors have already carried out this division in their research (Komi et al., 2000; Matheson et 
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al., 2001; Ono et al., 2010). Not all studies included in the current review divided sEMG exercises into 

concentric and eccentric phases. In fact, only seven studies performed such a subdivision (Bourne et 

al., 2017; Camara et al., 2016; Chulvi-Medrano et al., 2010; Hamlyn et al., 2007; Iversen et al., 2017; 

McCurdy et al., 2018; Nijem et al., 2016), in which the concentric phase showed greater muscle 

activation than the eccentric phase for every single case.  

Muscle activation 

 The biceps femoris has been the most investigated muscle in terms of sEMG for the Deadlift 

exercise and its variants (13/19 studies). Gluteus maximus is the next muscle most evaluated (10/19) 

followed by vastus lateralis and erector spinae muscles (9/19). The semitendinosus and rectus femoris 

are positioned in fourth position (5/19) followed by vastus medialis, external oblique and medial 

gastrocnemius (3/19) (Table 2). 

 

Table 2. Data gathered from selected articles regarding intervention, sample size, gender, training experience, age, 

sEMG collection method, outcomes and main findings. 

Reference 
Exercises 

tested 
Sample Age (years) 

Experience 

(years) 

sEMG 

collection 

method 

Activity 

sEMG 

recorded of 

muscles: 

Main 

findings 

Krings et al. 

(2019) 

Deadlift 

versus fat 

gripz deadlift 

15 men 22.4 ± 2.4 
Not 

indicated 
1 rep 1RM 

Biceps 

brachialis, 

triceps 

braquialis 

and forearm 

muscles 

Greater 

forearm 

activation 

and 

significant 

decrease in 

1RM during 

fat gripz 

deadlift 

V. Andersen 

et al. (2019) 

Deadlift 

versus FW-

2EB and FW-

4EB 

15 men 23.3 ± 2.2 3.9 ± 1.9 2 reps 2RM 

Gluteus 

maximus, 

vastus 

lateralis, 

biceps 

femoris, 

semitend., 

and erector 

spinae 

Greater 

erector 

spinae 

activation 

when more 

elastic bands 

added 

McCurdy et 

al. (2018) 

Stiff leg 

deadlift 

versus back 

squat and 

modified 

single leg 

squat 

18 women 20.9 ± 1.1 1–5 years 
3 rep with 

8RM 

Gluteus 

maximus and 

hamstrings 

Greater 

gluteus 

maximus 

activation 

than 

hamstrings 

for all 

exercises.                                                                                                

Modified 

single leg 
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squat elicited 

the greatest 

activation 

Lee et al. 

(2018) 

Deadlift 

versus 

Romanian 

deadlift 

21 men 22.4 ± 2.2 > 3 years 
5 rep 70% of 

RD 1RM 

Gluteus 

maximus, 

rectus 

femoris and 

biceps 

femoris 

Greater 

gluteus 

maximus and 

rectus 

femoris 

activation for 

deadlift 

Korak et al. 

(2018) 

Deadlift 

versus 

parallel back 

squat and 

parallel front 

squat 

13 women 22.8 ± 3.1 > 1 year 
3 reps 75% 

1RM 

Gluteus 

maximus, 

biceps 

femoris, 

vastus 

medialis, 

vastus 

lateralis and 

rectus 

femoris 

Greater 

gluteus 

maximus 

activation 

during front 

and back 

squat in 

comparison 

to deadlift 

Edington et 

al. (2018) 

ISOMETRIC: 

close-bar 

deadlift 

versus far-

bar deadlift 

5 men & 5 

women 
32 ± 10 6.05 ± 3.35 

3 trials in 

both starting 

positions. 

ISOpull 

Gluteus 

maximus, 

biceps 

femoris, 

vastus 

lateralis, 

erector 

spinae and 

latissimus 

dorsi 

Greater 

erector 

spinae and 

biceps 

femoris 

activation 

than the rest 

of muscles 

for both 

exercises. 

Greater 

vastus 

lateralis 

activation 

during far-

bar deadlift 

V. Andersen 

et al. (2018) 

Deadlift 

versus 

hexagonal 

bar deadlift 

and hip 

thrust 

13 men 21.9 ± 1.6 4.5 ± 1.9 1 rep 1RM 

Gluteus 

maximus, 

biceps 

femoris and 

erector 

spinae 

Greater 

biceps 

femoris 

activation 

during 

deadlift. 

Greater 

gluteus 

maximus 

activation 

during hip 

thrust.                                          

Erector 

spinae 

activation 

showed no 
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differences 

among 

exercises 

Snyder et al. 

(2017) 

Deadlift 

versus walk-

in deadlift 

machine (2 

different feet 

positions) 

13 men & 2 

women   
18 - 24 

Not 

indicated 

3 reps 80% 

3RM 

Gluteus 

maximus, 

biceps 

femoris, 

vastus 

lateralis and 

erector 

spinae 

Greater 

erector 

spinae 

activation 

during 

deadlift. 

Greater 

gluteus 

maximus and 

lower vastus 

lateralis 

activation 

during 

deadlift 

compared to 

walk-in 

machine 

deadlifts 

Iversen et al. 

(2017) 

Stiff leg 

deadlift 

versus stiff 

leg deadlift 

with elastic 

bands 

17 men & 12 

women 

25 ± 3 men  

25 ± 2 women 

Not 

indicated 
3 reps 10RM 

Gluteus 

maximus, 

biceps 

femoris, 

semitend., 

vastus 

medialis, 

vastus 

lateralis, 

rectus 

femoris, 

erector 

spinae and 

external 

oblique 

Greater 

activation for 

all muscles 

during 

conventional 

resistance 

exercises 

compared to 

elastic band 

deadlifts. 

Rectus 

femoris 

showed no 

differences 

activation 

among 

exercises 

Bourne et al. 

(2017) 

Stiff leg 

deadlift 

versus 

unilateral 

stiff leg 

deadlift, hip 

hinge, 45° 

hip extension 

and NHE 

18/10 men 23.9 ± 3.1 
Not 

indicated 
6 reps 12RM 

Biceps 

femoris and 

semitend. 

Greater 

semitend. 

concentric 

activation 

during 

unilateral 

stiff leg 

deadlift 

versus 

remaining 

exercises. 

Similar 

biceps 

femoris and 
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semitend. 

activation 

during both 

deadlift 

exercises 

Nijem et al. 

(2016) 

Deadlift 

versus 

deadlift with 

chains 

13 men 24.0 ± 2.1 
Not 

indicated 

3 reps 85% 

1RM 

Gluteus 

maximus, 

vastus 

lateralis and 

erector 

spinae 

Greater 

gluteus 

maximus 

activation 

during 

deadlift. 

Greater 

erector 

spinae 

activation 

during the 

beginning of 

the 

movement 

for both 

exercises 

Camara et al. 

(2016) 

Deadlift 

versus 

hexagonal 

bar deadlift 

20 men 23.3 ± 2.1 > 1 year 

3 reps 65% 

1RM & 3 reps 

85% 1RM 

Biceps 

femoris, 

vastus 

lateralis and 

erector 

spinae 

Greater 

vastus 

lateralis 

activation; 

and lower 

biceps 

femoris and 

erector 

spinae 

activation 

during 

hexagonal 

bar deadlift 

Schoenfeld 

Contreras et 

al. (2015) 

Stiff leg 

deadlift 

versus prone 

lying leg curl 

in machine 

10 men 23.5 ± 3.1 4.6 ± 2.2 1 set 8RM 

Biceps 

femoris and 

semitend. 

Greater 

upper biceps 

femoris and 

upper 

semitend. 

activation 

during stiff 

leg deadlift 

McAllister et 

al. (2014) 

Romanian 

deadlift 

versus glute 

ham-raise, 

good 

morning, and 

prone leg 

curl 

12 men 27.1 ± 7.7 8.6 ± 5.5 85% 1RM 

Gluteus 

medius, 

biceps 

femoris, 

semitend., 

erector 

spinae and 

medial 

gastrocnem. 

Greater 

semitend. 

activation 

than biceps 

femoris and 

erector 

spinae 

activation for 

all exercises   
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Bezerra et al. 

(2013) 

Deadlift 

versus stiff 

leg deadlift 

14 men 26.7 ± 4.9 > 2 years 
3 reps 70% 

1RM 

Biceps 

femoris, 

vastus 

lateralis, 

lumbar 

multifidus, 

anterior 

tibialis and 

medial 

gastrocnem. 

Greater 

vastus 

lateralis 

activation 

during 

deadlift. 

Greater 

medial 

gastrocnem. 

activation 

during stiff 

leg deadlift 

Chulvi-

Medrano et 

al. (2010) 

Deadlift 

versus Bosu 

deadlift and 

T-Bow device 

deadlift 

31 men 24.2 ± 0.4 > 1 year 

Dinamic 

effort, 6 reps 

70% of MVIC 

Lumbar 

multifidus, 

thoracic 

multifidus, 

lumbar 

spinae and 

thoracic 

spinae 

Greater 

overall 

activation 

during 

deadlift 

versus Bosu 

and T-Bow 

device 

deadlifts 

Ebben (2009) 

Stiff leg 

deadlift 

versus 

unilateral 

stiff leg 

deadlift, 

good 

morning, 

seated leg 

curl, NHE 

and squat 

21 men & 13 

women 
20.3 ± 1.7 

Not 

indicated 
2 reps 6RM 

Rectus 

femoris and 

hamstrings 

Greater 

biceps 

femoris 

activation 

during 

seated leg 

curl and 

NHE than 

remaining 

exercises. 

Greater 

rectus 

femoris 

activation 

during squat 

Hamlyn et al. 

(2007) 

Deadlift 

versus 

paralell squat 

8 men & 8 

women 
24.1 ± 6.8 

Not 

indicated 

6 reps 80% 

1RM 

Lower 

abdominal, 

external 

oblique, 

lumbar-

sacral erector 

spinae and 

upper 

lumbar 

erector 

spinae 

Greater 

upper 

lumbar 

erector 

spinae 

activation 

during 

deadlift 

Escamilla et 

al. (2002) 

Deadlift 

versus sumo 

deadlift (both 

with/without 

belt) 

13 men 20.1 ± 1.3 
Not 

indicated 
4 reps 12 RM 

Gluteus 

maximus, 

biceps 

femoris, 

vastus 

Greater 

vastus 

medialis, 

vastus 

lateralis and 
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medialis, 

vastus 

lateralis, 

rectus 

femoris, 

lateral and 

medial 

gastrocnem., 

tibialis 

anterior, L3, 

T12, medial 

and upper 

trapezius, 

rectus 

abdominis 

and external 

oblique 

tibialis 

anterior 

activation 

during sumo 

deadlift. 

Greater 

medialis 

gastrocnem. 

activation 

during 

deadlift. 

Greater 

rectus 

abdominis 

activation 

during belt 

deadlift and 

belt sumo 

deadlift 

Exercises abbreviations: EB, elastic bands; FW, free weights, NHE, nordic hamstring exercise. 

Other abbreviations: gastrocnem., gastrocnemius, ISOpull, isometric pulls; MVIC, maximal voluntary isometric 

contraction; reps, repetitions; RM, repetition maximum; ROM, range of motion; semitend., semitendinosus. 

 

 

 Due to the diversity regarding methodology, it was considered appropriate to report the results 

by grouping the studies according to the sEMG normalization process carried out in each study (mean 

or peak % MVIC, % peak RMS, RMS mV or % 1RM). 

 Studies in which muscle activation was expressed as a mean or peak % MVIC are shown in Table 

3. Erector spinae showed the greatest muscle activation during the Stiff Leg Deadlift exercise (Iversen 

et al., 2017), and also showed a similar muscle activation than the gluteus maximus or biceps femoris 

during Deadlift and Hexagonal Bar Deadlift exercises (V. Andersen et al., 2018). Except for the Deadlift 

exercise (V. Andersen et al., 2018), the gluteus maximus showed greater muscle activation than biceps 

femoris (V. Andersen et al., 2018; Escamilla et al., 2002; Iversen et al., 2017; McCurdy et al., 2018). When 

comparing muscle activation within the hamstrings, there was a greater activation for the 

semitendinosus muscle than the biceps femoris during Stiff Leg Deadlift (Bourne et al., 2017; Iversen et 

al., 2017; Schoenfeld, Contreras, et al., 2015), which is even more pronounced when performing 

Unilateral Stiff Leg Deadlift (Bourne et al., 2017). The concentric phase showed a greater activation in 

the gluteus maximus and hamstring muscles than the eccentric phase for all exercises evaluated 

(Bourne et al., 2017; Iversen et al., 2017; McCurdy et al., 2018) (Table 3).          

 Data regarding muscle activation expressed as percentage peak RMS (% peak RMS) are shown in 

Table 4. The erector spinae and lumbar multifidus showed greater muscle activation than the gluteus 

maximus and biceps femoris (Bezerra et al., 2013; Snyder et al., 2017). 

 However, conflicting results have been reported for the Deadlift exercise. Lee et al. (2018), reported 

more activation in the biceps femoris than the gluteus maximus, while Snyder et al. (2017), reported 

more activation in the gluteus maximus than the biceps femoris (Table 4). Whereas the vastus lateralis 
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showed greater muscle activation than the biceps femoris (Bezerra et al., 2013; Snyder et al., 2017), and 

the rectus femoris showed greater muscle activation than the biceps femoris and gluteus maximus 

during Deadlift exercise (Lee et al., 2018) (Table 4).  

 

Table 3. Data description regarding sEMG activity in each study, in relation to exercise type and normalized sEMG 

activation expressed as mean or peak %MVIC. 

Reference Exercise 
Gluteus 

Maximus 

Biceps 

Femoris 
Semitend. Hamstrings 

Vastus 

Lateralis 

Vastus 

Medialis 

Rectus 

Femoris 

Erector 

Spinae 

McCurdy et 

al. (2018) 

Stiff leg 

deadlift 

51.1 ± 

22.1% 

mean conc                             

29.9 ± 

16.2% 

mean 

eccen 

n/a n/a 

39.8 ± 16.6% 

mean conc              

19.9 ± 11.3% 

mean eccen 

n/a n/a n/a n/a 

V. 

Andersen et 

al. (2018) 

Deadlift 
~95% 

mean 

~10% 

mean 
n/a n/a n/a n/a n/a 

~86% 

mean 

Hexagonal 

bar 

deadlift 

(HBDL) 

~88% 

mean 

~83% 

mean 
n/a n/a n/a n/a n/a 

~82% 

mean 

Iversen et 

al. (2017) 

Stiff leg 

deadlift 

~42% peak  

conc                               

~17% peak 

eccent 

~38% 

peak   

conc                               

~17% 

peak 

eccent 

~44% peak 

conc                               

~22% peak 

eccent 

n/a 

~13% 

peak 

conc                               

~14% 

peak 

eccent 

~10% 

peak 

conc                               

~9% peak 

eccent 

~6% 

peak 

conc                               

~7% 

peak 

eccent 

~69% 

peak 

conc                               

~38% 

peak 

eccent 

Stiff leg 

deadlift 

with elastic 

bands 

~27% peak 

conc                             

~17% peak 

eccent 

~20% 

peak   

conc                               

~17% 

peak 

eccent 

~23% peak 

conc                               

~21% peak 

eccent 

n/a 

~12% 

peak 

conc                               

~14% 

peak 

eccent 

~9% peak 

conc                               

~8  peak 

eccent 

~5% 

peak 

conc                               

~6% 

peak 

eccent 

~57% 

peak 

conc                             

~36% 

peak 

eccent 

Bourne et 

al. (2017) 

Stiff leg 

deadlift 
n/a 

~55% 

mean 

conc                             

~23% 

mean 

eccen 

~50% 

mean 

conc                             

~18% 

mean 

eccen 

n/a n/a n/a n/a n/a 

Unilateral 

stiff  leg 

deadlift 

n/a 

~50% 

mean 

conc                             

~26% 

mean 

eccen 

~62% 

mean 

conc                             

~27% 

mean 

eccen 

n/a n/a n/a n/a n/a 

Schoenfeld, 

Contreras 

et al. (2015) 

Stiff leg 

deadlift 
n/a 

~40% 

mean 

lower             

~73% 

mean 

upper 

~47% 

mean 

lower         

~125% 

mean 

upper 

n/a n/a n/a n/a n/a 

Ebben 

(2009) 

Stiff leg 

deadlift 
n/a n/a n/a 

49 ± 27% 

mean 
n/a n/a n/a n/a 
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Unilateral 

stiff leg 

deadlift 

n/a n/a n/a 
48 ± 39 % 

mean 
n/a n/a n/a n/a 

Good 

morning 
n/a n/a n/a 

43 ± 16% 

mean 
n/a n/a n/a n/a 

Escamilla et 

al. (2002) 

Deadlift 
35 ± 27% 

mean 

28 ± 19% 

mean 

27 ± 23% 

mean 
n/a 

40 ± 22% 

mean 

36 ± 25% 

mean 

19 ± 16% 

mean 
n/a 

Sumo 

deadlift 

37 ± 28% 

mean 

29 ± 19% 

mean 

31 ± 23% 

mean 
n/a 

48 ±2 4% 

mean 

44 ± 27% 

mean 

18 ± 13% 

mean 
n/a 

Conc, concentric phase; eccen, eccentric phase; semitend., semitendinosus. 

 

Table 4. Data description regarding sEMG activity in each study, in relation to exercise type and normalized sEMG 

activation expressed as % peak RMS. 

Reference Exercise 
Gluteus 

maximus 

Biceps 

Femoris 

Vastus 

Lateralis 

Rectus 

Femoris 

Erector 

Spinae 

Lumbar 

Multifidus 

Lee et al. 

(2018) 

Deadlift 
51.52 ± 6.0 

peak RMS 

57.45 ± 

6.34% peak 

RMS 

n/a 

58.57 ± 

13.73% peak 

RMS 

n/a n/a 

Romanian 

deadlift 

46.88 ± 

7.39% peak 

RMS 

56.66 ± 

18.56% peak 

RMS 

n/a 

25.26 ± 

14.21% peak 

RMS 

n/a n/a 

Snyder et al. 

(2017) 

Deadlift 
~47% peak 

RMS 

~28% peak 

RMS 

~48% peak 

RMS 
n/a 

~73% peak 

RMS 
n/a 

BallPro 
~30% peak 

RMS 

~25% peak 

RMS 

~80% peak 

RMS 
n/a 

~53% peak 

RMS 
n/a 

ToePro 
~30% peak 

RMS 

~31% peak 

RMS 

~63% peak 

RMS 
n/a 

~58% peak 

RMS 
n/a 

Bezerra et 

al. (2013) 

Deadlift n/a 

 

100.1 ± 

24.7% peak 

RMS 

128.3 ± 

33.9% peak 

RMS 

n/a n/a 

112.7 ± 

42.7% peak 

RMS 

Stiff leg 

deadlift 
n/a 

98.6 ± 28.5% 

peak RMS 

101.1 ± 

14.6% peak 

RMS 

n/a n/a 
106 ± 20.5% 

peak RMS 

BallPro, walk-in machine deadlift with feet ball-hand; RMS, root mean square; ToePro, walk-in machine deadlift 

with toes-hand. 

 

 Data regarding muscle activation expressed as RMS in mV are shown in Table 5. Erector spinae 

and semitendinosus are the most activated muscles in the Deadlift exercise (V. Andersen et al., 2018). 

When comparing muscle activation within the hamstrings, there was a greater activation recorded for 

the semitendinosus muscle in comparison to that for the biceps femoris (V. Andersen et al., 2018; 

McAllister et al., 2014) (Table 5). The concentric phase showed greater activation than the eccentric 

phase in all muscles and exercises evaluated (McAllister et al., 2014). 
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 Data regarding muscle activation in mV expressed as a percentage of sEMG (mV) during a 1RM 

effort are shown in Table 6. The Erector spinae presented higher muscle activation than the gluteus 

maximus (Nijem et al., 2016) and biceps femoris (Camara et al., 2016). The vastus lateralis and vastus 

medialis showed greater muscle activation than the biceps femoris and gluteus maximus during 

Deadlift exercises and its variants (Camara et al., 2016; Korak et al., 2018; Nijem et al., 2016). The 

concentric phase showed greater activation in the biceps femoris, vastus lateralis and erector spinae 

than the eccentric phase during the Deadlift exercise as well as during the hexagonal bar Deadlift 

exercise (Camara et al., 2016). 

 

Table 5. Data description regarding sEMG activity in each study, in relation to exercise type and normalized sEMG 

activation expressed as absolute RMS values in mV. 

Reference Exercise 
Gluteus 

maximus 
Biceps Femoris Semitendinosus 

Vastus 

Lateralis 

Erector 

Spinae 

V. Andersen et 

al. (2019) 

Deadlift 
236 RMS 

(mV) 
312 RMS (mV) 367 RMS (mV) 

239 RMS 

(mV) 

341 RMS 

(mV) 

DL FW-2EB 
231 RMS 

(mV) 
313 RMS (mV) 359 RMS (mV) 

234 RMS 

(mV) 

330 RMS 

(mV) 

DL FW-4EB 
250 RMS 

(mV) 
326 RMS (mV) 375 RMS (mV) 

238 RMS 

(mV) 

357 RMS 

(mV)  

McAllister et 

al. (2014) 

Romanian 

deadlift 
n/a 

 

~360 RMS 

(mV) conc                     

~300 RMS 

(mV) eccen 

~810 RMS (mV) 

conc                    

~790 RMS (mV) 

eccen 

n/a 
~210 RMS 

(mV) conc 

Glute ham-

raise 
n/a 

~380 RMS 

(mV) conc                    

~160 RMS 

(mV) eccen 

~1180 RMS (mV) 

conc                     

~490 RMS (mV) 

eccen 

n/a 
~430 RMS 

(mV) conc 

Good morning n/a 

~290 RMS 

(mV) conc                     

~210 RMS 

(mV) eccen 

~910 RMS (mV) 

conc                    

~590 RMS (mV) 

eccen 

n/a 
~205 RMS 

(mV) conc 

Prone leg curl n/a 

~240 RMS 

(mV) conc                    

~85 RMS (mV) 

eccen 

~870 RMS (mV) 

conc                     

~330 RMS (mV) 

eccen  

n/a 
~255 RMS 

(mV) conc 

Conc, concentric phase; eccen, eccentric phase; DL, deadlift; EB, elastic bands; FW, free weight; mV, microvolts; 

RMS, root mean square. 

 

Discussion 

 The main aim of the present study was to carry out a comprehensive literature review assessing 

muscle activation measured with sEMG when performing the Deadlift exercise and all its variants.  

 The most relevant results compiled from the literature review revealed that the biceps femoris is 

the most evaluated muscle when performing this kind of exercises (Aamot et al., 2016; V. Andersen et 

al., 2018, 2019; Bezerra et al., 2013; Bourne et al., 2017; Camara et al., 2016; Escamilla et al., 2002; Iversen 
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et al., 2017; Korak et al., 2018; Lee et al., 2018; McAllister et al., 2014; Nijem et al., 2016; Schoenfeld, 

Contreras, et al., 2015; Snyder et al., 2017), followed immediately by the gluteus maximus (V. Andersen 

et al., 2018, 2019; Camara et al., 2016; Escamilla et al., 2002; Iversen et al., 2017; Korak et al., 2018; Lee 

et al., 2018; McCurdy et al., 2018; Nijem et al., 2016; Snyder et al., 2017).  

 

Table 6. Data description regarding muscle activation in mV expressed as a percentage of EMG (mV) during 1RM 

effort.     

1RM, 1 repetition maximum; concentric phase; eccen, eccentric phase; RMS, root mean square. 

 

 Erector spinae presented higher muscle activation than the gluteus maximus and the biceps 

femoris muscles for all exercises (V. Andersen et al., 2019; Bezerra et al., 2013; Camara et al., 2016; 

Iversen et al., 2017; Nijem et al., 2016). Only one study presented contrary outcomes, showing lower 

muscle activation in the erector spinae than the biceps femoris and semitendinosus during the 

Romanian Deadlift exercise (Snyder et al., 2017). 

 Another important finding in the current review was that muscles from the quadriceps complex 

appeared to elicit the greatest muscle activation compared to the gluteus maximus and hamstrings 

muscles for Deadlift exercise (Bezerra et al., 2013; Camara et al., 2016; Korak et al., 2018; Lee et al., 2018; 

Nijem et al., 2016; Snyder et al., 2017). Furthermore, the semitendinosus generally tended to elicit 

slightly greater muscle activation than the biceps femoris within the hamstring complex (V. Andersen 

et al., 2019; McAllister et al., 2014). 

Reference Exercise 
Gluteus 

maximus 

Biceps 

Femoris 

Vastus 

Lateralis 

Vastus 

Medialis 

Rectus 

Femoris 

Erector 

Spinae 

Korak et al. 

(2018) 

Deadlift 72% 1RM 82% 1RM 104% 1RM 92%1RM 105%1RM n/a 

Parallel back 

squat 
80% 1RM 78% 1RM 97% 1RM 96%1RM 102%1RM n/a 

Parallel front 

squat 
94% 1RM 81% 1RM 102% 1RM 98%1RM 101%1RM n/a 

Nijem et al. 

(2016) 

Deadlift 
82.5 ± 6.9% 

1RM 
n/a 

115.9 ± 

30.1% 1RM 
n/a n/a 

97.9 ± 8.7% 

1RM 

Deadlift with 

chains 

76.8 ± 6.8% 

1RM 
n/a 

123.3 ± 

45.1% 1RM 
n/a n/a 

93.2 ± 11% 

1RM 

Camara et 

al. (2016) 

Deadlift n/a 

83.5 ± 

19%1RM 

conc                             

34.7 ± 

11%1RM 

eccen 

96.8 ± 

22%1RM 

conc                             

55.9 ± 

12.6%1RM 

eccen 

n/a n/a 

98.9 ± 26% 

1RM conc                         

75.3 ± 28% 

1RM eccen 

Hexagonal 

bar deadlift 
n/a 

72.3 ± 20 

%1RM conc                             

31.5 ± 

10%1RM 

eccen 

119.9 ± 22 

%1RM conc                             

87.9 ± 

31%1RM 

eccen 

n/a n/a 

88 ± 27% 

1RM conc                             

61.4 ± 21% 

1RM eccen 
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Methodological issues 

 One concern about the findings of the review was the lack of unification of collecting data 

methodological process amongst studies. This includes the kind of muscle contraction evaluated, the 

number of participants, the participants’ resistance training experience, exercise intensity during 

evaluation, sEMG collection method, electrode location, and number of evaluation days. All studies 

following a specific methodology process had diverse aims and different outcomes, which made 

difficult to deliver consistent results. Only one study evaluated just an isometric position of the 

movement, the preparatory position (Edington et al., 2018), whereas the rest evaluated exercises from 

a dynamic perspective. 

 The included studies were variate in number of participants (8–34) but similar in their sample 

population ages (18–34), who had a minimum of 6 months resistance training experience. It is 

important to highlight the impact that training status have upon muscle activation pattern, since 

familiarization with the movement could substantially modify muscle activation elicited during each 

exercise (El-Ashker et al., 2019; Gentil et al., 2017; Trevino & Herda, 2015). Furthermore, twelve of the 

studies had a male sample, while the rest combined both genders (Ebben, 2009; Edington et al., 2018; 

Hamlyn et al., 2007; Iversen et al., 2017; Snyder et al., 2017), and only two studies included exclusively 

females (Korak et al., 2018; McCurdy et al., 2018). This raises the necessity to invest more research into 

females in this field. 

 In line with previous reviews, exercise loading for sEMG recordings has been one of the biggest 

concerns (Papagiannis et al., 2019; Sanderson et al., 2019; Stastny et al., 2017). Only two studies 

performed same 1RM intensity (Choe et al., 2021; Wu et al., 2019), whereas others performed exercises 

at a predetermined repetition maximum load, and the rest measured a number of repetitions within a 

range of 65-85% 1RM (Table 2). Differences in the applied methodology should be reduced for future 

studies, providing an enhanced outcomes reliability (Schoenfeld, Contreras, et al., 2015).  

 No unified criterion has been followed in categories of time management during exercise phase 

among study methodologies, which could also be treated as a potential bias risk. For future studies 

focused on sEMG, it would be of significant interest to report divided electromyographical data into 

concentric and eccentric phases, as well as exercise timing. Such information would help coaches and 

trainers when choosing one or another exercise for a concrete target when prescribing an optimized 

training (Brearley & Bishop, 2019). 

 In relation to the electrode location, reports on surface recording of sEMG should include 

electrode shape and size, interelectrode distance, electrode location and orientation over muscle with 

respect to tendons and fiber direction among others (Merletti & Di Torino, 1999). It is vital to report in 

detail the placement of electrodes over the muscle belly when we aim to compare outcomes with other 

similar studies. 

 Different protocols for surface electromyography electrode placement have been described in the 

literature. One of the most popular protocols is the SENIAM Guidelines (Surface ElectroMyoGraphy 

for the Non-Invasive Assessment of Muscles). Eight studies following the SENIAM Guidelines have 

been included in our review (V. Andersen et al., 2018, 2019; Bourne et al., 2017; Edington et al., 2018; 
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Iversen et al., 2017; Nijem et al., 2016; Schoenfeld, Contreras, et al., 2015; Snyder et al., 2017). The rest 

followed some other Guidelines or a previous reference, and only four studies did not report any 

protocol for electrode location (Bezerra et al., 2013; Chulvi-Medrano et al., 2010; Hamlyn et al., 2007; 

Krings et al., 2019).   

 In regard to interelectrode distance, five studies reported using the recommended 2 cm center-

to-center distance between electrodes according to SENIAM Guidelines (V. Andersen et al., 2018, 2019; 

Ebben, 2009; Edington et al., 2018; Lee et al., 2018). In addition to not following these Guidelines, some 

other studies also did not report the inter-electrode distance (Bezerra et al., 2013; Camara et al., 2016; 

Hamlyn et al., 2007; Korak et al., 2018; Krings et al., 2019; McAllister et al., 2014; McCurdy et al., 2018). 

Furthermore, four studies reported to have placed the electrodes with a center-to-center distance 

ranging between 15–35mm but different from 20 mm (Bourne et al., 2017; Chulvi-Medrano et al., 2010; 

Escamilla et al., 2002; Iversen et al., 2017; Nijem et al., 2016). The higher the interelectrode distance, the 

wider the detection volume and consequently the detected amplitude (Merlo & Campanini, 2010). 

Future research should attempt to follow established Guidelines, so they can reach optimum research 

quality and diminish the risk of data collection bias. 

 On the other hand, most of the reviewed studies included between 2–4 days/sessions (visits to 

the laboratory) for the measurement process, normally leaving 2–7 days’ rest between each visit. Tasks 

performed during those days cover anthropometric data gathering, familiarization with exercises, RM 

testing and sEMG data collection. To ensure reliable sEMG data outcomes, sEMG data must be 

collected at the same session (V. Andersen et al., 2019). Otherwise, some studies collected sEMG data 

on two different days, which might have entailed electrode location mistakes (Iversen et al., 2017; 

Krings et al., 2019; McAllister et al., 2014; McCurdy et al., 2018). 

 In order to avoid fatigue bias risks, a randomized counterbalanced order for exercise testing was 

followed in all studies but one, which followed a preset exercise order (Iversen et al., 2017). In addition 

with the same aim, a minimum break of 2–5 min was considered between exercise testing trials (V. 

Andersen et al., 2018; Chulvi-Medrano et al., 2010; Hamlyn et al., 2007; Iversen et al., 2017; Lee et al., 

2018; McAllister et al., 2014; McCurdy et al., 2018; Nijem et al., 2016; Schoenfeld, Contreras, et al., 2015; 

Snyder et al., 2017). 

 Most studies did not report hand grip and stance position in any depth of detail. Some studies 

allowed a preferred stance position for each participant but maintained the same for all exercises tested 

(V. Andersen et al., 2018, 2019), whereas others also indicated a hand grip slightly wider than shoulder 

width (Bezerra et al., 2013; Ebben, 2009; Iversen et al., 2017; Krings et al., 2019; Lee et al., 2018; McCurdy 

et al., 2018; Schoenfeld, Contreras, et al., 2015). 

 Likewise, information about MVIC should be strictly reported. Our reviewed studies reported a 

range between 2–3 trials, 3–5 seconds holding and 15–60 seconds rest between trials (V. Andersen et 

al., 2018; Bourne et al., 2017; Ebben, 2009; Escamilla et al., 2002; Krings et al., 2019; McCurdy et al., 

2018).  
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Other Deadlift variations 

 Apart from the above-mentioned Deadlift exercises, there are some other studies which focused 

on less conventional variants of this movement. The Good Morning exercise appears to be an 

appropriate substitute to Romanian Deadlift when it is preferable to place the load on the back instead 

of lifting it from the floor. Good Morning provokes a similar muscular pattern activation as Romanian 

Deadlift, but it showed more muscle activation for the semitendinosus and less muscle activation for 

the biceps femoris than Romanian Deadlift (McAllister et al., 2014).  

 In addition, some authors proposed interesting alternatives for the Deadlift exercise with the goal 

of overcoming the sticking region. This involves a phase during the lift in which there is a mechanical 

disadvantage that elevates injury risk and leads to a deceleration on the speed lift (Stastny et al., 2017). 

In relation to this issue, Nijem et al. (2016) compared Deadlift versus Deadlift with chains and reported 

the existence of a lightest load at the sticking point which would allow one to maintain a neutral spine 

during Deadlift with chains. Regarding muscle activation, there were significant differences for the 

gluteus maximus muscle, which present greater activity during Deadlift than Deadlift with chains. 

Furthermore, V. Andersen et al. (2019) reported another resource by using the addition of elastic bands 

attached to the ceiling to displace the sticking point. This method would reduce the load from lower 

phases of the lift and increase the resistance as the bar goes up.  

 Elastic bands have also been used as a tool in Deadlift learning processes, when the athlete is not 

ready to lift high loads with a proper technique or in those cases when some injury prevents the athlete 

from using conventional resistance equipment. Muscular activation presented during elastic bands 

Stiff Leg Deadlift was lower than that elicited during free weights Stiff Leg Deadlift, with significant 

differences when referring to the gluteus maximus, biceps femoris and semitendinosus muscles 

(Iversen et al., 2017). 

 Furthermore, it should be noted that if your aim is to increase muscle activation from forearm 

musculature during the Deadlift exercise, it is recommended to use a Fat Gripz device, a wider grip 

implement that sticks to the bar. Worth mentioning that a significant reduction in 1RM strength would 

appear when using this kind of implement (Krings et al., 2019). 

Comparing Deadlift to other exercises 

 Some studies included in this review also compared muscle activation elicited during Deadlift 

exercises versus other typical weight bearing exercises performed in weight rooms. McCurdy et al. 

(2018) reported significantly greater muscle activation for the gluteus maximus and hamstring muscles 

during Modified Single Leg Squat in comparison to Back Squat and Stiff Leg Deadlift. Whereas Korak et 

al. (2018) reported the highest muscle activation for the gluteus maximus during Front Squat 

comparing to Deadlift exercise, with no differences for this muscle between Front and Back Squat. 

 Moreover, the Hip Thrust exercise has also been found to elicit greater muscle activation for the 

gluteus maximus than Deadlift and Hexagonal Bar Deadlift. Also, lower muscle activation for the biceps 

femoris muscle was shown during Hip Thrust compared to Deadlift. No muscle activation differences 

were presented among those three exercises for the erector spinae muscle. Hence, a greater torque and 
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greater stress in the hip joint during Deadlift compared to both other exercises was also reported (V. 

Andersen et al., 2018). 

 Additionally, several authors have compared Deadlift exercises to single joint and machine-based 

exercises in their research. For example, Bourne et al. (2017) reported significantly greater muscle 

activation during 45° Hip Extension and Nordic Hamstring Exercise than Stiff Leg Deadlift and Unilateral 

Stiff Leg Deadlift for biceps femoris and semitendinosus muscles. Similar results support these findings, 

showing a greater muscle activation during the Nordic Hamstring Exercise and during Seated Leg Curl 

for hamstring muscles in comparison to the muscle activation elicited for hamstring muscles during 

Stiff Leg Deadlift and Unilateral Stiff Leg Deadlift (Ebben, 2009). 

 On the other hand, the Prone Leg Curl in machine was found to elicit higher muscle activation for 

both upper and lower sections of the biceps femoris muscle than during Stiff Leg Deadlift but showed 

no significant differences for the semitendinosus muscle (Schoenfeld, Contreras, et al., 2015). On the 

contrary, McAllister et al. (2014) reported greater biceps femoris muscle activation during Romanian 

Deadlift than during the Prone Leg Curl. It would be necessary to unify the muscle activation 

normalization method and protocol carried out. Likewise, researchers should ascertain a proportional 

exercise load when comparing bilateral multi joint exercises to single leg and machine-based exercises, 

in order to obtain consistent outcomes. 

 

Conclusions 

 After performing the current systematic and comprehensive review, several conclusions have 

been reached. Main findings outlined that: 

i. Biceps femoris is the most studied muscle (13/19), followed by gluteus maximus (10/19), 

vastus lateralis and erector spinae (9/19) during Deadlift exercises.  

ii. Erector spinae and quadriceps muscles are more activated than gluteus maximus and biceps 

femoris muscles within Deadlift exercises (9/19). 

iii. Within the hamstring muscles complex, semitendinosus elicits slightly greater muscle 

activation than biceps femoris during Deadlift exercises (6/19).  

 Some recommendations for future research involving surface electromyography recordings are: 

i. Participants training status and participants resistance training experience should be outlined 

in detail. Only 11/19 studies showed this information. 

ii. Exercise load quantification method during sEMG recordings must be standardized, so 

exercises could be comparable among them. 

iii. Taking into consideration the different muscle activation pattern reported during concentric 

and eccentric exercises phases, it is highly recommended to perform such subdivision for 

future studies. 

iv. A unified criterion upon methodology protocol is necessary in order to avoid several bias 

risks and report reliable outcomes when using surface electromyography recordings. 
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Information regarding electrode location, number of testing days and sEMG normalization 

method should be strictly reported. 

 

Practical applications 

 Currently, Deadlift is an exercise frequently performed to improve the lower limb muscles, mainly 

biceps femoris and semitendinosus (hamstrings), and gluteus maximus. Based on this systematic 

review about the sEMG activity in the Deadlift exercise and its variants, it has been demonstrated that 

other muscles such as erector spinae and quadriceps are more activated than hamstrings and gluteus 

maximus, although some studies found conflicting results.  

 Deadlift exercise comprises a movement which could have a transference into daily life activities; 

also considered as one of the greatest compound lifts, as it involves several muscles groups 

coordination. A broad spectrum of Deadlift variants has been reported, so diverse applications for these 

exercises could merge, covering health, rehabilitation, and performance environments. 

 Therefore, it must be considered that muscle activation would depend on the Deadlift variant 

performed. For instances, posterior thigh muscles would show greater muscle activity when 

performing exercises that holds the knees on a fixed and extended position (e.g. Romanian Deadlift or 

Straight Leg Deadlift). On the contrary, whether your goal is to maximize anterior thigh and lower back 

muscle activity, Deadlift would be the exercise of choice. Hexagonal Bar Deadlift also elicits a great 

anterior thigh muscle activity, but with a reduction on erector spinae muscle activity, turning this 

exercise into an appropriate Deadlift variant when athletes have lower back issues. 

 Hence, coaches, athletes and regular population ought to contemplate these findings when 

selecting the Deadlift exercise and its variants for their training programs, considering the individual 

training goal. 
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Abstract 

The aim was to analyze the literature on muscle activation measured by surface electromyography 

(sEMG) of the muscles recruited when performing the leg press exercise and its variants. The 

Preferred Reporting of Systematic Reviews and Meta-Analysis (PRISMA) guidelines were followed 

to report this review. The search was carried out using the PubMed, Scopus, and Web of Science 

electronic databases. The articles selected met the following inclusion criteria: (a) a cross-sectional or 

longitudinal study design; (b) neuromuscular activation assessed during the leg press exercise, or its 

variants; (c) muscle activation data collected using sEMG; and (d) study samples comprising healthy, 

and trained participants. The main findings indicate that the leg press exercise elicited the greatest 

sEMG activity from the quadriceps muscle complex, which was shown to be greater as the knee 

flexion angle increased. In conclusion, 1) the vastus lateralis and vastus medialis elicited the greatest 

muscle activation during the leg press exercise, followed closely by the rectus femoris; 2) the biceps 

femoris and the gastrocnemius medialis showed greater muscular activity as the knee reached full 

extension, whereas the vastus lateralis and medialis, rectus femoris and the tibialis anterior showed 

a decreasing muscular activity pattern as the knee reached full extension; 3) evidence on the influence 

of kinematics modifications over sEMG during leg press variants is still not compelling as very few 

studies match their findings. 

Keywords: electromyography; muscle activity; muscle activation; thigh muscles. 
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Introduction 

The benefits of strength training (Alkner & Bring, 2019) are strongly associated with different 

components of physical and mental health including reduced symptoms of depression, decreased 

lower back pain and improved vascular condition, movement control and bone density as well as 

enhanced self-esteem, among others (Westcott, 2012). In addition, strength training can lead to 

significant differences in athletic performance by promoting greater force production, postural 

strength, ability to respond to stretch shortening cycles and an increasing force development rate, 

which can result in faster muscle activation (DeWeese et al., 2015). 

Although the selection of strength training exercises depends on the fitness goals (e.g. 

hypertrophy, performance, or injury prevention, among others), muscle activation patterns need to be 

considered. This is because greater muscle activation, and along with it greater surface 

electromyographic (sEMG) amplitude and a greater number of motor units recruited, is normally 

essential for motor control, skills improvement, strength and power development (Schoenfeld, 

Peterson, et al., 2015). In humans, the force of a muscle contraction is partly regulated by the number, 

frequency and synchronization of the motor units recruited (Fuglsang-Frederiksen & Rønager, 1988; 

Gonzalez et al., 2017). Low threshold motor units are mainly recruited in low intensity exercises; 

whereas both low and high threshold motor units are recruited during high intensity exercises 

(Gonzalez et al., 2017) or low intensity exercises performed to task failure (Morton et al., 2019). 

Consequently, surface electromyography, which consists of a very sensitive voltmeter that 

detects increases and decreases in voltage on the sarcolemma, has become a common research tool in 

Sports Sciences for measuring muscle activation (Stegeman & Hermens, 2007). Accordingly, sEMG 

provides trainers and coaches with valuable information on electrical activity in muscles, in a simple 

and non-invasive way (Vigotsky et al., 2018). For example, sEMG amplitude and power spectral 

analysis are frequently used to examine muscle fatigue (Farina et al., 2004b). In this sense, an increase 

in the sEMG amplitude and a reduction in the sEMG spectral frequency manifest as the fatigue index 

increases (S. K. Hunter et al., 2004; Schoenfeld et al., 2014). 

Different studies have shown that muscle activation varies during multi-joint, lower-body 

strength training exercises depending on the intensity (Gonzalez et al., 2017; Schoenfeld et al., 2014) 

and the variants of the exercise itself (Schoenfeld et al., 2014). The leg press is performed using closed-

chain kinetic effort (Ivey et al., 2017) and the hip and knee extension involves large lower-body muscle 

groups (the quadriceps, hamstring, gluteus and gastrocnemius) (Da Silva et al., 2008). The specific 

training of these muscle groups is closely related to jumping, running and athletic performance in 

general (Escamilla et al., 2001). Consequently, the leg press exercise is widely used for strengthening 

the lower limbs (Harden et al., 2018; Monteiro et al., 2019; Orssatto et al., 2018; Rossi et al., 2018). 

Specifically, the leg press and its variants are some of the exercises studied in the scientific 

literature (Da Silva et al., 2008; Escamilla et al., 2001; Gorostiaga et al., 2012; Hahn, 2011; Machado et 

al., 2017). Previous studies found that the knee flexion angle had a significant effect on muscle 

activation in the bilateral leg press (Gorostiaga et al., 2012; Hahn, 2011). For example, biceps femoris 

activation increases towards full knee extension (Gorostiaga et al., 2012; Hahn, 2011) whereas the 

activation levels of the rectus femoris and vastus medialis decrease (Hahn, 2011).  
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Additionally, certain variations in technique need to be considered when training using the leg 

press and its variants. For instance, feet position on the footplate, regarding lower and higher feet 

placement (Da Silva et al., 2008; Escamilla et al., 2001) or width stance (Escamilla et al., 2001) have been 

some studied variants of leg press. For example, leg press with high feet placement on the footplate 

showed higher gluteus maximus activity compared to low feet placement (Da Silva et al., 2008). 

Conversely, low feet placement elicited greater rectus femoris activity compared to high feet 

placement (Da Silva et al., 2008). On the contrary, Escamilla et al. (2001), reported no significant 

differences on muscle activity between low and high feet placement. 

 With respect to feet rotation, literature is also not compelling. In this regard some authors 

attributed a preferential activation of vastus medialis to the external feet rotation (Escamilla et al., 2001; 

Smith et al., 2009), whereas others assessed the influence on knee external or internal resistance on 

vastus medialis during leg press (Machado et al., 2017; Peng et al., 2013). Finally, various authors have 

assessed the influence of exercise intensity on muscle activity during the leg press exercises (Clark et 

al., 2017; Gonzalez et al., 2017; Schoenfeld et al., 2014). 

However, to the best of our knowledge there is no comprehensive review of the literature on 

muscle activity during leg press exercises. The gathering of the current evidence is required to clarify 

which leg press exercise variant should be used to activate a specific targeted muscle. 

The aim of this study, therefore, was to systematically review the current literature on muscle 

activity, measured by sEMG, of muscles recruited when performing the leg press exercise and all its 

best-known variants. It may provide athletes and coaches with a useful guide for the lower limb 

strengthening during leg press exercises and its variants regardless of the training goals. 

 

Materials and methods 

Search protocol 

 The Preferred Reporting of Systematic Reviews and Meta-Analysis -PRISMA (Moher et al., 2009) 

guidelines were followed to report this systematic review. A prior registration process was also 

conducted by the Cochrane Collaboration on the PROSPERO database. The quality of the studies was 

assessed by two independent reviewers using the PEDro quality scale; this comprised eleven 

questions, three of which were rejected due to their inability to blind trainees and researchers (Martín-

Fuentes et al., 2020a; Neto et al., 2019). The protocol for this systematic review was registered on 

PROSPERO (CRD42020162417) and is available in full on the National Institute for Health Research’s 

site.  

The literature search was performed on the PubMed, Scopus and Web of Science electronic 

databases from December 2019 – January 2020, and included articles published from the databases’ 

inception up until December 2019. 

The search strategy conducted on the diverse databases used the following related terms, Medical 

Subject Heading  (MeSH) descriptors and keywords: (a) PubMed: (“seated leg press” OR “leg press 

machine” OR “leg press” OR “angled leg press”) AND (“resistance training” OR “strength training” 

OR “resistance exercise” OR “weight lifting” OR “weight bearing”) AND (electromyography OR EMG 

OR “muscle activation” OR “muscle activity” OR “sEMG amplitude” OR “neuromuscular activation” 
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OR “muscle excitation” OR “muscular activity”); (b) Scopus: (TITLE(“seated leg press” OR “leg press 

machine” OR “leg press” OR “angled leg press”) AND (“resistance training” OR “strength training” 

OR “resistance exercise” OR “weight lifting” OR “weight bearing”) AND (“electromyography” OR 

“EMG” OR “muscle activation” OR “muscle activity” OR “sEMG amplitude” OR “neuromuscular 

activation” OR “muscle excitation” OR “muscular activity”)); (c) Web of Science: ALL=((“seated leg 

press”* OR “leg press machine”* OR “leg press”* OR “angled leg press”*) AND (“resistance training”* 

OR “strength training”* OR “resistance exercise”* OR “weight lifting”* OR “weight bearing”*) AND 

(electromyography* OR EMG* OR “muscle activation”* OR “muscle activity”* OR “sEMG 

amplitude”* OR “neuromuscular activation”* OR “muscle excitation”* OR “muscular activity”*)). 

Each article included had to meet all the following inclusion criteria: 

i. a cross-sectional or longitudinal study design;      

ii. neuromuscular activation assessed during the leg press exercise or its variants; 

iii. EMG data collected using surface electromyography devices; 

iv. study samples including healthy, trained participants older than eighteen years of age 

(with a minimum of six months resistance training experience). 

Resistance training experience and familiarization with exercises may substantially alter the 

sEMG elicited during an exercise, for this reason we only included studies with trained participants 

(Calatayud et al., 2017; Rutherford & Jones, 1986; Westcott, 2012; Westcott et al., 2009). Studies that 

assessed upper-limb muscle activation and studies comparing the leg press exercise to any other 

lower-limb strengthening exercises were also considered. Although there were no language 

restrictions, all the studies selected were written in English. Publications such as abstracts, thesis, 

books, book chapters, congress reviews and articles that were not of minimum quality (according to 

the protocol description using the PEDro quality scale) were not considered.  

Terminology such as “muscular activity”, “muscle excitation”, “neuromuscular activation” or 

“sEMG amplitude” have been used in the literature referring to electrical muscle activity. Due to the 

heterogeneity of terms used to describe the same concept, “muscle activation” will be used for the 

current manuscript report. 

Two independent reviewers selected the final articles to be included in the review in accordance 

with the inclusion and exclusion criteria. The first step consisted of filtering out duplicates. Next, the 

titles and abstracts were assessed, which led to a full text reading where necessary. In the case of 

disagreement between the two reviewers, a third reviewer was consulted. The search process lasted 

approximately three weeks. The identified articles were downloaded into the EndNote version X9 

(Clarivate Analytics, New York, NY, USA.) software for the subsequent data extraction process. All 

the steps followed are fully described in the flow chart (Figure 2). 
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Figure 2. Flowchart 

The information extracted from the selected articles included the reference, the exercise 

movements measured, the sample size (n), the gender, the age (years), the experience (years), the 

muscles evaluated, the location of the electrodes, the limb tested (non-dominant/dominant), the sEMG 

collection method, the sEMG normalization method, the outcomes, and the main findings. 

Finally, the selected studies reported muscle activation for every single exercise and muscle 

group separately. Thus, sEMG activity was the main data gathered and sEMG data on concentric and 

eccentric phases were collected where available.  

It was not possible to perform a meta-analysis of the results because there was insufficient 

homogeneity of the methodological strategy and the type of analysis carried out in each study. For this 

reason, a qualitative results analysis was conducted for this review. 
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Results 

Search results 

A total of 217 studies were identified from the initial database search. Ninety-four of them were 

immediately removed because they were duplicates, leading to a total of 123 records for the title and 

the abstract screening process. Twenty-seven studies were selected for full text reading; only twelve 

of these met the inclusion criteria and were eventually included in the review (Figure 2). Five studies 

were rejected directly because the samples included inexperienced participants -  all the study 

participants reported a minimum of 6 months resistance training experience - this is because the 

experience time and exercise familiarization variable may significantly affect the muscle activation 

elicited during an exercise hence the importance of having a homogeneous and experienced sample 

(Calatayud et al., 2017; Rutherford & Jones, 1986; Saeterbakken et al., 2019; Walker et al., 2011; Wulf, 

2013). 

All the selected studies presented a cross-sectional study design with a randomized exercise 

testing order. Information regarding the studies’ general description is presented in Table 7. The 

selected studies were published between 2001 and December 2019. In addition, the final studies were 

categorized as being of good/excellent quality regarding the methodological and data reporting 

process, according to the PEDro quality scale. 

The range of motion performed during the leg press exercises ranged from 120° to 0° knee flexion, 

with 0° being understood as a full knee extension; except for one study which interpreted 180° as the 

full knee extension (Walker et al., 2011). The intensity performed during the exercises was diverse. In 

fact, some studies assessed a number of repetitions ranging between 30-90% of 1RM (Da Silva et al., 

2008; Gonzalez et al., 2017; Rossi et al., 2018; Schoenfeld et al., 2014), some measured a number of 

maximum repetition (xRM) (Alkner & Bring, 2019; Escamilla et al., 2001; Machado et al., 2017) and 

others assessed the number of repetitions as x% of body weight (BW) (Bolgla et al., 2008; Peng et al., 

2013). In contrast, Hahn et al. (Hahn, 2011) performed the exercises at isometric positions.  

No unified criteria were found regarding the sEMG normalization method. Although most 

studies used the %MVIC normalization method (Alkner & Bring, 2019; Bolgla et al., 2008; Escamilla et 

al., 2001; Hahn, 2011; Machado et al., 2017; Peng et al., 2013; Saeterbakken et al., 2019; Schoenfeld et 

al., 2014; Walker et al., 2011), other methods were used such as the % root mean square normalization 

method (%RMS) (Da Silva et al., 2008; Machado et al., 2017) and the average mean rectified voltage 

(MRV) (Gorostiaga et al., 2012), thus making it difficult to deliver consistent outcomes. 
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Table 7. General data regarding the exercises tested, the sample size, the participants’ gender and age, 

the training experience time, the sEMG collection method, the outcomes and the main findings of the 

selected articles. 

References Exercises tested Sample 
Age 

(years) 

Experience 

(years) 

sEMG 

collection 

method 

sEMG activity 

recorded of 

muscles: 

Main findings 

Escamilla et 

al. (2001) 

Squat versus leg 

press with 

different feet 

positions and 

stances (0° 

forefoot 

abduction, 30° 

forefoot 

abduction during 

wide and narrow 

stances. Leg press 

high and low feet 

position) 

10 men 

Lifters 

29.6 ± 

6.5 

10.1 ± 7.7 

Squat        

9.0 ± 8.3 

Leg press 

4 reps 12RM 

Biceps femoris, 

semitendinosus, 

vastus medialis, 

vastus lateralis, 

rectus femoris 

and 

gastrocnemius 

Foot abduction 

position did not 

affect thigh 

muscles activity 

during squat and 

leg press exercises 

Bolgla et al. 

(2008)  

Unilateral leg 

press versus step-

up, step-down, 

straight leg raise, 

squat, single leg 

stance at 30° and 

full knee 

extension 

8 

women 

and 7 

men 

Women 

22.2 ± 

2.9     

men 

24.5 ± 

3.2      

Trained, 

not 

specified 

3 reps 33% 

BW 
Vastus medialis 

Vastus medialis 

activity was 

greater during 

unilateral leg press 

than the rest of 

exercises 

Da Silva et 

al. (2008)  

Leg press with 

low foot 

placement (LPL), 

high foot 

placement (LPH) 

and inclined to 

45° (LP45) 

14 

women 

21.5 ± 

1.6 
>6 months 

5 reps 40%-

80% 1RM  

Gluteus 

maximus, biceps 

femoris, vastus 

lateralis, rectus 

femoris and 

gastrocnemius 

LPL and LP45 

elicited greater 

rectus femoris and 

gastrocnemius 

activity at 40% & 

80% 1RM. 

LPL elicited 

greater rectus 

femoris and vastus 

lateralis activity. 

LPH elicited 

greater gluteus 

maximus activity 

Gorostiaga et 

al. (2011)  
Leg press  13 men 34 ± 5 

Trained, 

not 

specified 

5 reps-10reps 

at ~83% 1RM 

Vastus medialis, 

vastus lateralis 

and biceps 

femoris 

Vastus medialis 

and vastus lateralis 

activity decreased 

progressively with 

extension. Biceps 

femoris activity 

was higher as 

extension 

increased  
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Hahn (2011)                

Leg press at 8 

distinct knee 

angles (30–100°) 

18 men 30 ± 6.3 

Trained, 

not 

specified 

3 sets of 3 

reps, 24 

contractions 

per knee 

angle. 

Maximal 

isometric 

contraction  

Biceps femoris, 

vastus medialis, 

rectus femoris, 

gastrocnemius 

medialis and 

tibialis anterior 

Vastus medialis 

and rectus femoris 

activity decreased 

with knee 

extension. Gluteus 

maximus and 

biceps femoris 

activity increased 

with knee 

extension. Tibialis 

anterior activity 

increased with 

knee flexion, 

peaking at 90-100° 

knee flexion 

Walker et al. 

(2011)  

Leg press at 2 

seconds 

concentric phase 

and leg press 

with explosive 

concentric phase  

9 men 29 ± 4.1 

Trained, 

not 

specified 

1 single rep 

per each 

technique. 

40%-60%-

80% 1RM 

Biceps femoris, 

vastus medialis, 

vastus lateralis 

and rectus 

femoris 

Vastus medialis 

and vastus lateralis 

activity decreased 

progressively with 

extension. Biceps 

femoris activity 

remained low and 

consistent from 

40°-120° knee 

flexion. No 

significant 

differences were 

observed, for any 

muscle, at any 

loading intensity, 

during explosive 

contractions 

Peng et al. 

(2013)  

Leg press versus 

leg press with 

submaximal 

isometric hip 

adduction force 

(LP+), and leg 

press with 

vigorous 

isometric hip 

adduct force 

(LP++) 

10 men 
21.0 ± 

1.4 

Trained, 

not 

specified 

3 reps per 

exercise. 53 

kg + 80% BW 

Vastus medialis, 

vastus lateralis 

and hip adductor 

longus 

Greater hip 

adductor longus 

activity during 

LP++ for concentric 

and eccentric 

phase 

Schoenfeld et 

al. (2014)  

Leg press at 75% 

1RM (high load) 

versus 30% 1RM 

(low load) 

10 men 
21.3 ± 

1.5 

Resistance 

trained >1 

year 

30% 1RM-

75% 1RM 

sets to failure 

Biceps femoris, 

vastus medialis, 

vastus lateralis, 

and rectus 

femoris 

Greater overall 

muscle activation 

during high load 

set. Greater vastus 

medialis and 

vastus lateralis 

activity than biceps 

femoris 
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Gonzalez et 

al. (2017)  

Leg press to 

failure 70% 1RM 

and 90% 1RM 

10 men 
22.8 ± 

2.7 

4.6 ± 1.8 

years 

70%-90% 

1RM reps to 

failure 

Vastus medialis, 

vastus lateralis 

and rectus 

femoris 

Vastus lateralis 

elicited greater 

activity than rectus 

femoris, and rectus 

femoris elicited 

greater activity 

than vastus 

medialis. Greater 

overall muscle 

activation during 

90% 1RM  

Machado et 

al. (2017) 

Leg press 

inclined 45° 

(LP45), LP45 with 

physio ball 

between knees, 

and LP45 with 

elastic band 

around knees 

13 

women 

22.5 ± 

2.9 

Trained, 

not 

specified 

10 reps 70% 

10RM 

Biceps femoris, 

vastus medialis, 

vastus lateralis 

and rectus 

femoris 

Greater vastus 

medialis activity 

during LP45 with 

physio ball 

between knees.  

Leg press with 

elastic band 

around knees 

increased rectus 

femoris activity 

Alkner & 

Bring (2019)  

Flywheel leg 

press, knee 

extension 

isokinetic 

dynamometry, 

barbell front 

squat, weight 

stack leg press 

and weight stack 

knee extension 

8 men 28 ± 6 

Trained, 

not 

specified 

8 reps 10RM 

Vastus medialis, 

vastus lateralis 

and rectus 

femoris 

Flywheel 

technology and 

isokinetic 

dynamometry 

induced higher 

eccentric muscle 

activation 

compared to 

traditional devices 

like barbells or 

weight stack 

devices 

Saeterbakken 

et al. (2019)  

Leg press, smith 

machine and 

squat 

19 

women 

24.1 ± 

4.5 
4.5 ± 2.0 3 reps 1RM 

Rectus 

abdominis, 

oblique external 

and erector 

spinae 

Lower trunk 

muscle activation 

during leg press. 

Smith machine and 

squat elicited 

similar muscle 

activation 

Exercise abbreviations: LPH, high feet leg press; LPL, low feet leg press; LP45, 45° inclined leg press; LP+, leg 

press with isometric hip adduction; LP++, leg press with vigorous isometric hip adduction. 

Other abbreviations: BW, body weight; MVIC, maximal voluntary isometric contraction; reps, repetitions; RM, 

repetition maximum. 

Muscles assessed during leg press exercises and variants 

In terms of sEMG activity, the vastus lateralis and the vastus medialis of the quadriceps are the 

muscles that have most been investigated during the leg press exercise and its variants (10/12 studies). 

The rectus femoris is the second most investigated muscle (8/12 studies), followed closely by the biceps 
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femoris (7/12 studies). The muscles least investigated during leg press exercises include the 

gastrocnemius medialis (3/12 studies), the gluteus maximus and the semitendinosus (1/12 studies 

each). Furthermore, only three studies reported muscle activation in the concentric and eccentric phase 

separately, and all of these identified greater muscle activation during the concentric phase of the 

exercise (Alkner & Bring, 2019; Gorostiaga et al., 2012; Machado et al., 2017).   

Due to the heterogeneity of the sEMG normalization methods, it was considered appropriate to 

report the results by grouping the studies into three categories: studies assessing muscle activation 

during the leg press exercise (Table 8), studies assessing muscle activation during other leg press 

variants (Table 9) and studies comparing the leg press with other exercises. 

Table 8. Data on sEMG activity for studies assessing the leg press. 

References Exercise 
Biceps 

Femoris 

Vastus 

Medialis 

Vastus 

Lateralis 

Rectus 

Femoris 

Gastrocnemius 

medialis 

Tibialis 

anterior 

Hahn (2011)  

Leg press 100° 
~35% MVIC 

mean 

~83% MVIC 

mean 
n/a 

~75% MVIC 

mean 
~22% MVIC mean 

~70% 

MVIC 

mean 

Leg press 90° 
~40% MVIC 

mean 

~80% MVIC 

mean 
n/a 

~73% MVIC 

mean 
~26% MVIC mean 

~77% 

MVIC 

mean 

Leg press 80° 
~32% MVIC 

mean 

~70% MVIC 

mean 
n/a 

~74% MVIC 

mean 
~30% MVIC mean 

~43% 

MVIC 

mean 

Leg press 70° 
~32% MVIC 

mean 

~75% MVIC 

mean 
n/a 

~76% MVIC 

mean 
~40% MVIC mean 

~22% 

MVIC 

mean 

Leg press 60° 
~55% MVIC 

mean 

~77% MVIC 

mean 
n/a 

~77% MVIC 

mean 
~53% MVIC mean 

~19% 

MVIC 

mean 

Leg press 50° 
~78% MVIC 

mean 

~69% MVIC 

mean 
n/a 

~60% MVIC 

mean 
~69% MVIC mean 

~18% 

MVIC 

mean 

Leg press 40° 
~85% MVIC 

mean 

~64% MVIC 

mean 
n/a 

~41% MVIC 

mean 
~77% MVIC mean 

~19% 

MVIC 

mean 

Leg press 30° 
~83% MVIC 

mean 

~50% MVIC 

mean 
n/a 

~23% MVIC 

mean 
~89% MVIC mean 

~17% 

MVIC 

mean  

Walker et al. 

(2011)  

Leg press 40% 

1RM 100-80° 

~19% MVIC   

mean 
n/a n/a 

~55% MVIC   

mean 
n/a n/a 

Leg press 40% 

1RM 80-60° 

~19% MVIC    

mean 
n/a n/a 

~31% MVIC   

mean 
n/a n/a 

Leg press 40% 

1RM 60-40° 

~22% MVIC 

mean 
n/a n/a 

~18% MVIC 

mean 
n/a n/a 

Leg press 40% 

1RM 40-20° 

~25% MVIC 

mean 
n/a n/a 

~9% MVIC 

mean 
n/a n/a 

Leg press 40% 

1RM 20-0° 

~37% MVIC 

mean 
n/a n/a 

~6% MVIC 

mean 
n/a n/a 
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Leg press 60% 

1RM 100-80° 
n/a 

~127% 

MVIC mean 

~120% 

MVIC mean 
n/a n/a n/a 

Leg press 60% 

1RM 80-60° 
n/a 

~115% 

MVIC mean 

~105% 

MVIC mean 
n/a n/a n/a 

Leg press 60% 

1RM 60-40° 
n/a 

~98% MVIC 

mean 

~100% 

MVIC mean 
n/a n/a n/a 

Leg press 60% 

1RM 40-20° 
n/a 

~75% MVIC 

mean 

~80% MVIC 

mean 
n/a n/a n/a 

Leg press 60% 

1RM 20-0° 
n/a 

~69% MVIC 

mean 

~45% MVIC 

mean 
n/a n/a n/a 

Leg press 80% 

1RM 100-80° 
n/a 

~150% 

MVIC mean 

~148% 

MVIC mean 
n/a n/a n/a 

Leg press 80% 

1RM 80-60° 
n/a 

~125% 

MVIC mean 

~120% 

MVIC mean 
n/a n/a n/a 

Leg press 80% 

1RM 60-40° 
n/a 

~110% 

MVIC mean 

~120% 

MVIC mean 
n/a n/a n/a 

Leg press 80% 

1RM 40-20° 
n/a 

~100% 

MVIC mean 

~98% MVIC 

mean 
n/a n/a n/a 

Leg press 80% 

1RM 20-0° 
n/a 

~90% MVIC 

mean 

~65% MVIC 

mean 
n/a n/a n/a 

Peng et al. 

(2013)  

Leg press 90-

75° 
n/a 

~50% MVIC 

mean 

~55% MVIC 

mean 
n/a n/a n/a 

Leg press 75-

60° 
n/a 

~37% MVIC 

mean 

~40% MVIC 

mean 
n/a n/a n/a 

Leg press 60-

45° 
n/a 

~33% MVIC 

mean 

~37% MVIC 

mean 
n/a n/a n/a 

Leg press 45-

30° 
n/a 

~23% MVIC 

mean 

~29% MVIC 

mean 
n/a n/a n/a 

Leg press 30-

15° 
n/a 

~19% MVIC 

mean 

~23% MVIC 

mean 
n/a n/a n/a 

Leg press 15-0° n/a 
~15% MVIC 

mean 

~21% MVIC 

mean 
n/a n/a n/a 

Schoenfeld et 

al. (2014)  

Leg press 30% 

1RM 

~19% MVIC 

peak 

~74% MVIC 

peak 

~70% MVIC 

peak 
n/a n/a n/a 

Leg press 75% 

1RM 

~72% MVIC 

peak 

~210% 

MVIC peak 

~195% 

MVIC peak 
n/a n/a n/a 

Gonzalez et al. 

(2017)  

Leg press 70% 

1RM 
n/a 

~60% MVIC 

mean 

~75% MVIC 

mean 

~59% MVIC 

mean 
n/a n/a 

Leg press 90% 

1RM 
n/a 

~65% MVIC 

mean 

~79% MVIC 

mean 

~68% MVIC 

mean 
n/a n/a 

Abbreviations: MVIC, maximal voluntary isometric contraction; RM, repetition maximum; n/a, not available. 

Leg press exercises 

During the leg press, the horizontal movement ranges from a starting position of approximately 

90° knee flexion to a final position with the knees totally extended (close to 0° knee flexion), performed 

while maintaining a slightly reclined seating position (Hahn, 2011). 

The quadriceps muscles, both the vastus medialis and the vastus lateralis, elicited the greatest 

muscle activation during the leg press, followed closely by the rectus femoris (Table 8). In addition, 
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greater overall muscle activation was found for all the muscles as the leg press exercise intensity 

increased (Gonzalez et al., 2017; Schoenfeld et al., 2014; Walker et al., 2011).  

Regardless of the intensity applied during each of the five studies, the muscle activation pattern 

during the leg press exercise seemed to be similar for all of them (Table 8). The biceps femoris and the 

gastrocnemius medialis tended to show greater muscle activation as the knee extended to its full 

position (Hahn, 2011; Schoenfeld et al., 2014; Walker et al., 2011). On the other hand, different outcomes 

were found for the vastus lateralis, the vastus medialis, the rectus femoris of the quadriceps and the 

tibialis anterior, showing a decrease in the muscle activation pattern as the knee reached its full 

extension (Hahn, 2011; Peng et al., 2013; Walker et al., 2011). 

Therefore, peak sEMG activity was found at approximately at 90° knee flexion for the vastus 

lateralis, the vastus medialis and the rectus femoris of the quadriceps, as well as for the tibialis anterior 

(Hahn, 2011; Peng et al., 2013; Walker et al., 2011). Furthermore, the biceps femoris and the 

gastrocnemius medialis presented their peak sEMG activity at an angle of 30° knee flexion (Hahn, 

2011; Walker et al., 2011). Additionally, certain authors reported sEMG activity during single complete 

repetitions, without dividing the sEMG activity by the specific knee flexion angle (Gonzalez et al., 

2017; Schoenfeld et al., 2014). 

 

Table 9. Data on sEMG activity in studies comparing the leg press with some of its variants. 

Reference Exercise 
Medial 

Hamstrings 

Lateral 

Hamstrings 

Biceps 

Femoris 

Vastus 

Medialis 

Vastus 

Lateralis 

Rectus 

Femoris 

Gastrocnemius 

medialis 

Gluteus 

maximus 

Hip 

adductor 

longus 

Escamilla et 

al. (2001)  

Leg press 

high feet 

narrow 

stance 

~15%MVIC 

peak 

~13%MVIC 

peak 
n/a n/a 

~47% 

MVIC 

peak 

~39% 

MVIC 

peak 

~14% MVIC 

peak 
n/a n/a 

Leg press 

high feet 

wide 

stance 

~20% 

MVIC 

peak 

~16% 

MVIC 

peak 

n/a n/a 

~50% 

MVIC 

peak 

~33% 

MVIC 

peak 

~15% MVIC 

peak 
n/a n/a 

Leg press 

low feet 

narrow 

stance 

~11% 

MVIC 

peak 

~12% 

MVIC 

peak 

n/a n/a 

~48% 

MVIC 

peak 

~46% 

MVIC 

peak 

~22% MVIC 

peak 
n/a n/a 

Leg press 

low feet 

wide 

stance 

~15% 

MVIC 

peak 

~12% 

MVIC 

peak 

n/a n/a 

~50% 

MVIC 

peak 

~37% 

MVIC 

peak 

~22% MVIC 

peak 
n/a n/a 

Bolgla et al. 

(2008)  

Unilateral 

leg press 
n/a n/a n/a 

41 ± 

19% 

MVIC 

mean 

n/a n/a n/a n/a n/a 

Da Silva et 

al. (2008)  

Leg press 

low feet 

40% 1RM 

n/a n/a 
~42% 

RMS 
n/a 

~50% 

RMS 

~38% 

RMS 
~26% RMS 

~40% 

RMS 
n/a 
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Leg press 

high feet 

40% 1RM 

n/a n/a 
~44 

%RMS 
n/a 

~50 

%RMS 

~27 

%RMS 
~38 %RMS 

~37 

%RMS 
n/a 

Leg press 

inclined 

45° 40% 

1RM 

n/a n/a 
~46% 

RMS 
n/a 

~52% 

RMS 

~48% 

RMS 
~40% RMS 

~39% 

RMS 
n/a 

Leg press 

low feet 

80% 1RM 

n/a n/a 
~96% 

RMS 
n/a 

~95% 

RMS 

~96% 

RMS 
~77% RMS 

~81% 

RMS 
n/a 

Leg press 

high feet 

80% 1RM 

n/a n/a 
~85% 

RMS 
n/a 

~81% 

RMS 

~63% 

RMS 
~40% RMS 

~115% 

RMS 
n/a 

Leg press 

inclined 

45° 80% 

1RM 

n/a n/a 
~81% 

RMS 
n/a 

~87% 

RMS 

~87% 

RMS 
~74% RMS 

~100% 

RMS 
n/a 

Peng et al. 

(2013)  

Leg press n/a n/a n/a 

25.53 ± 

8.43% 

MVIC 

mean 

31.28 ± 

11.83% 

MVIC 

mean 

n/a n/a n/a 

7.44 ± 

4.69% 

MVIC 

mean 

Leg press 

+ 
n/a n/a n/a 

26.53 ± 

10.06% 

MVIC 

mean 

32.36 ± 

12.97% 

MVIC 

mean 

n/a n/a n/a 

11.12 ± 

6.55% 

MVIC 

mean 

Leg 

press++ 
n/a n/a n/a 

26.77 ± 

10.21% 

MVIC 

mean 

33.84 ± 

14.91% 

MVIC 

mean 

n/a n/a n/a 

20.83 ± 

8.58% 

MVIC 

mean 

Machado et 

al. (2017)  

Leg press 

inclined 

45° 

n/a n/a 
~17% 

RMS 

~80% 

RMS 

~70% 

RMS 

~42% 

RMS 
n/a n/a n/a 

Leg press 

45° with 

physio 

ball 

between 

knees 

n/a n/a 
~18% 

RMS 

~100% 

RMS 

~98% 

RMS 

~39% 

RMS 
n/a n/a n/a 

Leg press 

inclined 

45° with 

elastic 

band 

around 

knees 

n/a n/a 
~19% 

RMS 

~43% 

RMS 

~76% 

RMS 

~63% 

RMS 
n/a n/a n/a 

Abbreviations: +, leg press with isometric hip adduction; ++, leg press with vigorous isometric hip adduction; 

MVIC, maximal voluntary isometric contraction; RM, repetition maximum; RMS, root mean square; n/a, not 

available. 
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Leg press variants  

In addition to the leg press exercise itself, we found studies assessing several leg press variants. 

Some of them are the inclined leg press (45°) (Alkner & Bring, 2019; Da Silva et al., 2008; Machado et 

al., 2017); the leg press with extra hip adduction/abduction (Machado et al., 2017); and the leg press 

with different feet height on the footplate (i.e. high and low), feet stances (i.e. narrow or wide), 

(Escamilla et al., 2001) and feet rotations on the footplate (0°-30° external rotation) (Escamilla et al., 

2001). The Unilateral leg press (Bolgla et al., 2008) is, to the best of our knowledge a leg press variant 

that has hardly been investigated (Table 7). 

For instance, Escamilla et al. (2001), assessed the leg press exercise using different feet stance 

positions; in which leg press variants combining high and low, wide and narrow feet stances, and 0° 

or 30° feet external rotation were evaluated. The sEMG activity showed no significant differences 

amongst the different feet stances (Escamilla et al., 2001). In line with these results, Da Silva et al. (2008), 

also reported no differences using either high or low feet positions during the leg press. However, as 

exercise intensity increased to 80% 1RM, the gluteus maximus activity was greater when using the 

high feet position during the leg press (Da Silva et al., 2008). 

An inclined leg press with an inclination angle of 45° (LP45) presented the greatest sEMG activity 

for the gluteus maximus (Da Silva et al., 2008) and for the vastus medialis of the quadriceps (Machado 

et al., 2017) in comparison to rectus femoris and biceps femoris (Da Silva et al., 2008; Machado et al., 

2017).  

When the leg press exercise was performed with extra hip adduction resistance (pressing a ball 

between the knees), greater hip adductor longus activity was reported (Peng et al., 2013). There was 

also slightly greater vastus medialis activity reported during the leg press exercise with extra hip 

adduction resistance compared to the standard leg press (Machado et al., 2017). Otherwise, leg press 

with hip abduction (elastic band around knees) significantly reduced the sEMG elicited by vastus 

medialis of quadriceps in comparison to standard leg press (Machado et al., 2017). 

Finally, greater vastus medialis activity was found during the unilateral leg press exercise than 

during other unilateral weight-bearing exercises, such as the step-up, step-down or straight leg raise 

(Bolgla et al., 2008). 

 

Discussion 

The main aim of the present study was to systematically review the current literature on muscle 

activation, measured with sEMG, of the muscles recruited when performing the leg press exercise and 

all its most known variants. 

The relevant outcomes gathered from the literature revealed that the vastus medialis (Alkner & 

Bring, 2019; Bolgla et al., 2008; Escamilla et al., 2001; Gonzalez et al., 2017; Gorostiaga et al., 2012; Hahn, 

2011; Machado et al., 2017; Peng et al., 2013; Schoenfeld et al., 2014; Walker et al., 2011) and the vastus 

lateralis of the quadriceps (Alkner & Bring, 2019; Da Silva et al., 2008; Escamilla et al., 2001; Gonzalez 

et al., 2017; S. K. Hunter et al., 2004; Ivey et al., 2017; Neto et al., 2019; Schoenfeld et al., 2014) were the 

most studied muscles when performing the leg press exercise and its common variants, followed 

closely by the rectus femoris of the quadriceps muscles (Alkner & Bring, 2019; Da Silva et al., 2008; 
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Escamilla et al., 2001; Gonzalez et al., 2017; Hahn, 2011; Machado et al., 2017; Schoenfeld et al., 2014; 

Walker et al., 2011). After this, the musculature activated most during leg press exercises were the 

muscles of the quadriceps complex, mainly the vastus medialis and the vastus lateralis. Indeed, this is 

the case for almost all the leg press variants studied (Hahn, 2011; Schoenfeld et al., 2014; Walker et al., 

2011). 

Only three of the thirteen studies analyzed the sEMG data separately for each phase, reporting 

that concentric sEMG activity was greater than eccentric phase sEMG activity (Alkner & Bring, 2019; 

Gorostiaga et al., 2012; Machado et al., 2017). In the current literature, it has been widely stated that 

sEMG activity could significantly differ between the concentric and eccentric phase (Komi et al., 2000; 

Matheson et al., 2001; Ono et al., 2010). Thus, future studies using sEMG should seriously consider 

performing such subdivisions in their research.  

Methodological gaps between the studies 

Diversity among the sEMG normalization methods was one of the most difficult issues to deal 

with in this review. Five different normalization methods were found amongst the selected studies 

(%MVIC, %RMS, MRV, RMS and microvolts-µV) making it difficult to deliver consistent outcomes. 

Furthermore, the intensity at which exercises were performed was likewise diverse. Muscular 

activation is directly dependent on intensity, so wide differences in sEMG values could be seen when 

performing the same exercise but at different relative intensities (Gonzalez et al., 2017; S. K. Hunter et 

al., 2004; Ivey et al., 2017; Neto et al., 2019). Therefore, the intensity normalization method should be 

standardized when comparing several exercises from amongst the studies in order to achieve 

conclusive outcomes. For instance, apparently a ~70% 1RM intensity normalized as %MVIC might be 

set as an appropriate intensity for the strength training electromyographic studies (Da Silva et al., 2008; 

Gonzalez et al., 2017; Saeterbakken et al., 2019; Schoenfeld et al., 2014; Walker et al., 2011). Besides the 

disparities regarding the intensity and the sEMG normalization methods used in the studies included 

in the review, some other differences were found regarding the methodological process.  

Even though the well-known Surface ElectroMyoGraphy for the Non-Invasive Assessment of 

Muscles (SENIAM) guidelines were followed in many studies (Escamilla et al., 2001; S. K. Hunter et 

al., 2004; Neto et al., 2019; Rossi et al., 2018), the criteria for electrode placement were diverse. While 

certain studies did not even report any of the statement/guidelines followed (Alkner & Bring, 2019; 

Bolgla et al., 2008; Gonzalez et al., 2017), others followed the Cram guidelines (Machado et al., 2017; 

Peng et al., 2013), and some followed previously reported recommendations (Da Silva et al., 2008; 

Escamilla et al., 2001). Nevertheless, surface electromyography data were collected during the same 

session for every study included in the review with the aim of avoiding electrode placement bias. 

The sample sizes ranged between eight and eighteen subjects. Only three studies had a female 

sample (Da Silva et al., 2008; Machado et al., 2017; Saeterbakken et al., 2019), and just one evaluated a 

mixed sample (Bolgla et al., 2008). More studies that include women are needed given the notable 

anthropometric and biomechanical differences between the sexes; muscle activation differences could 

also be found (Bouillon et al., 2012; Khaiyat & Norris, 2018; Schwanbeck et al., 2020).  

Finally, the inability of blinding trainees and researchers during measurements could be taken as 

a limitation for the data processing. However, this is an issue which is expected to have been controlled 

within every single study included into the review (Martín-Fuentes et al., 2020a; Neto et al., 2019). 
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Leg press exercises 

Studies gathered assessing sEMG during leg press agreed on the greatest sEMG activity elicited 

by vastus medialis and vastus lateralis in comparison to the rest of muscles (Gonzalez et al., 2017; 

Schoenfeld et al., 2014; Walker et al., 2011). Although exercise intensity was in some studies slightly 

different, a greater overall sEMG muscle activity was observed for higher intensities compared to 

lower intensities (Gonzalez et al., 2017; Hahn, 2011; Peng et al., 2013; Schoenfeld et al., 2014; Walker et 

al., 2011). As abovementioned, it would be always advisable to consider exercise intensity during 

sEMG studies. Our findings provided useful information regarding sEMG muscle pattern during the 

leg press and peak sEMG activity of the muscles. Regardless of exercise intensity, vastus medialis, 

vastus lateralis, rectus femoris of quadriceps and tibialis anterior showed a decreased muscle activity 

as knee extend to its full extension. Moreover, those muscles apparently showed its peak activity at an 

angle of 90° of the knee (Hahn, 2011; Peng et al., 2013; Walker et al., 2011), whereas biceps femoris and 

gastrocnemius medialis increased its muscle activity as knee extended, showing its peak muscle 

activity at an angle of 30° knee flexion (Hahn, 2011; Schoenfeld et al., 2014; Walker et al., 2011). This 

should be taken as key information in order to choose not also the best exercise for the individual case, 

but also the best range of motion when the aim is to target a specific muscle. For example, this 

knowledge is indispensable for injury prevention or return to play training programs, where ranges 

of motion are sometimes reduced or muscle activity must be controlled to ensure an appropiate 

recovery (Khaiyat & Norris, 2018; Trevino & Herda, 2015). 

Leg press variants 

Escamilla et al. (2001) compared several leg press variants, and combined height feet placement 

(low and high), feet stance (wide and narrow), and feet abduction (0°-30°), concluding that the feet 

position did not affect thigh muscle activation in any of tested variants. Thus, they recommended an 

individual self-selected comfortable feet position during the leg press exercise (Escamilla et al., 2001). 

However, the intensity performed during sEMG data collection was very low (4 repetitions at 12RM 

intensity), which might have underestimated the findings (Escamilla et al., 2001). More research 

should be conducted analyzing higher exercise intensities during the measurements. 

On the other hand, some outcomes suggested that the muscle activation in the leg press with low 

foot placement (LPL) differed slightly from the muscle activation in the 45° inclined leg press. In this 

sense, the leg press with high foot placement (LPH) elicited greater gluteus maximus (Da Silva et al., 

2008) and greater hamstrings muscle activity (Escamilla et al., 2001) compared to the 45° inclined leg 

press exercise. Even though posterior thigh muscle activation is not the focus when performing leg 

press exercises, LPH could be performed, for instance, when one needs to decrease the intensity of the 

anterior thigh muscle activity during leg press exercise (e.g. for injury prevention) (Bolgla et al., 2008). 

Furthermore, the leg press with extra hip adduction load (LP+ / LP++) was found to be an 

interesting alternative when the target was to significantly increase medial thigh muscle activity, 

specifically hip adductor longus activation, by adding a ball between the knees to press (Peng et al., 

2013). Executing the leg press inclined at 45° with a physio ball between the knees (LP45BALL) also 

means increasing medial thigh muscle activity, in this case vastus medialis activation, compared to the 

standard leg press exercise (Machado et al., 2017). Similarly, the unilateral leg press exercise showed 



Section I. Study II. 

 
  

 

 
Page 118 of 260 

 

great vastus medialis muscle activation. Although the unilateral leg press offers an interesting 

alternative to the standard leg press when the aim is to provide a functional perspective for the training 

program with transfer into daily activities (e.g. walking or climbing stairs) (Bolgla et al., 2008), one 

should consider the differences in absolute intensity that this unilateral exercise permit (Bolgla et al., 

2008). Overall, given that the literature on this topic remains scarce, outcomes need to be interpreted 

with caution.  

Comparison of the leg press with other exercises 

Although our aim did not cover exercises different from leg press and its variants, it would be 

interesting to outline some outcomes found within the studies included which compared leg press 

exercises and its variants to other exercises. 

Bolgla et al. (2008) concluded that the unilateral leg press elicited greater muscle activation for 

the vastus medialis of the quadriceps compared to other weight-bearing exercises such as the step-up, 

step-down, straight leg raise, air squat, or single leg stance. Consequently, the unilateral leg press 

could be the exercise of choice when targeting the vastus medialis during unilateral exercises.  

In general terms, muscular activity increases as stability decreases. For instance, weight stack 

devices (e.g. the leg press machine) tend to facilitate exercise performance, which reduces the 

possibility of some synergist muscles taking part in the exercise (Alkner & Bring, 2019; Da Silva et al., 

2008). Therefore, each exercise variant should be chosen based on the training goal. For example, 

different studies exposed leg press exercise as an optimal alternative within acute phases of 

rehabilitation and return to play context in comparison to free weights, due to the movement stability 

(El-Ashker et al., 2019; Trevino & Herda, 2015; Westcott, 2012). 

We also found a study comparing the barbell front squat to several devices such as the flywheel 

leg press, the isokinetic knee extension dynamometer, the weight stack leg press and the weight stack 

leg extension machine. The results showed that training using flywheel technology and isokinetic 

dynamometry provokes higher muscle activation (mainly during the eccentric phase of the movement) 

than traditional devices such as weight stack devices (the leg press) or barbells (Alkner & Bring, 2019). 

 

Conclusions 

After performing the current systematic review, the following conclusions were reached: 

i.  The vastus lateralis and vastus medialis of the quadriceps are the most investigated muscles 

in the leg press exercise and its variants (10/12 studies). The rectus femoris is the next most studied 

muscle (8/12 studies) followed closely by the biceps femoris (7/12 studies).  

ii. The vastus medialis and vastus lateralis elicited the greatest muscle activation during the leg 

press exercise, followed closely by the rectus femoris. 

iii. The biceps femoris and gastrocnemius medialis tended to show greater muscular activity as 

the knee extended to full extension, whereas the vastus lateralis, vastus medialis, rectus femoris of the 

quadriceps and tibialis anterior showed a decrease in the muscular activity pattern as the knee reached 

its full extension. 
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iv. Greater muscle activation during the concentric phase of the exercise was found when these 

phases were electromyographically identified. This subdivision should be considered in future 

research. 

v. The participants’ training status and resistance training experience must be reported in 

detail. 

vi. The sEMG normalization method, the intensity during data collection, the electrode 

placement, and the sample size and gender should all be standardized to obtain conclusive outcomes. 

vii. It still remains unclear whether kinematics modifications such as knee external or internal 

resistance added, different feet stances, feet height, or feet rotations on the footplate may modify the 

sEMG elicited. More research is needed to investigate the different feet stances during the leg press 

exercise and its variants. 

 

Practical applications 

The leg press is a well-known exercise performed in the fitness environment, used mainly to 

strengthen the lower limbs. It involves large lower-body muscle groups (the quadriceps, hamstring, 

gluteus and gastrocnemius), and as a closed-chain kinetic movement, it is closely related to jumping, 

running and athletic performance in general.  

Regardless of the leg press performed, the quadriceps muscles elicited the greatest muscle 

activation, principally the vastus medialis and vastus lateralis, followed closely by the rectus femoris. 

These muscles showed their greatest sEMG peak activity at a specific angle of 90° knee flexion, and 

the sEMG activity decreased as the knee reached its full extension. In contrast, the biceps femoris 

increased its sEMG activity progressively from 90° to 0° knee extension. This is key information in the 

injury prevention and “return to play” context, where the activation of target muscles at particular 

knee flexion degrees becomes indispensable information.  

Regarding leg press variants exercises, findings are more controversial. Overall results pointed 

out that the influence of the leg press kinematics modifications on the sEMG elicited is not fully clear. 

Although some studies cover some leg press variants, more research should be conducted in order to 

deliver consistent guidelines. However, we support the idea that a preferred self-selected feet stance 

should be encouraged, at least until there is strong evidence reporting a worth it use of the so-called 

variants. 

Furthermore, considering that nowadays several exercises exist that comprise large lower-body 

muscle groups, trainers, coaches, and practitioners also should bear in mind that weight stack devices 

make it possible to train at high intensities while reducing the risk of injury to the athlete. Therefore, 

the leg press exercise and its variants could be exercises of choice for any strength training program, 

independent of the training goal. 
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Abstract 

The Monopodal Squat, Forward Lunge and Lateral Step-Up exercises are commonly performed with one's 

own body weight for rehabilitation purposes. However, muscle activity evaluated using surface 

electromyography has never been analyzed among these three exercises. Therefore, the objectives of 

the present study were to evaluate the amplitude of the EMG activity of the gluteus medius, gluteus 

maximus, biceps femoris, vastus lateralis, vastus medialis and rectus femoris muscles in participants 

performing the Lateral Step-Up, Forward Lunge and Monopodal Squat exercises. A total of 20 physically 

active participants (10 men and 10 women) performed 5 repetitions at 60% (5 repetition maximum) in 

each of the evaluated exercises. The EMG amplitude was calculated in percentage of the maximum 

voluntary contraction. The Monopodal Squat exercise showed a higher EMG activity (p ≤ 0.001) in 

relation to the Lateral Step-Up and Forward Lunge exercises in all of the evaluated muscles (d > 0.6) 

except for the rectus femoris. The three exercises showed significantly higher EMG activity in all of the 

muscles that were evaluated in the concentric phase in relation to the eccentric one. In the three 

evaluated exercises, vastus lateralis and vastus medialis showed the highest EMG activity, followed 

by gluteus medius and gluteus maximus. The Monopodal Squat, Forward Lunge and Lateral Step-Up 

exercises not only are recommended for their rehabilitation purposes but also should be recommended 

for performance objectives and strength improvement in the lower limbs. 
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Introduction 

 Counterresistance training constitutes one of the basic pillars of maintaining an optimal physical 

condition (Westcott, 2012), producing increased muscle mass and improvements in muscle strength 

(Peterson et al., 2010), being of great importance for increasing athlete performance and in the 

prevention and recovery of possible injuries (Bourne et al., 2015). In this sense, the Squat and Deadlift 

exercises and their variants, such as the Parallel Back Squat (Yavuz & Erdag, 2017), Partial Back & Full 

Back Squat (Oshikawa et al., 2018), Hexagonal Barbell and Straight Deadlift exercises (Camara et al., 2016), 

are commonly used in muscle conditioning as basic practices for lower-body strength training (Hegyi 

et al., 2018; Paoli et al., 2009). 

 Superficial electromyography (sEMG) is the most common technique to evaluate the interaction 

among the muscle groups that are involved in an exercise (Lanza, 2018; Vigotsky et al., 2018). From 

the sEMG signal, we can determine the electromyographic (EMG) activity (Vigotsky et al., 2018) that 

occurs in each repetition. Properly employed, sEMG  can determine which muscles are active, their 

degree of activity, and how active the muscle is compared to the subject´s capacity (Ankrum, 2000). 

Based on these results, the best exercises may be selected according to the training objectives (Komi et 

al., 2000; Marcolin et al., 2018) . 

 Recently, there has been a significant increase in the variability of the execution of these exercises 

and/or movements in physical conditioning (Speirs et al., 2016), such as those performed that are 

performed unilaterally in the Step-Up or Lunge exercises (Jönhagen et al., 2009; McCurdy et al., 2018). 

Numerous authors have attempted to demonstrate the need to incorporate unilateral exercises in 

strength training due to the applicability of these exercises to sports and to daily activity (La Scala 

Teixeira et al., 2017; Nijem & Galpin, 2014; Pincivero et al., 2006). 

 In this sense, several studies have compared EMG activity in participants performing unilateral 

exercises, such as Unilateral Squat, Unilateral Deadlift and Rear Cross Over Lunge (Ford et al., 2015), or 

Forward Lunge vs. Side-Step Lunge, without finding any significant differences between these practices 

(Bouillon et al., 2012). Other works have compared exercises such as the Step Down, Unilateral Squat, 

Front Step-Up and Forward Lunge under different conditions: box height (Ayotte et al., 2007), external 

load intensity (Stastny et al., 2014), use of implements (Stastny, Lehnert, et al., 2015) or different motion 

ranges (Vigotsky et al., 2018). However, in most of these studies, the exercises were conducted with 

the body's own weight (Krause et al., 2009) and without any differentiation between the phases of 

execution regarding concentric vs. eccentric movement. 

 In this line, in most studies that have currently been conducted, the sEMG signal has been 

evaluated by execution cycle of the exercise, that is, by integrating the concentric and eccentric phases 

in a single unit of analysis (Anders et al., 2017; Earp et al., 2016; Gianola et al., 2017). However, there 

is a lack of studies that analyze the EMG activity by differentiating the concentric phase and the 

eccentric phase to determine at what moment of the exercise a higher level of muscle activation is 

required (Vigotsky et al., 2018). This analysis would allow for more data to be gathered on muscular 

behavior during exercise to make the best decisions regarding the inclusion of these exercises during 

training (Ebenbichler et al., 2017). 
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 Nevertheless, more research is still needed to evaluate EMG activity in unilateral lower-body 

exercises (DeForest et al., 2014; Eliassen et al., 2018). In addition, no studies have been conducted on 

the performance of the Monopodal Squat, Forward Lunge and Lateral Step-Up exercises to determine 

which muscle groups have greater EMG activity or to determine their EMG activity in the concentric 

and the eccentric phases. 

 Therefore, the objectives of the present study were to evaluate the EMG activity of the gluteus 

medius, gluteus maximus, biceps femoris, vastus lateralis, vastus medialis and rectus femoris muscles 

in the Lateral Step-Up, Forward Lunge and Monopodal Squat exercises to: 1) determine which of these three 

exercises produces greater EMG activity in the evaluated muscle groups; 2) compare the EMG activity 

of the concentric phase vs. the eccentric phase; and 3) analyze which muscles have the greatest EMG 

activity in each of the evaluated exercises. 

 

Materials and methods 

Participants 

 A total of 20 physically active participants (10 men and 10 women), voluntarily participated in 

the study. The characteristics of the sample are shown in Table 10. 

 

Table 10. Descriptive characteristics of sample. Mean (standard deviation). 

 Mean (SD) 

Age (years) 24.00 (5.55) 

Body mass (kg) 70.40 (16.34) 

Height (m) 1.69 (0.10) 

BMI (kg·m-2) 24.10 (3.22) 

5RM Lateral Step-Up (kg) 56.00 (17.96) 

5RM Forward Lunge (kg) 58.50 (13.28) 

5RM Monopodal Squat (kg) 54.25 (15.58) 

 

 The inclusion criteria were a minimum of 6 months of experience in gym training and specifically 

in performing the exercises that we evaluated in the present study; no musculoskeletal disease or 

injury in the six months prior to the evaluations, nor any discomfort that prevented or limited the 

participants in the execution of the exercises to be evaluated. In addition, the participants were 

instructed not to engage in strenuous physical activity during the 24 hours prior to the evaluation. 

Those volunteers who, according to the researcher's criteria, performed the exercises with a poor 

technique were excluded from the study. After explaining the study procedure, all participants signed 

an informed consent form.  This study was approved by the Bioethics Committee of the University of 

Almería, Spain. The individual in this manuscript has given written informed consent (as outlined in 

PLOS consent form) to publish these case details. 
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Procedures 

 All participants performed two exercise sessions that were 48 h apart, thus avoiding the effects of 

muscle fatigue (Earp et al., 2016). The first session was focused on familiarization with the exercises 

and the determination of 5 repetitions maximum (5 RM). In the second session, the EMG activity was 

evaluated in the Lateral Step-Up, Forward Lunge and Monopodal Squat exercises. These exercises were 

measured in randomized order. 

Session 1: Familiarization with the Lateral Step-Up, Forward Lunge and Monopodal Squat exercises and the 

determination of 5 RM 

 This session began by recording the size of each participant with a Seca height stadiometer (Seca, 

Hamburg, Germany) and their body weights with a TANITA scale (model BF-350, Tanita, Tokyo, 

Japan). 

 Subsequently, each participant performed a warm-up exercise that consisted of 10 minutes of 

cardiovascular exercise on a treadmill (SALTER RS-30, Salter SA, Barcelona, Spain) at an intensity 

between 40 and 60% of the maximum reserve heart rate. The subjects were fitted with a chest HR 

transmitter and wrist monitor recorder, using an individual Polar RS400 (Polar® Vantage NV, Polar 

Electro Oy, Finland). Maximum HR was predicted from the 220 – age formula (Garber et al., 2011). 

Later, the percentage of heart rate reserve (%HRR) was calculated for each subject. Heart rate reserve 

(HRR) was determined by predicted maximum HR minus resting HR. The HRR percentage was 

determined by (exercise HR – resting HR) X 0.4 or 0.6 (Garber et al., 2011). Then, several exercises for 

joint mobility and dynamic-active stretching of lower extremity muscles were performed. After the 

warm-up there was 3 minutes of recovery. In no case did warm-up cause fatigue in the participants.  

 Next, each participant performed 3 to 4 sets to reach the final load of 5 repetitions maximum, 

which is defined as the maximum load that can be lifted only 5 times (5 RM) while maintaining the 

correct technique for the exercise that is performed (Young et al., 1998). The 5 RM of the Lateral Step-

Up, Forward Lunge and Monopodal Squat exercises were randomly calculated for each participant. The 

resting period between each set and exercise was 3 to 5 minutes to avoid possible muscle fatigue 

(American College of Sports Medicine, 2009; Young et al., 1998). 

 Then, the participants were familiarized with the study procedure for each of the evaluated 

exercises. For this, the participants performed at least 3 sets between 20% and 40% of 5 of the 

predetermined RMs until the researchers were satisfied with the technique and the participants felt 

comfortable and confident with the technique and execution of the exercises. The participants rested 

from 1.5 to 3 minutes between sets and exercises. 

Session 2. Recording the sEMG data 

 Participants were required to avoid physical exercise or intense activities for at least 48 hours 

before this evaluation session (Maia et al., 2014). First, an identical warm-up to that of the first session 

was conducted. The skin was prepared by shaving the adhesion areas of the electrodes and cleaning 

it with 96% isopropyl alcohol and cotton. Subsequently, we proceeded to place the bipolar sEMG 

Ag/AgCl electrodes (Medico Lead-Lok, Noida, India), on the dominant side of the participant, 
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following the protocol as described by the European Project "Surface ElectroMyoGraphy for the Non-

Invasive Assessment of Muscles" (SENIAM: http://www.seniam.org). Then, we proceeded to the EMG 

activity evaluation of 6 thigh muscles (gluteus medius -GMed-, gluteus maximus -GMax-, biceps 

femoris -BF-, vastus lateralis -VL-, vastus medialis -VM- and rectus femoris -RF-) in the Lateral Step-

Up, Forward Lunge and Monopodal Squat exercises with a load of 60% of 5 RM. 

 The electrodes were placed at a distance of 2 cm apart in a longitudinal orientation in relation to 

the muscle belly fibers. The neutral electrode was placed outside the muscle belly of the evaluated 

muscle, following the manufacturer's instructions. More specifically, for GMed, the electrodes were 

placed at a distance of 50% between the iliac crest and the greater trochanter (Schmitz et al., 2002). For 

the GMax measurement, the electrodes were placed in the muscular belly at a distance of 50% between 

the lateral edge of the sacrum and the posterosuperior edge of the greater trochanter (Lehecka et al., 

2017). For the BF, the electrodes were placed at 50% of the distance between the line forming the ischial 

tuberosity and the lateral epicondyle of the tibia (V. Andersen et al., 2018). For the VL, the electrodes 

were placed at two-thirds of the distance between the superior anterior iliac spine and the lateral side 

of the patella (Maia et al., 2014). Regarding the VM, the electrodes were placed at 80% of the distance 

between the superior anterior iliac spine and the joint space at the anterior border of the medial 

collateral ligament (Maia et al., 2014). Finally, for the RF the electrodes were placed in the middle of 

the anterior superior iliac spine line and the upper part of the patella (V. Andersen et al., 2015). All of 

the electrodes were covered with an elastic bandage to prevent their possible displacement during 

exercise. 

Maximum voluntary contraction (MVIC) 

 To normalize and compare the EMG activity of the different muscles among the 3 exercises that 

were evaluated, the sEMG signal of the maximum voluntary contractions (MVIC) was recorded 

(Stastny et al., 2017) in the functional actions for the following muscles: for GMed, a hip abduction was 

performed in the lateral decubitus (Lehecka et al., 2017). For GMax, a hip extension was performed in 

prone decubitus along with a glute contraction without external resistance (Foley et al., 2017). For BF, 

a knee flexion was performed in prone decubitus and maintained at 45° (Bussey et al., 2018). For the 

VL and RF, a knee extension was performed at 45° while sedentary and the column was aligned 

(Stastny et al., 2014); finally, for the VM, a knee extension was performed, at 75° while sedentary and 

with the column aligned (Stastny et al., 2014). 

 In all cases, the maximum manual resistance was opposed by the researcher in the opposite 

direction to the muscular motion. Each participant performed 2 MVICs per muscle for 2 repetitions of 

5 seconds at the maximum isometric contraction for each repetition (Giorgio et al., 2009). The exercises 

and the different MVICs were randomly evaluated. The intraclass correlation coefficient (ICC) was 

higher than 0.97, showing a high reliability in all of the MVICs that were evaluated. 

Experimental trials testing procedure 

 After a resting period of 10 minutes between the MVIC recordings, we proceeded to randomly 

perform the following exercises for the recording of the muscle activation in the 6 muscles described 

above (GMed, GMax, BF, VL, VM and RM) during concentric and eccentric phases: Lateral Step-Up, 
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Forward Lunge and Monopodal Squat. A set of 5 repetitions at 60% of 5 RM was performed for each 

exercise at a rate of 60 bpm (2 bpm for the concentric phase and 2 bpm for the eccentric phase) using a 

KORG MA-1 metronome (Keio Electronic Laboratories, Tokyo, Japan). A break of 3-5 minutes was 

granted between exercises (Ebben & Jensen, 2002). The ICCs in the sEMG signal between each 

repetition were higher than 0.94 for all muscles and for all of the exercises that were evaluated. 

 In all exercises, we used a 20 kg Olympic bar that was 220 cm in length and had a grip diameter 

of 28 mm (AZAFIT A017-1, Viseu, Portugal), and we used disks that weighed between 1.25 kg and 20 

kg (AZAFIT bumper plates, Viseu, Portugal). The bar was placed on the shoulders and trapezium 

(upper fibers), with a hand grip that was greater than the shoulder width and using the rack as starting 

support. 

Lateral step-up (Figure 3A) 

 We instructed the participants to, starting from the standing position on the side of the 40 cm high 

box (AZAFIT plyo box, Viseu, Portugal), step on the box laterally, always leaving a free space to 

support both feet while on the box, as well as on the ground for the descent. The knee of the dominant 

limb should be extended when the nondominant foot is rested on the box. 

Forward lunge (Figure 3B) 

 The exercise consisted of performing a front stride, always advancing with the dominant limb, 

until the knee was flexed at 90° and preventing the knee of the other (backward) extremity from 

touching the ground. Then, the initial standing position was reset, and the feet were placed parallel at 

the final moment of the execution. The stride distance was marked on the ground (as a reference) and 

corresponded to the natural distance of a step and a half for each participant. 

Monopodal squat (Figure 3C) 

 The exercise consisted of performing a 75° knee flexion of the dominant limb (in the eccentric 

phase) with its corresponding extension (in the concentric phase), keeping the nondominant limb aloft 

without resting it on the ground. The participant flexed his/her knee to rub a box against their buttocks 

at an individualized height to reach the knee flexion at the predetermined 75° angle. The box was 

placed behind the participant for safety reasons in the event that they lost their balance. At no time did 

the participant lean on said box. Once the established knee flexion was reached, the knee of the 

supporting limb was again extended until the knee was fully extended (avoiding its blockage), without 

touching the floor with the other limb that was maintained in suspension. 

 

Superficial electromyography (sEMG) 

 A WBA 8-channel EMG system (Mega Electronics, Kuopia, Finland) was used for the 

electromyographic recording. The sEMG signal was recorded through the surface electrodes of the 

bipolar EMG Ag/AgCl (Medico Lead-Lok, Noida, India) and sent wirelessly at 1000 Hz to the 

MegaWin software program (Mega Electronics; Kuopio, Finland) for further analysis.  
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Figure 3. Exercises that were evaluated in the Lateral Step-Up (A), Forward Lunge (B), and Monopodal Squat (C) 

exercises. 

  

 Once the (raw) EMG signal was recorded for each evaluated muscle, it was normalized through 

root mean square (RMS) transformation for further treatment and calculation of the variables 

(Renshaw et al., 2010). To determine the MVIC of each muscle, the maximum peak was calculated in 

microvolts (mV), which were recorded at intervals of 1 second, in the 2 repetitions of the maximum 

isometric contractions that were performed (Kraemer, 1997). To determine and extract the values of 

the sEMG signal from each repetition per muscle, the knee flexion-extension values of the dominant 

limb were used as the starting and ending reference for each repetition and were recorded by an 

electrogoniometer (Biometrics Ltd., Newport, United Kingdom) that was connected and synchronized 

to the Mega WBA EMG console (Mega Electronics; Kuopia, Finland). 

Statistical analysis 

 First, the data distribution was analyzed using the Shapiro-Wilk normality test. Since all of the 

variables followed a normal distribution, the different statistics were evaluated based on parametric 

tests. 

 For the analysis of the results, a descriptive statistic of each dependent variable was obtained, and 

the mean values and standard deviations were extracted. The relative reliability of the measurements 

was calculated by the ICC with a 95% confidence interval using the one-way random effects model. 
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 Our dependent variable EMG activity data then were analyzed using two separated ANOVAs.  

A design 3 x 6 ANOVA (exercise*muscle) was applied to determine differences in the EMG activity (% 

MAVIC) among exercises, and among muscles in each exercise; and a design ANOVA 3 x 6 x 2 

(exercise*muscle*contraction type) was applied to determine differences in the EMG activity according 

to different contraction types (concentric and eccentric) in each exercise. In addition, to assess 

assumptions of variance, Mauchly’s test of sphericity was performed using all the ANOVA results. A 

Greenhouse–Geisser correction was performed to adjust the degrees of freedom if an assumption was 

violated, while pairwise comparisons using a Bonferroni adjustment were employed if a significant 

main effect was observed. We also calculate effect sizes (ES) for each ANOVA by using partial eta-

squared (ηp2); 0.2, 0.5, 0.8, and 1.3 were set as lower thresholds for “small”, “medium”, “large”, and 

“very large” ES, respectively (Levine & Hullett, 2002). 

 Statistical analyses were carried out using the IBM SPSS software (v.26), and the level of 

significance was set at p < 0.05. 

 

Results 

 Statistical analysis revealed that the main effect of exercise on EMG activity were significant with 

a medium effect size (F(4.86, 92.35) = 13.28, p < 0.001, ηp2 = 0.41). The Monopodal Squat exercise showed a 

higher EMG activity (p ≤ 0.001) relative to the Lateral Step-Up and Forward Lunge exercises in all of the 

evaluated muscles except for the rectus femoris, which showed a significantly higher EMG activity 

only with the Forward Lunge exercise (Figure 4). 

 

Figure 4. Comparison of the EMG activity between each of the exercises and muscles that were evaluated 

(expressed in %MVIC). Gluteus medius; gluteus maximus; biceps femoris; vastus lateralis; vastus medialis; 

rectus femoris. * p ≤ 0.05; † p ≤ 0.01; ‡ p ≤ 0.001. 
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 Tables 11–13 show comparison of the EMG activity (expressed in mV) during the concentric and 

eccentric phase in the three evaluated exercises (Lateral Step-Up, Forward Lunge, and Monopodal Squat). 

ANOVA showed significant main effects for exercise (F(2, 38) = 63.95, p < 0.001, ηp2 = 0.77), muscle (F(3.03, 

57.6) = 35.41, p < 0.001, ηp2 = 0.65), contraction type (F(1, 19) = 67.47, p < 0.001, ηp2 = 0.78), and for 

exercise*muscles (F(4.84, 92.11) = 11.61, p < 0.001, ηp2 = 0.37), exercise*contraction type (F(2, 38) = 25.67, p < 

0.001, ηp2 = 0.57), muscle*contraction type (F(2.75, 52.39) = 4.30, p < 0.01, ηp2 = 0.18), and 

exercise*muscle*contraction type (F(4.17, 79.39) = 7.77, p < 0.001, ηp2 = 0.29). In all exercises (Lateral Step-

Up, Forward Lunge, and Monopodal Squat) the EMG activity was significantly higher (p < 0.01) in the 

concentric phase that in the eccentric phase for all evaluated muscles (Gluteus medius and maximus, 

biceps femoris, vastus lateralis and medialis, and rectus femoris) (Tables 11-13). 

 

   Table 11. Comparison of the EMG activity (expressed in mV) during the concentric  

   and eccentric phase in the Lateral Step-Up exercise. 

       
 Mean ± SD 

P-value 
  Concentric Eccentric 

Gluteus medius 117.17 ± 57.11 60.59 ± 22.27 < 0.001 

 

Gluteus maximus 97.61 ± 50.43 42.99 ± 25.89 < 0.001 
 

 

Biceps femoris 92.17 ± 28.24 51.85 ± 14.91 0.009 
 

 

Vastus lateralis 197.34 ± 66.55 111.73 ± 32.70 < 0.001 
 

 

Vastus medialis 216.71 ± 75.22 124.13 ± 34.06 < 0.001 
 

 

Rectus femoris 198.00 ± 58.86 118.27 ± 35.25 < 0.001 
 

 

    
 

    

   Table 12. Comparison of EMG activity (expressed in mV) during the concentric  

   and eccentric phases in the Forward Lunge exercise. 

    

 Mean ± SD 
P-value  Concentric Eccentric 

Gluteus medius 106.25 ± 34.47 71.59 ± 19.22 < 0.001 

 
Gluteus maximus 106.09 ± 51.36 55.02 ± 19.46 < 0.001 

 

 
Biceps femoris 88.77 ± 29.89 62.92 ± 23.94 < 0.001 

 

 
Vastus lateralis 208.18 ± 73.09 164.73 ± 48.89 < 0.001 

 

 
Vastus medialis 206.82 ± 84.51 175.50 ± 62.77 0.012 

 

 
Rectus femoris 148.39 ± 42.69 128.23 ± 34.44 0.005 
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 Regarding the EMG activity in each exercise, the vastus lateralis and medialis showed the highest 

muscle activation, followed for gluteus medius and maximus and, finally, for the rectus femoris. These 

results were consistent in the three evaluated exercises (Figure 5). 

 

   Table 13. Comparison of the EMG activity (expressed in mV) during the concentric  

   and eccentric phases in the Monopodal Squat exercise. 

    

  Mean ± SD 
P-value 

  Concentric Eccentric 

Gluteus medius 194.68 ± 90.57 141.07 ± 63.28 < 0.001 

 

Gluteus maximus 168.68 ± 85.45 102.39 ± 39.25 < 0.001 
 

 

Biceps femoris 138.29 ± 46.57 101.54 ± 29.63 0.007 
 

 

Vastus lateralis 314.81 ± 122.18 261.87 ± 99.17 < 0.001 
 

 

Vastus medialis 288.30 ± 118.18 257.90 ± 103.11 0.005 
 

 

Rectus femoris 178.14 ± 68.67 161.50 ± 57.64 0.019 
 

 

    
 

 

 

    

 

 

Figure 5. Mean electromyography activity normalized to maximal voluntary isometric contraction (MVIC) 

during the Lateral Step-Up, Forward Lunge and Monopodal Squat exercise. The rectangular bars represent means, 

and the error bars represent standard deviations. * p < 0.05; † p < 0.01; ‡ p < 0.001. 
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Discussion 

 sEMG is an established way to quantify muscle activity (Krause et al., 2009). In this sense, 

understanding the relative differences in EMG activity could assist trainers, clinicians and/or 

physiotherapists in incorporating lower limbs exercises into trainings and/or treatment and prevention 

programs based on the level of muscle activity regarding to lower limb muscles. Thus, the objectives 

of the present study were to evaluate the EMG of the GMed, GMax, BF, VL, VM and RF muscles in the 

Lateral Step-Up, Forward Lunge and Monopodal Squat exercises to: 1) determine which exercise produces 

the highest EMG activity in the muscles that were evaluated; 2) compare the EMG activity of the 

concentric phase vs. the eccentric phase; and 3) analyze which muscles have the greatest EMG activity 

in each exercise. 

 Regarding the first objective, note that Monopodal Squat showed a significantly higher EMG 

activity in all of the muscles that were evaluated in relation to the Lateral Step-Up and Forward Lunge 

exercises. Likewise, Ayotte et al. (2007), found a greater EMG activity in the GMax, BF and VM in the 

Mini-squat exercise (one leg) compared to Lateral Step-Up. However, the differences in EMG activity 

that were found by these authors were lower in comparison to those of the present study, possibly 

because these authors used lower loads (the participants’ body weights) as well as lower boxes (15.24 

cm), compared to the present study. Most recently, Hatfield et al. (2017), also found greater activation 

in the VL and VM, followed by the GM, RF and BF when comparing Single-leg squat with Step-down, 

Half step-down and Step-up. This shows that Squats, which are performed on one leg, are an adequate 

exercise primarily for the activation of the extensor and stabilizing muscles of the knee as well as the 

stabilizers of the hip. 

 Another finding of the present study was the higher EMG activity that was found in the 

concentric phase of the execution, compared to the eccentric phase. These results are in accordance 

with those of previous studies on muscle activity in exercises with motion patterns that were similar 

to those performed in the present study, such as Parallel back squats and Overhead squats (Aspe & 

Swinton, 2014); Bilateral squat, Rear leg elevated split squat and Split squat (DeForest et al., 2014); or 

traditional Squat with chain and elastic bands (Ebben & Jensen, 2002). 

 In this sense, some authors indicate that the higher EMG activity during the concentric phase may 

be due to the lower speed of muscle fiber conduction during eccentric actions compared to concentric 

actions (Komi et al., 2000). In addition, normally the angular speed at which the eccentric phase is 

executed is lower than that of the concentric phase to maintain an adequate execution technique and 

prevent possible musculotendinous lesions (Matheson et al., 2001). Therefore, this would result in a 

lower EMG activity in the eccentric phase of the exercise. 

 Another objective of the present study was to analyze which muscles have higher EMG activity 

in each exercise. In this sense, we found a similar pattern in the EMG activity that was recorded for 

each muscle in the three evaluated exercises. Regarding the Lateral Step-Up, we found a significantly 

higher EMG activity in the VL and VM in relation to the rest of the muscle groups. A similar activation 

of the GMed and RF was also observed. As in the present study, MacAskill et al. (2014), observed 

greater EMG activity of the GMed compared to the GMax during Lateral Step-Up. Although these 
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authors used no external loads for this exercise, they argued that Step-Up could be a suitable exercise 

for strengthening the GMed and GMax muscles if an additional external load was applied, as in the 

case of the present study. 

 Regarding Forward Lunge, we observed a significantly higher EMG activity in the VL and VM, 

and this was followed by the GMed and GMax, the RF, and finally the BF. Consistent with our study, 

Krause et al. (2018), found similar results. However, these authors did not evaluate the VL or VM. 

Stastny, Tufano, et al. (2015), compared the EMG activity between Walking lunge (WL) and Split squat 

(SSq). Both exercises have similar kinematics, although the biggest difference between them is the 

dynamic nature of the WL in relation to the static SSq, where both feet are kept resting on the ground, 

one in front of the other. In this sense, note that the Forward Lunge exercise that was evaluated in this 

study is a hybrid of the two previous (WL and SSQ) as it is performed by alternating both feet without 

performing an anterior displacement (walking). Our results are more in agreement with the pattern of 

EMG activity that was observed in the SSq exercise of the study by Stastny, Tufano, et al. (2015), where 

the VL and VM had the highest EMG activity, followed by the GMed and BF. In contrast, in the WL 

exercise, the GMed and VM had the greatest EMG activity in relation to the rest of the muscle groups. 

According to the authors, this was due to the forces that impact walking that increase the GMed 

activity. However, despite the differences that were found between both exercises, these authors 

concluded that the WL and SSq should be used in strengthening programs and that the WL should 

primarily be used when the GMed and MV are the targets. 

 Regarding Monopodal Squat exercise, in the present study we observed a significantly greater 

activation of the VL and VM compared to the rest of the muscle groups. In addition, the high activation 

% of the GMed and GMax (approximately 60% MVIC) were notable. The high activity of the gluteal 

muscles could possibly be due to pelvic and knee stabilization (Reiman et al., 2009), since it is a 

monopodal exercise and is therefore more unstable than a bipodal execution. In fact, although 

Monopodal Squats do not have an external load, they are frequently performed for rehabilitation 

purposes (Bolgla et al., 2016). Similarly, McCurdy et al. (2010) found a significantly higher EMG 

activity in the GMed when performing Squats on one leg than on two. According to the authors, this 

was due to the control of the knee valgus. As in the present study, these authors also found greater 

EMG activity in the quadriceps compared to hamstrings (McCurdy et al., 2010). As in the present 

study, Ayotte et al. (2007), found that for Mini-squats (one leg), the greatest EMG activity was recorded 

in the VM, followed by the GMax, GMed and BF. Bolgla et al. (2016), recorded similar results when 

analyzing Mini-squats (one leg), finding the highest EMG activity in the VM, followed by GMed and 

GMax. 

 One of the main limitations of the present study was the load intensity that we used to record the 

EMG activity (60% 5 RM). We found no study that specifically used this load, since the literature 

features a great deal of heterogeneity regarding the loads that are used in the studies of sEMG. Most 

of the studies on unilateral exercises usually use the participant's own body weight because they are 

oriented toward rehabilitation purposes (Ayotte et al., 2007; Bolgla et al., 2016; Hatfield et al., 2017; 

MacAskill et al., 2014; O’Sullivan et al., 2010). Deforest et al. (2014) used 85% 1 RM to analyze Double-

leg squats and 50% of said load for Single-leg squats. McCurdy et al. (2018) used 85% 3 RM to compare 
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the EMG activity between 2-leg squats and Modified single-leg squats. Stastny, Tufano, et al., (2015) used 

5 RM to analyze the EMG activity during Split squats and Walking lunges. The fact that each study uses 

different load intensities meets a methodological and procedural need to achieve the research 

objectives in the most effective and efficient possible way while controlling for any variable that could 

alter the results. In this sense, the load that was selected in the present study was determined to 

preserve the safety of the participants while maintaining an adequate execution technique; 

additionally, we considered an sEMG signal threshold that would be sufficiently broad to recommend 

the selected exercises and loads strength-gaining purposes (between 40-60% MVIC) (L. L. Andersen et 

al., 2006; Ayotte et al., 2007; Reiman et al., 2012). 

 

Conclusions 

 Monopodal Squat produces significantly higher EMG activity in the GMed, GMax, BF, VL, VM and 

RF muscles compared to the Lateral Step-Up and Forward Lunge, except for the RF in the Lateral Step-

Up. In the three evaluated exercises, the concentric phase produces a significantly higher EMG activity 

in all of the evaluated muscles in relation to the eccentric phase. The VL, VM, were the muscles with 

the highest EMG activity in all three of the exercises that were evaluated, followed by GMed and 

GMax. Therefore, Monopodal Squat, Lateral Step-Up and Forward Lunge exercises are recommended not 

only for rehabilitation purposes but also for performance objectives and strength improvement in the 

lower limbs. 
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Abstract 

Knee joint muscle activation imbalances, especially weakness in the vastus medialis oblique, are 

related to patellofemoral pain within the female population. The available literature presents the leg 

press as an exercise which potentially targets vastus medialis oblique activation, thus reducing 

imbalances in the quadriceps muscles. The main aim of the present study was to compare thigh muscle 

activation and kinematic parameters under different conditions during the inclined leg press exercise 

in a young female population. A cross-sectional study was conducted on 10 young, trained females. 

Muscle activation of the vastus medialis oblique, vastus lateralis, rectus femoris and gluteus medialis 

was analyzed under five different inclined leg press conditions, modifying the feet rotation (0–45° 

external rotation) and the stance width (100–150% hip width) on the footplate. All the conditions were 

performed at two different movement velocities: controlled velocity (2″ eccentric – 2″ concentric) and 

maximal intended velocity. Mean propulsive velocity, maximum velocity and maximum power were 

also assessed. The results show that both controlled velocity conditions and maximal intended velocity 

conditions elicited a similar muscle activation pattern with greater activation during the concentric 

phase (p < 0.001, ηp2 = 0.96). The maximal intended velocity conditions showed greater overall muscle 

activation (p < 0.001, ηp2 = 0.91). The vastus medialis oblique presented the greatest muscle activation, 

followed by the rectus femoris, vastus lateralis and, the gluteus medialis. Furthermore, the inclined 

leg press condition with 0° feet rotation, 100% hip width distance and the maximal intended velocity 

generated the greatest kinematic parameter outputs. In conclusion, the inclined leg press exercise 

might be an optimal exercise to target vastus medialis activation regardless of the feet rotation and 

stance width conditions. 

Keywords: knee muscle imbalances; muscle activation; surface electromyography; leg press variants; 

lower limb kinematics. 
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Introduction 

Vastus medialis oblique (VMO) weakness usually triggers patellar maltracking above the 

trochlear groove with consequent lateral displacement, increasing the injury risk and its concomitant 

patellofemoral pain (PFP) (Benjafield et al., 2014). Recent studies have raised concerns about muscle 

imbalances around the knee joint, their relation to PFP, and their higher rate of occurrence in the female 

population (Benjafield et al., 2014; Lauersen et al., 2014). Accordingly, muscle imbalances amongst 

quadriceps muscles were exposed as one of the predisposing factors leading to PFP (Lauersen et al., 

2014). Therefore, strengthening the VMO might be a strategy for minimizing muscle imbalances 

around the knee joint, which affect the female population (Benjafield et al., 2014; Giles et al., 2015; 

Lauersen et al., 2014). 

In this regard, research on muscle activation using surface electromyography (sEMG) has 

investigated which exercises preferentially target VMO activation over the vastus lateralis and rectus 

femoris activation (Giles et al., 2015; Machado et al., 2017; Smith et al., 2009). Some exercise variants 

have been tested, from conventional squats and lunges to leg extensions or leg presses (Miao et al., 

2015). Also, a popular belief has spread that muscle activation might be changed by simply modifying 

the exercise kinematics, by altering feet rotation or adding adduction/abduction external resistance to 

conventional exercises (Murray et al., 2013). Although most evidence suggests that thigh muscle 

activation is unlikely to be modified by exercise kinematics, the conclusions are still not compelling 

(Giles et al., 2015; Smith et al., 2009). 

The leg press has been presented as an optimal exercise for strengthening the lower limbs, 

specifically targeting VMO activation, and thus potentially reducing muscle imbalances around the 

knee joint (Rossi et al., 2018; Schwanbeck et al., 2020). As yet, few studies have evaluated muscle 

activation under different conditions during leg press exercises in the female population (Martín-

Fuentes et al., 2020b). Nonetheless, some conditions have been evaluated in the male population. For 

instance, Escamilla et al. (2001) reported no differences in thigh muscle activation under different 

conditions (stance width and feet rotation modifications) during the leg press. Peng et al. (2013) on the 

other hand, reported higher medial thigh muscle activation in a male population during the leg press 

with hip adduction resistance, compared to the conventional leg press. 

Despite the above, the literature on sEMG assessment of leg press exercise conditions remains 

scarce, especially in the female population (Bolgla et al., 2008; Da Silva et al., 2008; Machado et al., 2017; 

Saeterbakken et al., 2019). Muscle activation has only been assessed in the this population while 

implementing extra hip adduction/abduction resistance conditions during the leg press (Machado et 

al., 2017), and different feet height positions on the footplate (Da Silva et al., 2008). However, no study 

to date has evaluated whether stance width (100–150% hip-width distance) and feet rotation (0–45° 

external feet rotation) would elicit any changes in muscle activation in the female population when 

performing the inclined leg press at different movement velocities (controlled velocity and maximal 

intended velocity). 

The kinematic analysis of movement variables as mean propulsive velocity (MPV), maximum 

velocity (Vmax), and maximum power (Pmax), has been used to gain a deeper insight into performance 

(Jiménez-Reyes et al., 2016, 2017; Pareja-Blanco et al., 2014, 2017). For instance, Padulo et al. (Padulo et 

al., 2017) reported that ballistic performance during leg press largely depended on Pmax and Vmax in a 
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male athlete population (Sánchez-Medina et al., 2010). Some authors state that velocity could be the 

best reference for reporting the actual effort during a specific movement (Sánchez-Medina et al., 2010). 

Indeed, preferential use of mean propulsive parameters as MPV, were reported to accurately describe 

the actual neuromuscular potential of the muscle in a young healthy male population (Sánchez-

Medina et al., 2010). Thus, MPV, Vmax and Pmax have become established as among the most useful 

kinematic parameters within the performance context (Conceição et al., 2016; Marcos-Pardo et al., 

2019). However, differences between genders, in respect to kinematic outputs, highlight the necessity 

to strengthen the evidence in the young female population (Bolgla et al., 2008; Bouillon et al., 2012; 

Forde & Chow, 2005). 

To the best of our knowledge, no study to date has assessed muscle activation (sEMG) along with 

kinematic parameters during the inclined leg press exercise (and its variants) in a female population. 

Therefore, the main aims of the present study were: 1) to compare muscle activation of the VMO, 

vastus lateralis (VL), rectus femoris (RF) and gluteus medialis (GMed) under different conditions of 

movement velocity (controlled velocity -2″ eccentric and 2″ concentric phase- and maximal intended 

velocity) and feet placement (0° 100%; 45° 100% and 0° 150%) over the footplate during the inclined 

leg press exercise; 2) to compare muscle activation under each controlled velocity condition and 

between contraction phases (eccentric and concentric); and 3) to compare the MPV, Vmax and Pmax 

parameters between the above conditions in a young female population. 

 

Materials and methods 

Study design and participants 

A cross-sectional analysis was carried out on a sample population of 10 young, trained women. 

The mean ± SD for the age, height (cm), body mass (kg), hip width (distance between iliac crests in cm) 

and one repetition maximum (1RM) for the inclined leg press (kg) of the participants were: 22.6 ± 2.5; 

169.0 ± 12.0; 58.3 ± 4.5; 28.0 ± 2.4; 177.5 ± 17.8, respectively. The anthropometric characteristics were 

measured using a Seca 213 stadiometer (Seca, Hamburg, Germany) for the height, an electronic body 

composition analyzer (model BF-350; Tanita, Tokyo, Japan) for the weight, and a measuring tape 

(SECA 200; Harpenden, Holtain Ltd., Wales, UK) for the hip width. The participants had 3.3 ± 2.0 years 

of resistance training experience (at least 1 year with a minimum of 3 days per week), and had reported 

no health issues, musculoskeletal injuries, or physical limitations over the previous year. They were 

also familiarized with the inclined leg press exercise. The use of any medications, anabolic steroids or 

similar drugs was a criterion for study exclusion. The participants voluntarily gave their informed 

consent to participate in the study. The study protocol was approved by the Research Ethics 

Committee of the University of Almeria in accordance with the Helsinki Declaration. 

Setting 

A familiarization and testing session were performed. The participants were prevented from 

training for a minimum of 48h before the actual measurements to avoid fatigue bias. All the conditions 
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were performed, and the data were recorded within a single session to prevent electrode 

misplacement. 

On the day of testing, the first step was to calculate the resting heart rate (seated for 5’). The next 

step was to prepare the participants’ skin by shaving, abrading, and cleaning with 96% alcohol and 

cotton wool. A pre-established warm-up protocol was then performed, consisting of running for 5´ on 

a treadmill (SALTER RS-30, Salter S.A., Barcelona, Spain) at 60% of the heart rate reserve, calculated 

by the Karvonen formula ([(maximum heart rate—resting heart rate) * % training sensitive zone] + 

resting heart rate), and 4 sets of body weight squats and lunges as dynamic movements (Camara et al., 

2016). The heart rate was tracked using a Polar heart rate monitor (Polar RS400, Polar Vantage NV, 

Polar Electro Oy, Kempele, Finland). 

Subsequently, a progressive approach to the leg press exercise was followed. First, several 

repetitions were performed with no extra weight. The participants then performed six inclined leg 

press exercise repetitions with low loads (60 kgs) (Conceição et al., 2016). At this point, electrodes were 

placed on the right limb over the vastus medialis oblique (VMO), vastus lateralis (VL), rectus femoris 

(RF) and gluteus medialis (GMed) muscle bellies as required by the Surface Electromyography for the 

Non-invasive Assessment of Muscles (SENIAM) guidelines (Gorostiaga et al., 2012; Hahn, 2011; 

Schoenfeld et al., 2014; Walker et al., 2011). 

As the electrodes and electrogoniometer were being placed, the strength and conditioning 

professional briefly reminded the participants of the technique for performing the conditions. The 

initial position was set at a 0° knee flexion (extended knees) and the participants were asked to bend 

their knees in a controlled manner up to a 90° knee flexion position (shinbone parallel to the floor) and 

60° hip joint position, which was set as the turnover point. Tape adhesive was stuck to the inclined leg 

press machine at this turnover point to provide a visual orientation for the participant. The feet were 

positioned at medium height on the leg press footplate (Figure 6). Immediately after a brief reminder 

on the technique, we proceeded to test the 1RM leg press individual load. 

 

  

Figure 6. Experimental set-up. 
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Approach to 1RM 

A load progression test was performed to find out the 1RM of each participant. Up to eight sets 

were performed at a maximal intended velocity until the 1RM load was reached (Conceição et al., 

2016). The initial load was 60 kg. Four repetitions were performed with a 3–4´ rest for those sets with 

a velocity up to 1.15 m·s−1 MVP. For medium loads (1.15 m·s−1 ≥ MPV ≥ 0.5 m·s−1), two repetitions were 

performed with a 5´ rest; and for maximum loads (MPV < 0.5 m·s−1), only one repetition was performed 

with a 6´ rest (Conceição et al., 2016). 

As reported elsewhere (Conceição et al., 2016), an increment of 10% of 1RM was added while 

going through the incremental sets, until the participant achieved a MVP of 0.5 m·s−1 (Conceição et al., 

2016; Sánchez-Medina et al., 2010). After that, the increments ranged from 1.25 kg to 5 kg (AZAFIT 

BUMPER PLATES, Viseu, Portugal) until the participant reached the 1RM load. After performing this 

approach to the 1RM procedure, the 1RM load was set as the one that each participant could lift only 

once (Conceição et al., 2016; Marcos-Pardo et al., 2019). 

Real-time velocity feedback was provided to the participants (T-Force System, Ergotech, Murcia, 

Spain) and examiners delivered verbal encouragement to ascertain the maximal intended velocity 

(Camara et al., 2016; Clark et al., 2017). Immediately after the 1RM test, the participants proceeded to 

perform the five different leg press conditions while the examiners recorded the data. During the 

maximal intended velocity sets, a self-selected controlled velocity was established for the eccentric 

phase, with a 1–2 s pause between phases to avoid elastic energy accumulation (Conceição et al., 2016; 

Marcos-Pardo et al., 2019); whereas for the concentric phase, maximum effort (“as fast as possible 

movements”) were encouraged. 

Outcome variables 

The main outcome variable was muscle activation, collected through sEMG. The MPV, Vmax and 

Pmax kinematic parameters were also assessed. Furthermore, an electrogoniometer was used to 

accurately identify the different repetitions. 

The five leg press variants performed were as follows: 

At a controlled velocity of 2″ eccentric phase and 2″ concentric phase: 

Leg press at 0° forefoot external rotation and 100% hip width distance stance (0° 100%); 

Leg press at 45° forefoot external rotation and 100% hip width distance stance (45° 100%); 

Leg press at 0° forefoot external rotation and 150% hip width distance stance (0° 150%). 

At maximal intended velocity: 

Leg press at 0° forefoot external rotation and 100% hip width distance stance; 

Leg press at 45° forefoot external rotation and 100% hip width distance stance. 

The hip width was taken as the distance between the iliac crests (in cm). All the conditions were 

performed at a relative intensity of 70% 1RM (Gonzalez et al., 2017; Kraemer & Ratamess, 2004; Martín-

Fuentes et al., 2020b). For each condition set, six repetitions were recorded, leaving a 4’ rest between 

sets. All the variables were recorded throughout the process, including the approach to 1RM. 
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Materials 

An inclined leg press device was used (FITTECH PL688, Viseu, Portugal) located in the 

University of Almeria’s Sports Center. For the sEMG, bipolar adhesive Ag/AgCl electrodes (Medico 

Lead-Lok, Noida, India) were used, leaving 2 cm between each positive and negative pair, in 

accordance with the SENIAM guidelines. 

The raw sEMG signal from the targeted muscles was recorded with a WBA Mega device (Mega 

Electronics Ltd., Kuopio, Finland) at a sampling frequency of 1000 Hz. The analog signal was 

converted to digital via an A/D converter (National Instruments, New South Wales, Australia) and 

filtered by bandwidth (12–450 Hz) with a fourth-order Butterworth filter using the LabView software 

program (National Instruments, Austin, TX, USA). The raw sEMG signals were then converted into 

root-mean-square (RMS) signals with 20-millisecond windows for further analysis using the 

MEGAWIN software program (Mega Electronics Ltd.). The maximum voluntary contraction (MVC) 

of each muscle was recorded during the 1RM test. Maximum peak muscle activation in microvolts 

(µV) at intervals of one second was calculated during the MVC for each muscle; this was used to 

normalize the sEMG (Muyor et al., 2019, 2020). 

The kinematic parameters were extracted from the recorded data by linear transducer sampling 

at 1000 Hz (T-Force System, Ergotech). The electrogoniometer (Biometrics Ltd., Newport, UK) was also 

connected and synchronized to the WBA Mega device, allowing each repetition to be identified. The 

wave described by the goniometer ranged from 0° (knees fully extended) to 90° (maximum knee 

flexion allowed). Each interval between 0–90° described the eccentric phase, and each interval between 

90–0° described the concentric phase for a single repetition. 

Finally, a KORG MA-1 (Keio Electronic Laboratories, Tokyo, Japan) metronome was used for the 

controlled velocity sets. A pre-established velocity of 60 bpm (2″ for each phase with no rest between 

them) was set to ensure the controlled velocity. 

Statistical analyses 

Normality was assessed through the Shapiro–Wilk test. As all the variables presented a normal 

distribution, the parametric tests were then performed. Descriptive statistics were used to extract the 

mean values and standard deviations of the dependent variables. The one-way random effects model 

was used to obtain the relative reliability of the measurements using the ICC with a 95% confidence 

interval. 

The sample size and statistical power were calculated with the G*power 3.1 for Mac OS X 

software program (Faul et al., 2007). The statistical power was > 0.9 for all the variables analyzed with 

the sample size used in the current study. For the paired samples t-test, the effect size was calculated 

with Cohen´s d (Cohen, 1992) using the G*power 3.1 for Mac OS X software program (Faul et al., 2007). 

An effect size of d < 0.2 was considered small, d at approximately 0.5 was considered moderate, and d 

> 0.8 was considered large. 

Additionally, Mauchly´s sphericity test was performed after the ANOVA analyses. If an 

assumption was violated, a Greenhouse-Geisser correction was performed. The Bonferroni post hoc 

adjustment was employed when a significant main effect was observed within pairwise comparisons. 

In addition, the effect sizes (ES) were calculated for each ANOVA using the partial eta-squared (ηp²) 
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ratio of variance; settings of 0.2, 0.5, 0.8, and 1.3 were established as lower thresholds for “small”, 

“medium”, “large”, and “very large” effect sizes, respectively. IBM SPSS software (v.26) was used to 

run the statistical analyses with the level of significance set at alpha 0.05. 

A 2 * 2 * 4 * 2 (exercise*contraction type*muscle*velocity) repeated measures ANOVA was 

performed to determine the differences in muscle activation, as a percentage of the maximum 

voluntary contraction (%MVC) between the conditions, according to the exercise velocity and the feet 

placement on the footplate. Moreover, a 3 * 2 * 4 (exercise*contraction type*muscle) repeated measures 

ANOVA was applied to determine the differences in muscle activation (%MVC) within each controlled 

velocity condition during both the eccentric and concentric phases. 

A paired samples t-test was performed to determine the differences in MPV and Vmax between 

the two conditions executed at maximal intended velocity (0° 100% and 45° 100%). Moreover, two 

separate repeated measures ANOVA were employed to determine: 1) the differences in the Pmax 

between the three conditions executed at the controlled velocity (0° 100%, 45° 100% and 0° 150%); and 

2) the differences in the Pmax between all the conditions according to the velocities (velocity*exercise). 

 

Results 

sEMG 

Figures 7 and 8 compare the muscle activation of the maximal and controlled velocities under the 

0° 100% and 45° 100% conditions. The ANOVA showed a significant main effect/interaction for the 

contraction type (F(1, 9) = 215.66, p < 0.001, ηp2 = 0.96), the muscle (F(3, 27) = 95.81, p < 0.001, ηp2 = 0.91), the 

velocity (F(1, 9) = 97.04, p < 0.001, ηp2 = 0.91), the contraction type*muscle (F(3, 27) = 21.52, p < 0.001, ηp2 = 

0.70), the exercise*velocity (F(1, 9) = 5.43, p < 0.045, ηp2 = 0.37), the contraction type*velocity (F(1, 9) = 78.50, 

p < 0.001, ηp2 = 0.89), the exercise*contraction type*velocity (F(1, 9) = 26.43, p = 0.001, ηp2 = 0.74), the 

muscle*velocity (F(3, 27) = 25.71, p < 0.001, ηp2 = 0.74), the contraction type*muscle*velocity (F(3, 27) = 10.87, 

p < 0.001, ηp2 = 0.54), and the exercise*contraction type*muscle*velocity (F(3, 27) = 4.22, p < 0.014, ηp2 = 

0.31). 

When comparing the muscle activation pattern between the conditions (0° 100% and 45° 100% at 

the maximal intended and controlled velocities), significant differences were only shown for the 

GMed—between 0° 100% and 45° 100% under the maximal intended velocity conditions for both the 

eccentric and concentric phases (Figures 7 and 8). The VMO, VL and RF presented similar muscle 

activation patterns under the different conditions. Therefore, one can observe that the 45° external feet 

rotation did not elicit significant changes in muscle activation. 

Overall, greater muscle activation was elicited under maximal intended velocity conditions. 

Under all the conditions, muscle activation was greater in the concentric phase than in the eccentric 

phase for all muscles evaluated, except for the VMO at 0° 100% under controlled velocity conditions.  
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Figure 7. Comparison of eccentric muscle activation for each muscle between 0° 100% and 45° 100%, 

performed at the maximal intended and controlled velocities (ᵃ difference from 0° 100% max. vel., ᵇ 

difference from 45° 100% max. vel.; p < 0.05). 
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Figure 8. Comparison of concentric muscle activation for each muscle between 0° 100% and 45° 

100%, performed at the maximal intended and controlled velocities (ᵃ difference from 0° 100% max. 

vel., ᵇ difference from 45° 100% max. vel.; p < 0.05). 

 

Figures 9–11 compare the muscle activation between the muscles during the eccentric and 

concentric phases under each condition, performed at the controlled velocity. The ANOVA showed 

significant main effects for the contraction type (F(1, 9) = 33.26, p < 0.001, ηp2 = 0.78) and the muscle (F(3, 

27) = 31.77, p < 0.014, ηp2 = 0.77). 
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Figure 9. Comparison of the muscle activation (expressed in %MVC) between the muscles during the 

eccentric phase under each condition, performed at the controlled velocity (ᵃ difference from VMO, ᵇ 

difference from VL, c difference from RF; p < 0.05). VMO: vastus medialis oblique; VL: vastus 

lateralis; RF: rectus femoris; GMed: gluteus medialis. 

 

 

Figure 10. Comparison of the muscle activation (expressed in %MVC) between the muscles during 

the concentric phase under each condition, performed at the controlled velocity (ᵃ difference from 

VMO, ᵇ difference from VL, c difference from RF; p < 0.05). VMO: vastus medialis oblique; VL: vastus 

lateralis; RF: rectus femoris; GMed: gluteus medialis. 

No differences were found between the distinct muscles under the conditions tested (0° 100%, 

45° 100% and 0° 150%). In terms of %MVC, a similar muscle activation pattern was presented for both 

the eccentric and concentric phases under the three conditions tested. However, the VMO showed the 

greatest muscle activation, followed by the RF and VL, whilst the GMed muscle presented the least 
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muscle activation (Figures 9 and 10). Under the three conditions tested, at the controlled velocity, 

muscle activation was greater during the concentric phase than during the eccentric phase (Figure 11). 

 

Figure 11. Comparison of the muscle activation (expressed in %MVC) between phases for each 

muscle under each controlled velocity condition (ᵃ difference from the eccentric phase; p < 0.05). 

VMO: vastus medialis oblique; VL: vastus lateralis; RF: rectus femoris; GMed: gluteus medialis. 

ECCEN: eccentric; CONC: concentric. 
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Kinematic parameters 

The 1RM load was reached at a mean velocity of 0.22 ± 0.02 m·s−¹ for all the participants. Table 14 

compares the MPV and Vmax between the conditions executed at maximal velocity. The paired samples 

t-test showed a higher MPV and Vmax under the 0° 100% condition than under the 45° 100% condition. 

 

Table 14. Mean, SD, p-value and effect size for the MPV and Vmax comparing the conditions executed 

at the maximal velocity. 

 

Mean ± SD 

p-Value  Effect Size (d) Maximal Velocity 0° 

100% 
Maximal Velocity 45° 100% 

MPV (m·s−¹) 0.37 ± 0.06 0.33 ± 0.06 0.001 0.66 

Vmax (m·s−¹) 0.75 ± 0.09 0.71 ± 0.09 <0.001 0.44 

 

The repeated measures ANOVA showed no main effect on Pmax under the three conditions 

executed at the controlled velocity (F(2, 18) = 1.91, p = 0.194, ηp2 = 0.27). Thus, the Pmax exhibited no 

significant differences between the three conditions (Table 16). 

 

Table 15. Mean, SD, p-value and effect size for the Pmax comparing the conditions executed at the 

controlled velocity. 

 
Mean ± SD 

p-Value 
0° 100% 45° 100% 0° 150% 

Pmax (W) 286.6 ± 47.8 322.6 ± 91.1 291.8 ± 65.9 >0.050 

 

Table 16 compares the Pmax between the conditions executed at both the maximal and controlled 

velocities. The repeated measures ANOVA showed a main effect/interaction on Pmax for the velocity 

(F(1, 9) = 153.40, p < 0.001, ηp2 = 0.94) and the velocity*exercise (F(1, 9) = 12.13, p = 0.007, ηp2 = 0.57). 

 

Table 16. Mean, SD, p-value and effect size for the Pmax comparing the conditions executed at both the 

maximal and controlled velocities. 

  
Mean ± SD 

p-Value  Effect Size (d) 
0° 100% 45° 100% 

Pmax (W) 

Maximal 

velocity 
1037.4 ± 211.0 973.2 ± 213.8 <0.001 0.47 

Controlled 

velocity 
286.6 ± 47.8 322.6 ± 91.1 0.179 0.45 
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Discussion 

The main objectives of the current study were to compare the activation of distinct muscles under 

different conditions, in terms of movement velocity and feet placement on the footplate, during the 

inclined leg press exercise, and to compare muscle activation within each controlled velocity condition 

and between the contraction phases. Regarding muscle activation, the main outcomes revealed a 

similar muscle activation pattern for the 0° 100%, 45° 100% and 0° 150% conditions, with no 

preferential activation of a single muscle based on these conditions. The greatest overall muscle 

activation was shown under maximal intended velocity conditions. Furthermore, muscle activation 

was greater for all the concentric phases than for the eccentric phases, regardless of the inclined leg 

press conditions; this outcome is broadly supported by the literature (Alkner & Bring, 2019; Gorostiaga 

et al., 2012; Machado et al., 2017). The VMO elicited the greatest muscle activation in terms of %MVC, 

followed by the RF, VL and GMed muscles. The similar results for the muscle activation pattern, with 

no preferential muscle activation reported for the different muscles under the conditions tested, might 

skew the purported importance of the feet stance (Murray et al., 2013). 

A previous study conducted on a female population agreed with our results regarding muscle 

activation – Da Silva et al. (2008), reported similar muscle activation for the RF and VL during the flat 

leg press and the inclined leg press performed at an 80% 1RM intensity in a young female population. 

They also encouraged the most comfortable feet stance on the footplate, but they did not analyze VMO 

muscle activation, thus providing an incomplete picture of overall quadriceps muscle activation 

during those exercises. In contrast, Machado et al. (2017) reported conflicting results. They compared 

VMO, VL and RF muscle activation during the inclined leg press (with two modifications) in a young 

female population. They found greater VMO muscle activation during the leg press when it was 

performed with a physio ball between the knees (extra hip adduction) than when the leg press was 

performed with an elastic band around the knees. However, their results should be interpreted with 

caution, since the exercises were performed at a low intensity (70% of 10RM) and the resistance 

training experience of the participants was not reported. Familiarization and exercise intensity could 

substantially modify the muscle activation elicited (Schoenfeld et al., 2014; Vigotsky et al., 2018; 

Wakeling et al., 2006). Our results only agreed in that the greatest muscle activation was elicited during 

the concentric phase. 

The present study results are consistent with other studies in the male population. For example, 

Escamilla et al. (2001), affirmed that varying the foot external rotation (0–30°) during the flat leg press 

did not affect VMO, VL or RF muscle activation in a young male population. Peng et al. (2013), on the 

other hand, analyzed VMO, VL and hip adductor longus muscle activation during the leg press with 

isometric hip adduction resistance in a young male population. They reported greater adductor longus 

muscle activation than when performing the conventional leg press. Nevertheless, preferential VMO 

activation with this modification was not supported. In addition, in their systematic review, Smith et 

al. (2009) stated that the VMO muscle could not be preferentially activated by modifying the lower 

limb position during quadriceps exercises. However, they did not analyze leg press exercises in their 

review, thus highlighting the need to expand our knowledge on this issue (Escamilla et al., 2001; Rossi 

et al., 2018). 



Section II. Study IV. 

 

 

 
Page 161 of 260 

 

Regarding kinematics, the purpose of the present study was to compare MPV, Vmax and Pmax 

kinematic parameters under the different conditions. The study results showed higher MPV, Vmax and 

Pmax during the 0° 100% exercise than during the 45° 100% exercise when performed at the maximal 

intended velocity. There is only one previous study that analyzed knee kinematics during the leg press 

exercise in a young male population (Escamilla et al., 2001). They concluded that varying the feet 

rotation (0°-30°) and feet stance (narrow and wide) did not affect the knee forces during the flat leg 

press exercise, so participants were encouraged to adopt their preferred feet stance. Although we did 

not analyze knee forces, they might relate to our results to some degree, given that we reported higher 

kinematic parameters for the 0° 100% maximal intended velocity condition; this was recognized by all 

the participants as the most comfortable position. Since muscle activation showed no significant 

differences depending on feet stance or feet external rotation, and that the kinematic parameters were 

better for the 0° 100% maximal intended velocity condition, we would recommend that participants 

adopt their preferred stance during the inclined leg press exercise for maximizing performance 

categories. In contrast, the Pmax presented no significant differences between the 0° 100%, 45° 100% 

and 0° 150% conditions performed at controlled velocity. This is clearly explained by the controlled 

velocity we imposed during the controlled velocity sets, which prevented the participants from 

applying greater power to the movement. 

One of the main limitations of the present study is the small sample population. Although the 

statistical power was excellent for all the variables analyzed with the sample size used, we only 

assessed 10 young women, so the findings should be interpreted with caution. Regarding the different 

conditions assessed, it was possible to perform a 0° and 45° external feet rotation with a 100% hip 

width stance at the controlled and maximal intended velocities. However, the 45° external feet rotation 

and maximal intended velocity conditions were impossible to perform with a 150% hip width stance 

since the inclined leg press dimensions (the footplate size) were not favorable. 

Conclusions 

To sum up the main findings: 

The muscle activation pattern showed no differences between conditions (0° 100%, 45° 100% and 

0° 150% at both the controlled and maximal intended velocities). However, the inclined leg press 

conditions performed at maximal intended velocity did elicit greater overall muscle activation than 

those conditions performed at the controlled velocity. 

Muscle activation was greater during the concentric phases than the eccentric phases under all 

the conditions. All the conditions presented a similar muscle activation pattern. 

The VMO showed greater muscle activation in terms of %MVC compared to the VL, RF and 

GMed. Therefore, the inclined leg press exercise could be an exercise of choice when the target is to 

elicit VMO activation to reduce knee muscle imbalances. 

The MPV, Vmax and Pmax were greater during the 0° 100% maximal intended velocity sets, which 

the participants reported as their preferred condition. This fact, together with the similar muscle 

activation pattern between the conditions, leads us to conclude that the most comfortable, self-selected 

stance should be encouraged. 
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Abstract 

 

Background: The leg press is one of the most typical exercises for strengthening the lower limbs. The 

objectives of the present study were to compare 5 inclined leg press exercise conditions, varying the 

feet width stance (100% or 150% hip width), the feet rotation (0° or 45° external rotation) on the 

footplate and using 2 different movement velocities (MVs; maximum intended, and 2:2 seconds 

steady-paced velocities) to determine their effect on muscle activation as well as on the kinematic 

parameters between trained men and trained women.  

Hypotheses: There will be no significant differences in muscle activation with regard to the feet 

position. The higher the MV, the greater the muscle activation. 

Study design: A cross-sectional cohort study. 

Methods: A repeated-measures between-group design was performed to examine muscle activation 

and kinematic parameters for the different conditions between gender groups. The level of significance 

was set at alpha = 0.05 for all statistical analyses. 

Level of evidence: Level 3. 

Results: Muscle activation presented no differences between conditions regarding feet width stance or 

feet rotation. Furthermore, muscle activation was greater during positive phases than negative phases 

of the exercise for all conditions and was also greater under maximum intended velocity conditions 

compared to steady-paced conditions. Otherwise, the muscle activation pattern presented slight 

differences by gender. In men, the greatest muscle activation was for the vastus medialis, followed by 

the vastus lateralis (VL), rectus femoris (RF) and gluteus medialis (GMed), while in women, the 

greatest muscle activation was for the vastus medialis, followed by the RF, VL and GMed. Finally, 

greater mean propulsive velocity, maximum velocity, maximum power, and footplate displacement 

values were reported for men than for women under all the conditions.  

Conclusion: The inclined leg press exercise produces the highest muscle activation in the vastus 

medialis, regardless of the velocity, feet stance, or gender. 

Clinical relevance: Given that there are no differences in muscle activation regarding the feet stance, a 

participants’ preferred feet stance should be encouraged during the inclined leg press exercise. 

Furthermore, the MV would preferably depend on the session objective (a training or a rehabilitation 

program), being aware that there is greater muscle activation at higher speeds. The inclined leg press 

exercise could be performed as a closed kinetic chain exercise when the main objective is to activate 

the vastus medialis. 

 

Keywords: surface electromyography, EMG, movement velocity, resistance training, lower limb 

muscles. 
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Introduction 

 The leg press is a typical exercise for lower limb strengthening (Harden et al., 2018; Rossi et al., 

2018; Schoenfeld et al., 2014). The widespread applicability offered by this exercise is explained by the 

simplicity of its technique since it is a guided movement (Clark et al., 2017), along with its transference 

to functional movements such as walking, squatting, running or jumping (Bolgla et al., 2008; Clark et 

al., 2017; Escamilla et al., 2001; Gorostiaga et al., 2012). This means that the exercise can be included in 

any training program regardless of the participants’ age (Cormie et al., 2011; Hannah et al., 2015; 

Morán-Navarro et al., 2019) or training goal, whether it be for rehabilitation (Alkner & Bring, 2019; 

Bolgla et al., 2008; Clark et al., 2017; Peng et al., 2013), injury prevention and return to play (Gorostiaga 

et al., 2012; Machado et al., 2017), health (Alkner & Bring, 2019; Walker et al., 2011) or athletic 

performance (Escamilla et al., 2001; Gorostiaga et al., 2012). 

 Given the leg press exercise’s versatility, it is essential that trainers and athletes understand the 

muscle activation elicited during its use, as a key factor in the concomitant development of muscle 

mass and strength (Monteiro et al., 2019; Orssatto et al., 2018; Rossi et al., 2018). Surface 

electromyography (sEMG) has been widely used in research (Besomi et al., 2019) as a non-invasive 

method for assessing muscle activation and neuromuscular function (Bolgla et al., 2008; Da Silva et al., 

2008; Gorostiaga et al., 2012). This has resulted in studies assessing the muscle activation during the 

horizontal leg press (Gonzalez et al., 2017; Gorostiaga et al., 2012; Hahn, 2011; Saeterbakken et al., 2019; 

Schoenfeld et al., 2014; Walker et al., 2011), unilateral leg press (Bolgla et al., 2008), and inclined leg 

press (Da Silva et al., 2008; Machado et al., 2017). The muscles most frequently assessed using sEMG 

during the leg press exercise are the vastus medialis oblique (VMO), vastus lateralis (VL), rectus 

femoris (RF) and biceps femoris (Escamilla et al., 2001; Machado et al., 2017; Martín-Fuentes et al., 

2020b; Schoenfeld et al., 2014; Walker et al., 2011). 

 In addition, some other studies have evaluated the leg press exercise using different feet stances 

(conditions) over the footplate. For instance, a low feet position over the footplate resulted in greater 

quadriceps muscle activation (Da Silva et al., 2008), whereas there were no differences in overall 

muscle activation between the 30° forefoot external rotation condition and wide and narrow feet 

stances (Escamilla et al., 2001). Nonetheless, the effect that these conditions may trigger on muscle 

activation at different movement velocities (MVs) has not yet been clearly identified (Da Silva et al., 

2008; Escamilla et al., 2001; Machado et al., 2017). On the other hand, some authors reported differences 

in neuromuscular function, lower body biomechanics and kinematic responses between genders when 

performing dynamic tasks such as changes in direction, box jumps and side-step cuts (Hannah et al., 

2015; Hanson et al., 2008; Spiteri et al., 2014).  

 Kinematic parameters, which have been extensively studied in exercises as the squat (Pareja-

Blanco et al., 2014; Randell et al., 2011; Sánchez-Medina & González-Badillo, 2011) that play a role in 

performance. Recent studies have reported similar neural (Nimphius et al., 2019) and power 

adaptations following a velocity-based training program compared to a steady-paced velocity training 

program, protecting the athlete from unnecessary mechanical stress or fatigue (Banyard et al., 2018; 
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González-Badillo et al., 2014; Pareja-Blanco et al., 2017). However, few studies have assessed the leg 

press exercise at different MVs. The leg press force-velocity relationship has been studied in the older 

adult population, reporting that a fall in maximum power (Pmax) might somehow explain the loss of 

physical function in the elderly (Alcazar et al., 2017). Conversely, in a population of sportsmen, the leg 

press presented its greatest Pmax at lower velocities than in the squat (Padulo et al., 2017). Other studies 

used MV to estimate relative load as a % 1 repetition maximum (%1RM) in older women (Marcos-

Pardo et al., 2019), whereas mean propulsive velocity (MPV) has been proposed as a better estimator 

of the % 1RM in young athletes performing the leg press exercise (Conceição et al., 2016). Therefore, 

displacement and task times are essential data for the accuracy of all these measurements (Levine & 

Hullett, 2002). Despite this fact, knowledge regarding leg press kinematic parameters and their 

practical application in the healthy young trained population remains scarce (Conceição et al., 2016). 

 To the best of our knowledge, there is no current evidence comparing muscle activation and 

kinematic parameters between men and women while employing different feet stances and movement 

velocities in the inclined leg press exercise. For this reason, the objectives of the present study were; 1) 

to compare muscle activation of the VMO, VL, RF and gluteus medialis between men and women 

under different feet stance (100% hip width and 0°/45° external feet rotation) and MV (steady-paced 

and maximum intended) conditions; 2) to compare the muscle activation positive phase  (Padulo et al., 

2013) under steady-paced velocity conditions (100%/150% hip combined with 0°/45° external feet 

rotation) between men and women; and 3) to compare kinematic parameters (MPV, Vmax, Pmax, 

footplate displacement and time) between men and women under the different conditions.  

 

Methods 

Participants 

 A total of 28 healthy young college students (15 men and 13 women) volunteered to take part in 

the study. Table 17 shows the participants’ descriptive characteristics. Following were the inclusion 

criteria: i. no health problems, musculoskeletal injuries, or physical limitations during the six months 

before the assessment; ii. at least 1 year of resistance training experience; iii. familiarity with the 

inclined leg press exercise; and iv. engaging in resistance training at least twice a week. In addition, 

the participants had to report no previous fatigue on the day of testing. The taking of any medication, 

drugs or anabolic steroids was cause for exclusion from the study. The study protocol was approved 

by a Research Ethics Committee of the University of Almería, according to the Declaration of Helsinki. 

Participants signed an informed consent form before the day of testing. 

Procedures 

 All the participants were prevented from exercising for at least 48 h prior to testing to avoid 

fatigue bias. The protocol comprised a familiarization session and a testing session. Prior to the testing 

session, the participant’s skin was prepared by shaving the hair from the areas where the electrodes 
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would be placed. All the inclined leg press conditions were performed during the same testing 

appointment to ensure the electrodes were properly placed over the muscle belly.  

 Before the testing, the participants performed the same previously designed warm-up protocol. 

Firstly, the participants ran for 5 min on a treadmill (SALTER RS-30, Salter S.A., Barcelona, Spain) at 

an intensity of around 40% of their heart rate reserve, followed by a dynamic warm-up comprising 

free weight lunges and squats (Camara et al., 2016; Delgado et al., 2019). After that, they performed 6 

repetitions of the leg press exercise with light loads (˂60 kg) (Conceição et al., 2016). Then, their skin 

was cleaned with a 96% alcohol solution applied with cottonwool and the electrodes were placed over 

the vastus VMO, VL, RF and GMed muscles on the right limb, along with an electrogoniometer over 

the right knee joint, in accordance with the Surface Electromyography for the Non-invasive 

Assessment of Muscles guidelines (Gorostiaga et al., 2012; Hahn, 2011; Schoenfeld et al., 2014; Walker 

et al., 2011).  

 
  Table 17. Descriptive characteristics of the sample. Mean ± SD. 

 
 Male (n=15) Female (n=13) 

Age (years) 22.73 ± 2.93 22.77 ± 2.77 

Height (cm) 180.00 ± 3.68 169.54 ± 10.63 

Body weight (kg) 73.80 ± 16.48 61.08 ± 8.21 

Hip width (cm) 30.67 ± 2.05 28.38 ± 2.21 

1 RM (kg) 257.33 ± 44.55 178.85 ± 18.27 

RT experience (years) 3.06 ± 1.79 3.07 ± 1.93 

 

 Each testing session was supervised by a certified strength and conditioning specialist to ensure 

proper technique application. Prior to data collection, the participants were fully informed of the 

procedures, and the testing sessions were performed under the same environmental conditions for all 

the participants. Once the electrodes and electrogoniometer were positioned, the participants were 

briefly reminded of how to perform the technique for the conditions under study. Full knee extension 

was set as 0° and participants were then asked to flex their knees in a controlled manner until reaching 

90° of knee flexion (or the shinbone parallel to the floor). Adhesive tape was located on the inclined 

leg press device at this lowest position to ensure the same range of motion for all the conditions. The 

feet were located at the medium height position over the inclined leg press footplate.  

 At this point, a linear transducer was set parallel to the inclined press device over an inclined 

platform. The linear transducer cable was attached to the inclined leg press bar. The inclined platform 

allowed one to adjust the cable inclination, so it followed the same track as the inclined leg press. For 

the maximal intended velocity sets, the negative phase was performed at a controlled self-selected 

pace, followed by a pause of 1-2 seconds in the 90° knee flexion position to eliminate the contribution 

of elastic energy accumulation (Conceição et al., 2016; Marcos-Pardo et al., 2019). Then, the participants 

were encouraged to extend their knees explosively as fast as possible. For the 2 seconds negative 

phase/2 seconds positive phase sets, a metronome was set at 60 beats per minute (bpm), and repetitions 

were performed in a continuous manner through the same range of motion. 
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Approach to 1 RM  

 A load progression was carried out, with as many as 8 increments up to maximal intended 

velocity. As in previous studies, an increment of ~10% 1RM was added to each consecutive set until 

participants achieved a MPV of 0.5 m/s (Conceição et al., 2016; Sánchez-Medina et al., 2010). After that, 

the increments ranged from 5kg to 1.25 kg (Azafit Bumper Plates, Viseu, Portugal) until 1RM was 

reached. 

 The first load was 80 kg for men and 60 kg for women. At these loads, 4 repetitions were 

performed at a velocity of up to 1.15 m/s MVP with a 3-4 minute rest between sets. Two repetitions 

were performed at medium loads (1.15 m/s ≥ MPV ≥ 0.5 m/s) with a 5-minute rest between them, and 

only 1 repetition was performed at maximum loads with a 6-minute rest (MPV < 0.5 m/s). The 

participants received real-time velocity feedback and verbal encouragement was provided by the 

examiners to ensure maximum effort. 

Output variables 

 Muscle activation (sEMG) was the main output variable. In addition, certain kinematic 

parameters (MPV, Vmax, Pmax, footplate displacement, and time) were assessed. Five inclined leg press 

conditions were randomly assessed for each participant: 

At maximal intended velocity:  

i. Leg press at a stance of 100% hip-width distance and 0° of forefoot external rotation. 

ii. Leg press at a stance of 100% hip-width distance and 45° of forefoot external rotation. 

At a steady-paced velocity of 2 seconds negative phase/ 2 seconds positive phase: 

iii. Leg press at a stance of 100% hip-width distance and 0° of forefoot external rotation (0° 100%). 

iv. Leg press at a stance of 100% hip-width distance and 45° of forefoot external rotation (45° 

100%). 

v. Leg press at a stance of 150% hip-width distance and 0° of forefoot external rotation (0° 150%). 

 The conditions were performed at an intensity of 70% 1RM (Garber et al., 2011; Gonzalez et al., 

2017; Kraemer & Ratamess, 2004). Six repetitions of each condition were performed with a 5-minute 

rest between sets. The sEMG data were recorded during the 1RM test and during all 5 inclined leg 

press sets. Furthermore, MV and knee flexion angle were monitored during the whole process by 

means of the linear transducer and the electrogoniometer, respectively. Although feet rotation would 

evidently entail subtle modifications in the knee joint position, only knee movement on the sagittal 

plane was considered, as movements on any other plane were inappreciable to the naked eye.  

 Data on the maximum voluntary activation of the targeted muscles were collected during the 

1RM measurement since dynamic assessment of muscle effort has been established as a better 

predictor of the highest muscle activation (Camara et al., 2016; Clark et al., 2017). Peak activation (µV) 

recorded at 1-second interval windows and the highest sEMG activity level at a 100-ms interval were 

used to obtain the maximum voluntary contraction (MVC) of each muscle in order to normalize the 

sEMG signal (Besomi et al., 2020; Muyor et al., 2019, 2020). The sEMG muscle activation of the MVC 
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showed an intraclass correlation coefficient (ICC) greater than 0.9, demonstrating high reliability in all 

the MVCs evaluated. 

Instrumentation 

 An inclined leg press device (FITTECH PL688, Viseu, Portugal) was used for the measurements. 

Bipolar adhesive Ag/AgCl electrodes (Medico Lead-Lok, Noida, India) were placed parallel to the 

muscle fibers at 2-cm intervals with the reference electrode far from the electrode pairing in accordance 

with the manufacturer’s specifications. When necessary, the electrodes were covered with tape or a 

bandage to prevent possible displacement during the test. 

 The sEMG signal for the targeted muscles was recorded using a WBA Mega device (Mega 

Electronics, Ltd., Kuopio, Finland) at a sampling frequency of 1000 Hz. The analog signal was 

converted to digital via an A/D converter (National Instruments, New South Wales, Australia) and 

filtered by bandwidth (12–450 Hz) with a fourth-order Butterworth filter using the LabView software 

program (National Instruments, Austin, TX, USA). Then, the raw sEMG signals were converted into 

root-mean-square (RMS) signals for further analysis with the MEGAWIN software program (Mega 

Electronics Ltd.). To identify the different repetitions and exercise phases in the sEMG signal analysis, 

the angle of the right knee was continuously recorded with an electrogoniometer (Biometrics Ltd., 

Newport, UK) placed on the lateral side of the femur and the fibula. The data from the 

electrogoniometer were synchronized with the sEMG data using the sEMG equipment (Mega 

Electronics Ltd.). 

 The footplate velocity was measured using a linear transducer (T-Force System, Ergotech, Murcia, 

Spain) sampling at 1000 Hz and smoothed using a fourth order low-pass Butterworth filter with no 

phase shift, and a 10 Hz cut-off frequency (Morán-Navarro et al., 2019). The T-Force system was 

connected to a personal computer where the relevant kinetic and kinematic parameters were 

calculated automatically for each inclined leg press repetition and for the 1RM test. T-Force software 

also provided real-time feedback for the participants and all data storage. The reliability of this system 

has been reported elsewhere (Sánchez-Medina & González-Badillo, 2011). Furthermore, for the 2-

second negative phase / 2-second positive phase sets, a KORG MA-1 (Keio Electronic Laboratories, 

Tokyo, Japan) metronome was set at a rate of 60 bpm to control the timing of the exercises. 

 

Statistical analyses  

 The normal data distribution was analyzed using the Shapiro-Wilk normality test. Since all the 

variables presented a normal distribution, parametric tests were performed. The mean values and 

standard deviations of the dependent variables were extracted from the descriptive statistics. The one-

way random effects model was used to obtain the relative reliability of the movement with the ICC at 

a 95% CI.  
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sEMG 

 A 2 × 2 × 2 × 4 × 2 (gender × exercise × contraction type × muscle × velocity) analysis of variance 

(ANOVA) was performed to determine the differences in the muscle activation (%MVC) between the 

0° 100% and 45° 100% conditions according to the exercise velocity. Furthermore, a 2 × 3 × 4 (gender × 

exercise × muscle) ANOVA was applied to determine the differences in the muscle activation for the 

positive phase (%MVC) under the 3 conditions executed at a steady-paced velocity.  

Kinematic parameters 

 A paired sample t test was performed to determine the differences in MPV and Vmax between the 

0° 100% and 45° 100% conditions executed at maximum intended velocity. Moreover, 2 separated 

ANOVAs were employed to determine: i. the differences in Pmax between the 0° 100%, 45° 100% and 

0° 150% conditions executed at steady-paced velocity (gender × exercise); and ii. the differences in Pmax 

between the 0° 100% and 45° 100% conditions, according to the velocities (gender × exercise × velocity) 

for each gender. Two separated ANOVAs (gender × exercise × contraction type) were conducted to 

determine the differences in footplate displacement (cm) and time (seconds) between all 5 conditions 

for both negative and positive phases. 

 Additionally, Mauchly´s sphericity test was performed on all the ANOVA results. A Greenhouse-

Geisser correction was employed if an assumption was violated, whereas a Bonferroni post hoc 

adjustment was employed when a significant main effect was observed within pairwise comparisons. 

A partial eta-squared (ηp²) was also used to calculate the effect sizes (ES) for each ANOVA, setting 0.2, 

0.5, 0.8, and 1.3 as the lower thresholds for small, medium, large, and very large effect sizes, 

respectively (Levine & Hullett, 2002). The G *power 3.1 for Mac OS X software program (Garber et al., 

2011) was used to calculate a priori the sample size and statistical power. The statistical power 

calculated post hoc was > 0.9 for all the variables. IBM SPSS software (Version 26) was used to run the 

statistical analyses with a level of significance set at alpha = 0.05 (p < 0.05). 

 

Results 

sEMG 

 Figures 12 and 13 show a comparison of the negative and positive phases of muscle activation 

(%MVC) for the maximum intended velocity sets and the steady-paced velocity sets under the 0° 100% 

and 45° 100% conditions for men and women, respectively. The ANOVA (gender × exercise × 

contraction type × muscle × velocity) results showed a significant main effect/interaction for 

contraction type (F(1, 26) = 427.93, p < 0.001, ηp2 = 0.94), muscle (F(3, 78) = 70.84, p < 0.001, ηp2 = 0.73), velocity 

(F(1, 26) = 203.78, p < 0.001, ηp2 = 0.88), exercise × muscle (F(3, 78) = 10.93, p < 0.001, ηp2 = 0.29), exercise × 

contraction type × muscle (F(3, 78) = 7.13,  p < 0.001, ηp2 = 0.21), exercise × velocity (F(1, 26) = 12.06, p = 0.002, 
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ηp2 = 0.31), contraction type × velocity (F(1, 26) = 148.29, p < 0.001, ηp2 = 0.85), and exercise × contraction 

type × velocity (F(1, 26) = 20.14, p < 0.001, ηp2 = 0.43).  

 Muscle activation (%MVC) under each condition was similar between men and women for each 

muscle; significant differences were only found in 3 cases (p < 0.05): the 0° 100% and 45° 100% negative 

phase of the maximum velocity sets for the GMed, and the 45° 100% positive phase of the maximum 

velocity set for the RF (Figures 12 and 13). Muscle activation was greater under the maximum intended 

velocity conditions than under the steady-paced conditions in almost all cases and 

 

 

 

Figure 12. Comparison of the muscle activation during the negative phase for each muscle (%MVC) under the 

conditions performed at both velocities for men and women (*difference between velocities; p < 0.05). VMO: 

vastus medialis oblique; VL: vastus lateralis; RF: rectus femoris; GMed: gluteus medialis. 
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for both contraction types. Furthermore, in all cases, muscle activation (%MVC) was significantly 

greater (p < 0.05) in the positive phase than in the negative phase. 

 When comparing the muscle activation in the positive phase between muscles (%MVC) in men 

and women under the 3 conditions performed at steady-paced velocity, only the VL presented greater 

muscle activation (p < 0.05) in men than in women under the 0° 150% condition. In contrast, muscle 

activation in the negative phase showed no significant differences (p > 0.05) between the 3 steady-

paced conditions. 

 Figures 14 and 15 show a comparison of positive phase muscle activation between muscles 

(%MVC) under each steady-paced condition for men and women. The ANOVA (gender × exercise × 

muscle) results showed a significant main effect/interaction for muscle (F (3, 78) = 62.00, p < 0.001, ηp2 = 

0.70), gender × muscle (F(3, 78) = 4.69, p = 0.005, ηp2 = 0.15), exercise (F(2, 52) = 4.86, p = 0.012, ηp2 = 0.15), 

and exercise × muscle (F(6, 156) = 3.78, p = 0.002, ηp2 = 0.12).  

 

 

Figure 13. Comparison of the muscle activation during the positive phase for each muscle (%MVC) under the 

conditions performed at both velocities for men and women (*difference between velocities; p < 0.05). VMO: 

vastus medialis oblique; VL: vastus lateralis; RF: rectus femoris; GMed: gluteus medialis.  
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 The muscle activation pattern was similar under all 3 steady-paced conditions (0° 100%, 45° 100% 

and 0° 150%) for the positive phase in each gender group, whereas each muscle presented no 

significant differences (p > 0.05) between the 3 conditions in either men or women. Negative phase 

muscle activation likewise presented no significant differences (p > 0.05) between the conditions for 

any muscle. Therefore, variations in stance width and/or feet rotation did not affect the muscle 

activation elicited. However, slight differences were found for the muscle activation pattern between 

men and women. While in men, VMO showed the greatest muscle activation followed by VL, RF and 

GMed, in women, the greatest muscle activation was presented by VMO, followed by RF, VL and 

GMed. 

Kinematic parameters 

 Table 18 shows a comparison of MPV and Vmax between the conditions executed at maximum 

intended velocity. The paired sample t test results showed significantly greater MPV under the 0° 100% 

maximum intended velocity condition compared to the 45° 100% maximum intended velocity 

condition in men and women. Moreover, Vmax was significantly greater under the 0° 100% maximum 

intended velocity condition in women. Both the MPV and Vmax variables were significantly greater for 

men than for women in all cases (p < 0.05). 

 Table 19 shows a comparison of Pmax under the conditions executed at steady-paced velocity. The 

ANOVA (gender × exercise × velocity) results showed a significant main effect for gender (F(1, 26) = 32.38, 

p < 0.001, ηp2 = 0.55) and for exercise (F(2, 52) = 5.47, p = 0.007, ηp2 = 0.17). Significant differences (p < 0.05) 

were found under the 0° 100% and 45° 100% steady-paced conditions for men, while Pmax was greater 

under the 45° 100% condition. Otherwise, men elicited significantly greater Pmax under all the 

conditions than the women (p < 0.05). 

 Table 20 shows a comparison of Pmax between the conditions executed at both maximum intended 

velocity and steady-paced velocity. The ANOVA (gender × exercise × velocity) results showed a main 

effect/interaction on Pmax for gender (F(1, 26) = 37.37, p < 0.001, ηp2 = 0.59), velocity (F(1, 26) =559.68, p < 

0.001, ηp2 = 0.95), and gender × velocity (F(1, 26) = 23.02, p < 0.001, ηp2 = 0.47). No differences (p > 0.05) 

were found under the conditions performed at maximum intended velocity for Pmax in either men or 

women. However, men presented significantly greater Pmax values than women in all cases (Table 20). 
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Figure 14. Comparison of the muscle activation during the positive phase between muscles (%MVC) for each 

condition performed at a steady-paced velocity for the men (ᵃdifference from VMO, ᵇdifference from VL, ͨ 

difference from RF; p < 0.05). VMO: vastus medialis oblique; VL: vastus lateralis; RF: rectus femoris; GMed: 

gluteus medialis. 

 

 Figure 16 shows the data for footplate displacement and time kinematics under all the conditions 

during both the negative and the positive phases. The ANOVA (gender × exercise × contraction type) 

results showed a main effect/interaction on displacement for exercise (F(4, 104) = 31.69, p < 0.001, ηp2 = 

0.54), contraction type (F(1, 26) = 112.94, p < 0.001, ηp2 = 0.81), gender × contraction type (F(1, 26) = 17.39, 

p < 0.001, ηp2 = 0.40), and exercise × contraction type (F(4, 104) = 28.57, p < 0.001, ηp2 = 0.52). Men 

presented higher footplate displacement in the positive phases than women under all the conditions 

(p < 0.05), whereas footplate displacement in the negative phase presented no significant differences 

between genders (p > 0.05). Furthermore, the maximum intended velocity conditions presented 

significantly greater footplate displacement than the steady-paced conditions in both men and women 

(p < 0.05). 

 The ANOVA (gender × exercise × contraction type) results showed a main effect on time for 

exercise (F(4, 104) = 97.33, p < 0.001, ηp2 = 0.78), and contraction type (F(1, 26) = 91.66, p < 0.001, ηp2 = 0.77). 

No significant differences for time were found between genders in any movement phase (p > 0.05), 

whereas the positive phases presented shorter times under all conditions (p < 0.05). In addition, the 

positive phases were performed faster under the maximum intended velocity conditions than under 

the steady-paced conditions in both genders (p < 0.05). 
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Figure 15. Comparison of muscle activation during the positive phase between muscles (%MVC) for each 

condition performed at a steady-paced velocity for the women (ᵃdifference from VMO, ᵇdifference from VL, ͨ 

difference from RF; p < 0.05). VMO: vastus medialis oblique; VL: vastus lateralis; RF: rectus femoris; GMed: 

gluteus medialis. 

 

Table 18. Comparison of MPV and Vmax under the conditions executed at maximum intended velocity (mean ± 

SD). 

  
Maximum 

intended velocity 

0° 100% 

Maximum intended 

velocity 45° 100% 
p  

Effect size 

(d) 

Male 
MPV (m/s) 0.43 ± 0.06  0.39 ± 0.06  0.002  0.66 

Vmax (m/s) 0.85 ± 0.12 0.82 ± 0.12 0.054 0.25 

Female 
MPV (m/s) 0.37 ± 0.05  0.33 ± 0.05  < 0.001 0.80 

Vmax (m/s) 0.76 ± 0.08 0.72 ± 0.09 < 0.001 0.46 

*Both variables presented statistically significant differences between the genders (p < 0.05). 

 

 

Table 19. Comparison of Pmax under the conditions executed at a steady-paced velocity (mean ± SD)a. 

      0° 100%    45° 100% 0° 150% 

Pmax (W) 
Male 488.9 ± 132.6ab 560.8 ± 169.6 abc 512.3 ± 123.2 a 

Female 288.4 ± 44.7 323.8 ± 79.3 294.6 ± 59.3 

aBoth variables presented statistically significant differences between the genders (p < 0.05). 

bIndicates significant differences with regard to 0° 150% (p < 0.05). 
cIndicates significant differences with respect to 0° 100% (p < 0.05). 
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Table 20. Comparison of Pmax under the conditions executed at both maximum intended velocity and steady-paced 

velocity* (mean ± SD). 

      0° 100% 45°° 100% p-value 
Effect 

size (d) 

Male Pmax (W) 

Maximum intended 

velocity  
1556.8 ± 295.8 1665.9 ± 412.9 0.131 0.30 

Steady-paced velocity      488.9 ± 132.6 560.8 ± 169.6 0.016 0.47 

Female Pmax (W) 

Maximum intended 

velocity  
1056.7 ± 189.1 995.8 ± 195.8 0.425 0.31 

Steady-paced velocity      288.4 ± 44.7 323.8 ± 79.2 0.176 0.55 

*All variables presented statistically significant differences between velocities and genders (p < 0.001). 

 

Discussion 

 Despite the belief that variations in feet stance might affect muscle activation during the leg press 

exercise, our results suggested that such modifications might be meaningless if our training aim is to 

elicit preferential activation of one particular muscle over the rest. Our results agree with those 

reported by Escamilla et al. (2001), who found no changes in muscle activation based on the feet 

abduction position (Martín-Fuentes et al., 2020b). If the aim is to focus on a specific muscle, 1 might, 

for instance, modify or limit the range of motion in the leg press exercise, as it has been widely reported 

that the vastus medialis, VL and RF elicit their greatest muscle activation during the first part of the 

extension phase (Gorostiaga et al., 2012; Hahn, 2011; Martín-Fuentes et al., 2020b; Walker et al., 2011). 

  The fact that there is greater muscle activation in the positive phases of the movement is broadly 

supported in the literature; this is partly explained by the major recruitment of muscle fibers that this 

phase requires (Alkner & Bring, 2019; Gorostiaga et al., 2012; Komi et al., 2000; Machado et al., 2017; 

Matheson et al., 2001; Ono et al., 2010). On the other hand, the greater muscle activation elicited under 

maximal intended conditions is in accordance with the results reported by Walker et al. (2011), who 

found greater muscle activation under explosive contractions. Nonetheless, this issue has hardly been 

assessed (Hannah et al., 2015). 

 
Figure 16. Displacement and time kinematic data for all conditions during both the negative and positive 

phases. 
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 Several studies have raised concerns regarding gender differences on lower body biomechanics 

(Spiteri et al., 2014), neuromuscular function and muscle activation imbalances (Nimphius et al., 2019), 

or decreased relative quadriceps muscle activation in men rather than women (Myer et al., 2009). Even 

though overall muscle activation was greater for men in absolute terms (raw µV), when normalized to 

%MVC, the muscle activation pattern was very similar between genders. Therefore, we might 

conclude that the muscle activation pattern differs only slightly between men and women when 

performing the inclined leg press exercise. For both gender groups, VMO presented the greatest 

muscle activation while GMed presented the lowest. Regarding differences in the VL, in the men 

group, greater muscle activation was presented, followed by RF; in the women group, the opposite 

was true. This information may guide coaches and practitioners when selecting the specific exercise 

and range of motion. Nonetheless, we confirmed that the inclined leg press is an optimal exercise for 

targeting muscle activation in the entire quadriceps muscle complex  (Da Silva et al., 2008; Escamilla 

et al., 2001; Gonzalez et al., 2017; Machado et al., 2017; Schoenfeld et al., 2014; Walker et al., 2011). 

 In terms of the kinematic parameters, we reported greater MPV, Vmax and Pmax values for men 

than for women under all the conditions. In addition, MPV and Vmax were greater under the 0° 100% 

maximum intended velocity condition than under the 45° 100% maximum intended velocity condition 

for both gender groups. Gender differences in MPV, Vmax and Pmax are not surprising since the 

anthropometric measures and basal neuromuscular capabilities for exerting force are greater in men 

than in women (Hannah et al., 2015; Nimphius et al., 2019). However, it is worth noting that the 0° 

100% feet stance was reported by all participants as being the most comfortable, which might lead one 

to conclude that the preferred feet stance should be encouraged to enhance performance. Women were 

more affected by variations in feet stance; for instance, they reported greater discomfort under the 45° 

external rotation condition. 

 Footplate displacement was greater in the positive phases for men under all conditions, whereas, 

in the negative phase, there was no difference between men and women. Furthermore, greater 

footplate displacements were reported under maximum intended velocity conditions than under 

steady-paced conditions for all participants. Finally, no significant differences in movement times were 

reported between men and women, while the positive phases were faster under all conditions and in 

both gender groups. The greater displacement in the positive phases under the maximum intended 

velocity conditions is explained by the inertia elicited on the explosive contractions, which even 

produced non-contact time between the feet and the footplate. This is to some extent related to the 

flight time during a jumping or landing task (Alcazar et al., 2017; Conceição et al., 2016; Marcos-Pardo 

et al., 2019; Meylan et al., 2015). 

 Leg press has been defined as a safe ballistic movement, which stimulates jump biomechanics 

(Meylan et al., 2015; Samozino et al., 2012). The ability to exert the maximum power during a dynamic 

multi joint movement would depend on the nature of the movement per se (Cormie et al., 2011). Thus, 

the exercises selected for a training program would modulate adaptations and improvements in sports 

performance (Cormie et al., 2011; Meylan et al., 2015; Samozino et al., 2012). 
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 Maximal power during a movement might be enhanced by increasing the ability to exert greater 

levels of force at a given velocity (Cormie et al., 2011; Meylan et al., 2015). Since sports-related 

movements usually demand greater power requirements, it might be more beneficial to include 

explosive movements in the training program to maximize sports-related skills transference and 

enhance performance (González-Badillo et al., 2014; Jidovtseff et al., 2015; Pareja-Blanco et al., 2014). 

 

Limitations 

 Some of the limitations encountered during the measurements were related to the performance 

of the steady-paced condition rhythm. Most people were not used to carefully controlling their MV, 

so extra time was needed with each participant during the prior familiarization session to ensure they 

had mastered the proper technique and pace. Another issue arose during the pilot study, which 

included the 45° 150% maximum velocity condition and the 0° 150% maximum intended condition. 

Unfortunately, the footplate size did not allow us to perform these conditions because, in most cases, 

the subjects’ feet did not fit into the footplate; as a result, we decided to eliminate this condition. 

Furthermore, a sample of trained young college students was tested, so our results should be 

interpreted with caution, being only extrapolated to a population with similar characteristics.  

Conclusions 

 Overall, the muscle activation pattern presented no significant differences between conditions 

regarding feet width stance and feet external rotation for 0° 100% and 45° 100% performed at both 

velocities within each gender group. The positive phase presented greater muscle activation and faster 

under all conditions in both gender groups than the negative phase for the different conditions, 

whereas muscle activation for the maximum intended velocity sets was greater than those elicited 

during steady-paced contractions. 

 Regarding the kinematic parameters, MPV, Vmax and Pmax presented significantly greater values 

in the men population under all conditions. Furthermore, MPV and Vmax were greater under the 0° 

100% maximum intended velocity condition than under the 45° 100% maximum intended velocity 

condition in both men and women. 
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Abstract 

The objectives of this study were threefold: i) to analyze the load-velocity relationships between mean 

propulsive velocity (MPV), mean velocity (MV), peak velocity (PV), and relative load during the 

inclined leg press exercise; ii) to analyze the differences in the load-velocity relationships between 

males and females; and iii) to determine gender-specific predictive equations for loads between 50%-

100% one-repetition maximum (1RM) in a population of trained young college students. The load-

velocity relationships of 15 males and 13 females were explored through a progressive loading test, up 

to the individual 1RM load. Gender-specific load-velocity relationships were plotted along with the 

individual relationships. High to very high associations were found for gender-specific load-MPV 

(males: R2 = 0.920, SEE = 0.030 m·s-¹; females: R2 = 0.879, SEE = 0.031 m·s-¹) and load-MV (males: R2 = 

0.924, SEE = 0.029 m·s-¹; females: R2 = 0.865, SEE = 0.034 m·s-¹) relationships, whereas load-PV presented 

moderate associations (males: R2 = 0.781, SEE = 0.076 m·s-¹; females: R2 = 0.667, SEE = 0.072 m·s-¹). The 

gender-specific load-velocity relationships in males were steeper than in females for MPV, MV and 

PV. However, individual load-velocity relationships presented higher associations than gender-

specific relationships for all subjects. Finally, the predicted velocity outcomes for each %1RM load 

were always significantly higher in males than in females, except for PV at 95% and 100% 1RM load. 

An alpha level of 0.05 was set as the statistical significance level. Taken collectively, the findings from 

the present study support the application of subject-specific and gender-specific load-velocity 

relationships (using MPV and MV), highlighting the disparities between male and female 

relationships. 

Keywords: velocity-based resistance training, training load monitoring, exercise prescription, gender 

disparities, performance. 
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Introduction 

 Strength training has become more popular over recent years amongst all populations of both 

genders. The importance of strength training in maintaining overall health has been widely reported 

not only for athletes but for all age groups, from children to the elderly (Kraemer & Ratamess, 2004; 

Pareja-Blanco et al., 2020; Suchomel et al., 2018). Training needs vary for distinct population groups, 

so the training routines must be tailored to the specific training goal. To achieve this, many variables 

must be considered to accurately design individualized strength training programs (González-Badillo 

et al., 2011; Scott et al., 2016). 

 One of the initial concerns of strength-and-conditioning professionals is to objectively quantify 

and monitor the actual load that the athlete/trainee is exercising during a training drill. Traditional 

protocols for prescribing the training load and determining the trainees’ maximum strength involve 

assessing the one-repetition maximum (1RM, which is the maximum load that can be lifted once) 

(Kraemer & Ratamess, 2004; Scott et al., 2016). However, safer and faster methods have recently been 

developed that are convenient for controlling the maximum strength fluctuations throughout the 

training period (González-Badillo et al., 2011; González-Badillo & Sánchez-Medina, 2010; Loturco et 

al., 2016; Niewiadomski et al., 2008; Pareja-Blanco et al., 2020).  

 In this regard, an alternative method for controlling the training load during strength training is 

based on movement velocity. Several authors have previously reported the relationship existing 

between movement velocity and relative load during certain strength training exercises (González-

Badillo et al., 2011; González-Badillo & Sánchez-Medina, 2010; Jidovtseff et al., 2015). Relative load 

predictive equations can be obtained from velocity parameters such as mean propulsive velocity 

(MPV), mean velocity (MV) or peak velocity (PV), and vice versa (García-Ramos, Pestaña-Melero, et 

al., 2018a; Pareja-Blanco et al., 2020). Consequently, load-velocity relationship determination has been 

established as a reliable method for gauging the actual effort a trainee is exerting on a daily basis, thus 

avoiding time-consuming maximal strength tests (González-Badillo & Sánchez-Medina, 2010; 

Jidovtseff et al., 2015). 

 These load-velocity relationships are exercise-dependent, meaning that for a given load (%1RM), 

the movement velocity would differ between exercises. Apparently, exercises that involve larger 

muscle groups elicit greater velocities at the same %1RM (Balsalobre-Fernández, García-Ramos, et al., 

2018; Conceição et al., 2016; Sánchez-Medina et al., 2014). Similarly, it has been demonstrated that the 

load-velocity relationship is also subject-dependent, for example, between young athletes and older 

athletes (Kraemer & Ratamess, 2004; Marcos-Pardo et al., 2019), and between genders (García-Ramos, 

Suzovic, et al., 2019; Pareja-Blanco et al., 2020). A drawback of this methodology is that load-velocity 

relationships have barely been explored in females (Balsalobre-Fernández, García-Ramos, et al., 2018; 

García-Ramos, Suzovic, et al., 2019; Pareja-Blanco et al., 2020; Torrejón et al., 2019). Therefore, a specific 

assessment of the load-velocity relationships should be performed if our aim is to accurately estimate 

percentage training loads in a particular population (Balsalobre-Fernández, García-Ramos, et al., 2018; 

Torrejón et al., 2019).  
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 Load-velocity relationships have been extensively studied for exercises such as the bench press 

(Balsalobre-Fernández, Muñoz-López, et al., 2018; García-Ramos, Pérez-Castilla, et al., 2018; García-

Ramos, Pestaña-Melero, et al., 2018b; Helms et al., 2016; Martínez-Cava et al., 2019; Pestaña-Melero et 

al., 2018; Rodiles-Guerrero et al., 2020; Torrejón et al., 2019), squat (Balsalobre-Fernández, Muñoz-

López, et al., 2018; Helms et al., 2016; Morán-Navarro et al., 2019; Pérez-Castilla et al., 2017; Sánchez-

Medina et al., 2017; Spitz et al., 2019), deadlift (Benavides-Ubric et al., 2020; Helms et al., 2016; Morán-

Navarro et al., 2020), bench pull (García-Ramos, Ulloa-Díaz, et al., 2019; Sánchez-Medina et al., 2014), 

shoulder press (Balsalobre-Fernández, García-Ramos, et al., 2018; García-Ramos, Suzovic, et al., 2019; 

Hernández-Belmonte et al., 2021), hip thrust (Balsalobre-Fernández, Muñoz-López, et al., 2018; de 

Hoyo et al., 2019) and pull-up (Muñoz-López et al., 2017; Sánchez-Moreno et al., 2017). However, even 

though the inclined leg press is a recurring exercise for lower-limb strengthening, the load-velocity 

relationship for this exercise has not been extensively studied. For instance, accurate predictive 

equations for estimating the %1RM based on MPV and PV were previously reported for the inclined 

leg press exercise in a population of young male athletes (Conceição et al., 2016), but not in females. 

 To the best of our knowledge, there is no evidence comparing the load-velocity relationships 

between males and females during the inclined leg press exercise. Furthermore, with regard to the 

female gender, only one study has assessed the load-velocity relationship in an older female 

population (Marcos-Pardo et al., 2019); this highlights the need to study the behavior of these output 

variables in females from other age groups. Therefore, the objectives of this study were threefold: i) to 

analyze the load-velocity relationships (between MPV, MV, PV and relative load) during the inclined 

leg press exercise; ii) to analyze the differences in the load-velocity relationships between males and 

females; and iii) to determine the gender-specific velocity predictive equations and load predictive 

equations for loads between 50%-100% 1RM in a population of trained young college students. 

 

Methods 

Experimental design  

 A cross-sectional design was used to explore the load-velocity relationships in the inclined leg 

press exercise. The protocol involved a familiarization and testing session, and all data were collected 

on the same measurement day. A progressive loading test up to 1RM load was used to determine the 

individual load-velocity relationships, following previously reported procedures (Conceição et al., 

2016). The subjects were prevented from doing any strenuous exercise 24h prior to the testing day, and 

all subjects performed the test under similar environmental conditions. The velocity outcome 

measures used as performance variables were mean propulsive velocity (MPV), mean velocity (MV) 

and peak velocity (PV) (Sánchez-Medina et al., 2010). 

Subjects 

 Twenty-eight young healthy college students selflessly took part in the study, 15 of them were 

male and 13 were female. The subjects’ descriptive characteristics are presented in Table 21. To qualify 

for inclusion in the study, the subjects had to have at least one year of resistance training experience 
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and report no health issues over the six months prior to the measurements that might compromise 

testing. Moreover, they had to be familiarized with the inclined leg press exercise and perform strength 

training routinely, from two to five times per week. The use of anabolic steroids, or any similar drugs, 

was reason for exclusion from the study. All subjects were informed of the benefits and risks of the 

investigation and signed an informed consent form before the measurements. An Institutional Review 

Board approved the study protocol, which adhered to the tenets of the Helsinki Declaration. 

 

   Table 21. Descriptive characteristics of the sample. Mean ± SD. 

 Male (n=15) 

(M ± SD) 

Female (n=13) 

(M ± SD) 

Age (years) 22.73 ± 2.93 22.77 ± 2.77 

Height (cm) 180.00 ± 3.68 169.54 ± 10.63 

Body weight (kg) 73.80 ± 16.48 61.08 ± 8.21 

Hip width (cm) 30.67 ± 2.05 28.38 ± 2.21 

   
RT experience (years) 3.06 ± 1.79 3.07 ± 1.93 

 

 

Testing procedures 

 Anthropometric assessments (height, body weight and hip width) were conducted as a first step. 

All procedures were supervised by a certified strength-and-conditioning specialist to ascertain a 

proper technique and to ensure the safety of subjects. Before the measurements, the subjects received 

a brief reminder of the procedures and performed a preestablished warm-up protocol which included 

a five-minute run on a treadmill (SALTER RS-30, Salter S.A., Barcelona, Spain), mobility drills and 

dynamic low-intensity exercises (body-weight lunges and air squats) (Martín-Fuentes et al., 2020c). 

Immediately afterwards, the subjects performed a six-repetition set of the inclined leg press exercise 

with moderate loads (˂60 kg) (Conceição et al., 2016; Marcos-Pardo et al., 2019). Then, the actual test 

was conducted. Full knee extension was set as 0° and the subjects were then asked to bend their knees 

to 90° of knee flexion (i.e., the shinbone parallel to the floor). Adhesive tape was stuck on the inclined 

leg press device at its lowest position as a marker for the subject to ensure the same range of motion 

during all the trials. The feet were placed at a self-selected position over the inclined leg press footplate 

with a between-feet distance similar to each subject’s hip width (Martín-Fuentes et al., 2020b, 2020c). 

A controlled pace was encouraged for the negative phase of the exercise, whilst maximum intended 

effort was encouraged for the positive phase (Padulo et al., 2013).  

 The progressive loading test was performed over a maximum of eight trials. As described in 

previous studies, a 10% 1RM increment was added to each consecutive set until the subjects attained 

a mean propulsive velocity (MPV) of 0.5 m·s-1 (Conceição et al., 2016; Martín-Fuentes et al., 2020c; 

Sánchez-Medina et al., 2010). From then on, the increments ranged from 5kg to 1.25 kg (AZAFIT 



Section II. Study VI. 

 

 

 
Page 192 of 260 

 

bumper plates, Viseu, Portugal) until 1RM was reached. The initial loads were 80 kg for males and 60 

kg for females, a load close to 30% of 1RM for each gender (Conceição et al., 2016). For these moderate 

loads, four repetitions were performed at a velocity of up to 1.15 m·s-1 MVP, with three to four minutes 

rest between sets. Two repetitions were performed under medium-intensity loads (1.15 m·s-1 ≥ MPV ≥ 

0.5 m·s-1) with five minutes rest between them, and only one repetition was performed under the 

maximum intensity load, with six minutes rest between trials (MPV < 0.5 m·s-1). The 1RM load was 

that which could only be lifted once while maintaining a proper exercise technique. The subjects 

received verbal encouragement from the examiners to promote maximum effort. Only the best 

repetition (the highest MPV that was correctly executed) at each load was considered for further 

analysis (Benavides-Ubric et al., 2020; González-Badillo & Sánchez-Medina, 2010; Sánchez-Medina et 

al., 2014).  

Measurement equipment and data acquisition 

 Anthropometric measurements were taken using a Seca 213 stadiometer (Seca, Hamburg, 

Germany) for the height, a body composition analyzer (model BF-350; Tanita, Tokyo, Japan) for the 

weight, and a measuring tape (SECA 200; Harpenden range, Holtain Ltd., Crymych, Wales, UK) for 

the hip width. An inclined leg press device (FITTECH PL688, Viseu, Portugal) was used for the trials. 

A linear transducer (T-Force System, Ergotech, Murcia, Spain) sampling at 1000 Hz and smoothed 

using a 4th order low-pass Butterworth filter, with no phase shift and a 10 Hz cut-off frequency (Morán-

Navarro et al., 2019), was placed parallel to the inclined press equipment over an inclined platform. 

This platform enables to adjust the cable gradient, so it followed the same track as the inclined leg 

press equipment. The linear transducer cable was attached to the inclined leg press bar. The T-Force 

system was connected to a personal computer where the relevant kinematic parameters were 

automatically calculated for each trial. Furthermore, the T-Force software provided real-time feedback 

and stored all the data. The reliability of this system has been reported elsewhere (Sánchez-Medina et 

al., 2014; Sánchez-Medina & González-Badillo, 2011). 

Statistical Analyses 

 All the data were first collected in a spreadsheet (Excel software, Microsoft Corporation, Seattle, 

WA, USA). The normal distribution (the Shapiro-Wilk test) and the homogeneity of variances 

(Levene´s test) were confirmed for all the variables (p > 0.05). Standard statistical methods were used 

for the calculation of means, standard deviation (SD), standard error of estimates (SEE), Pearson´s 

correlation coefficient (R) and Pearson’s multivariate coefficient of determination (R2). The confidence 

interval (CI) was set at 95%. The relationships between the relative load (%1RM) and the velocity 

variables (MV, MPV and PV) were analyzed by fitting first order polynomials to the data, as previously 

described elsewhere (Conceição et al., 2016; García-Ramos, Ulloa-Díaz, et al., 2019; Pérez-Castilla et al., 

2017; Pestaña-Melero et al., 2018), separately for males and females. The goodness of fit was assessed 

by R2 and SEE. Only trials from 50% to 100% of the 1RM individual load were recorded and processed 

for further analysis. Cohen’s d effect size (ES; ≤ 0.19 as trivial; 0.2-0.49 as small; 0.5-0.79 as intermediate; 

and ≥ 0.8 as large effect) (Cohen, 1988), was used to compare the slopes and the Fisher’s Z-transformed 

R coefficients between the gender-specific load-velocity relationships (Torrejón et al., 2019). The 

individual load-velocity relationships were also plotted and the R2 values were compared to those 
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reported for the gender-specific load-velocity relationships using one-way ANOVA applied on the R2 

coefficients. The 1RM load and predicted velocity outcomes were compared between the genders 

through the independent samples t test. An alpha level of 0.05 was set as the statistical significance 

level. Statistical analyses were performed using SPSS software version 26.0 (SPSS, Chicago, IL, USA).  

 

Results 

 The actual MPV, MV and PV values attained when reaching the 1RM load are shown in Table 22 

along with the 1RM loads for males and females. The MV, PV and 1RM load were statistically different 

between genders (p < 0.001), whilst for the actual MPV, no statistical differences were found between 

males and females.  

 

 Table 22. Actual mean propulsive velocity (MPV), mean velocity (MV) and peak velocity 

  (PV) when attaining the 1 repetition maximum (1RM), and the 1RM load (kg) for males 

  and females. 

         

  
MPV (m·s-¹) 

(M ± SD) 

MV (m·s-¹) 

(M ± SD) 

PV (m·s-¹) 

(M ± SD) 

1RM load (kg) 

(M ± SD) 

Male 0.22 ± 0.01 0.21 ± 0.01** 0.55 ± 0.03** 274.69 ± 10.84** 

Female 0.22 ± 0.01 0.20 ± 0.01 0.572 ± 0.03 178.84 ± 4.53 

             Significant differences between genders: **p < 0.001. 

 

Load-velocity relationships. Comparison between the genders 

 The gender-specific first order polynomials to predict the MPV, MV and PV attained with each 

% 1RM are shown in Figure 17. High to very high associations were found between MPV (males: R2 = 

0.920, SEE = 0.030 m·s-¹; females: R2 = 0.879, SEE = 0.031 m·s-¹), MV (males: R2 = 0.924, SEE = 0.029 m·s-¹; 

females: R2= 0.865, SEE = 0.034 m·s-¹) and 1RM percentages. In contrast, the associations between PV 

and 1RM percentages were moderate (males: R2= 0.781, SEE = 0.076 m·s-¹; females: R2 = 0.667, SEE = 

0.072 m·s-¹). The R coefficients of the gender-specific load-velocity relationships were greater in males 

than in females for MPV (ES = 0.201), MV (ES = 0.239) and PV (ES = 0.217). Furthermore, the slopes of 

the gender-specific load-velocity relationships were steeper in males than in females for MPV (ES = 

0.005), MV (ES = 0.004) and PV (ES = 0.006). 
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Males: MPV (m·s-¹) = - 0.007 Load + 0.951; R2 = 0.920; SEE = 0.030 m·s-¹  

Females: MPV (m·s-¹) = - 0.006 Load + 0.831; R2 = 0.879; SEE = 0.031 m·s-¹  

 

 Males: MV (m·s-¹) = - 0.007 Load + 0.927; R2 = 0.924; SEE = 0.029 m·s-¹  

Females: MV (m·s-¹) = - 0.006 Load + 0.815; R2 = 0.865; SEE = 0.034 m·s-¹  
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Males: PV (m·s-¹) = - 0.010 Load + 1.581; R2 = 0.781; SEE = 0.076 m·s-¹  

Females: PV (m·s-¹) = - 0.007 Load + 1.310; R2 = 0.667; SEE = 0.072 m·s-¹ 

 

Figure 17. Load-velocity relationships obtained from the inclined leg press exercise. The linear 

regression models are shown separately for males (circle) and females (square). R2, Pearson’s 

multivariate coefficient of determination; SEE, standard error of estimates. 

 

 However, the individual load-velocity relationships presented higher R2 values (p < 0.001) than 

gender-specific relationships. Very high to quasi-perfect associations were found for males (R2; MPV 

= 0.973 [0.930-1.000]; MV = 0.972 [0.930-1.000]; PV = 0.963 [0.880-1.000]) and for females (R2; MPV = 

0.954 [0.900-1.000]; MV = 0.950 [0.910-1.000]; PV = 0.963 [0.880-1.000]). 

 Table 23 shows the predicted velocity outcomes (MPV, MV and PV) for each intensity (from 50% 

to 100% of 1RM) in males and females, respectively. The independent samples t-test showed a 

significantly greater predicted MPV, MV and PV in males than in females for each %1RM (p < 0.001), 

except for the PV at 95% (p < 0.01) and 100% (p > 0.05) of the 1RM load. 

 

Predicting relative load from velocity data 

Predictive equations using the velocity data as the independent variable were obtained from the load-

velocity relationships. The load predictive equations obtained were as follows: 
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For males: 

Load (% 1RM) = - 128.915 MPV + 128.692 (R2 = 0.920; SEE = 4.06%). 

Load (% 1RM) = - 129.891 MV + 126.161 (R2 = 0.924; SEE = 3.96%). 

Load (% 1RM) = - 77.635 PV + 139.385 (R2 = 0.781; SEE = 6.71%). 

For females: 

Load (% 1RM) = - 144.765 MPV + 130.362 (R2 = 0.879; SEE = 4.88%). 

Load (% 1RM) = - 140.776 MV + 125.823 (R2 = 0.865; SEE = 5.15%). 

Load (% 1RM) = - 91.296 PV + 147.226 (R2 = 0.667; SEE = 8.10%). 

 

 

Table 23. Predicted mean propulsive velocity (MPV), mean velocity (MV) and peak velocity (PV) for 

the inclined leg press exercise at each load (%1RM) for males (n=54) and females (n=49). 

   

  
MPV (m·s-¹) 

(M ± SD) 

MV (m·s-¹) 

(M ± SD) 

PV (m·s-¹) 

(M ± SD) 

Load 

(%1RM) 
Males Females Males Females Males Females 

50 0.59 ± 0.01** 0.53 ± 0.01 0.57 ± 0.01** 0.51 ± 0.01 1.08 ± 0.02** 0.95 ± 0.03 

55 0.56 ± 0.01** 0.50 ± 0.01 0.54 ± 0. 01** 0.48 ± 0. 01 1.03 ± 0.02** 0.91 ± 0.02 

60 0.52 ± 0.01** 0.47 ± 0.01 0.50 ± 0. 01** 0.45 ± 0. 01 0.98 ± 0.02** 0.87 ± 0.02 

65 0.49 ± 0.01** 0.44 ± 0.01 0.47 ± 0. 01** 0.42 ± 0. 01 0.93 ± 0.01** 0.84 ± 0.02 

70 0.45 ± 0.01** 0.41 ± 0.01 0.43 ± 0. 01** 0.38 ± 0. 01 0.88 ± 0.01** 0.80 ± 0.01 

75 0.42 ± 0.01** 0.38 ± 0.01 0.40 ± 0. 01** 0.35 ± 0. 01 0.83 ± 0.01** 0.76 ± 0.01 

80 0.38 ± 0.01** 0.35 ± 0.01 0.36 ± 0. 01** 0.32 ± 0. 01 0.78 ± 0.01** 0.73 ± 0.01 

85 0.35 ± 0.01** 0.32 ± 0.01 0.32 ± 0. 01** 0.29 ± 0. 01 0.73 ± 0.01** 0.69 ± 0.01 

90 0.31 ± 0.01** 0.29 ± 0.01 0.29 ± 0. 01** 0.26 ± 0. 01 0.68 ± 0.02** 0.65 ± 0.01 

95 0.27 ± 0.01** 0.25 ± 0.01 0.25 ± 0. 01** 0.23 ± 0. 01 0.63 ± 0.02* 0.62 ± 0.01 

100 0.24 ± 0.01** 0.22 ± 0.01 0.22 ± 0. 01** 0.20 ± 0. 01 0.58 ± 0.02 0.58 ± 0.02 

 Significant differences between genders: *p < 0.01; **p < 0.001. 
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Discussion and implications 

 The present study examined the load-velocity relationships during the inclined leg press exercise 

and analyzed the differences in the load-velocity relationships between young college students, and 

between males versus females. Gender-specific predictive equations for loads between 50%-100% 1RM 

were also reported. To the best of our knowledge, this is the first time that load-velocity relationships 

during the inclined leg press exercise have been compared between males and females. The study 

findings showed that MPV and MV can be used to accurately estimate the relative load during the 

inclined leg press, despite the considerable differences in the velocity associated to each %1RM 

between males and females. However, the current study also revealed that individual load-velocity 

relationships can be markedly different from gender-specific load-velocity relationships for all 

subjects. Hence, the assumption that gender-specific and subject-specific load-velocity predictive 

equations provide better relative load estimations than general equations was inherently confirmed.  

 The actual MPV in males (0.22 ± 0.01 m·s-¹) did not differ from the actual MPV in females (0.22 ± 

0.01 m·s-¹) during the 1RM test, the data being very close to the actual 1RM MPV (0.21 ± 0.03 m·s-¹) 

previously reported by Conceição et al. (2016) in a male athlete population with similar characteristics 

to our male study sample. Moreover, the MV of the 1RM (0.21 ± 0.02 m·s-¹) during the leg press exercise 

in an older female population (Marcos-Pardo et al., 2019) was apparently comparable to the 1RM MV 

results in our female sample (0.20 ± 0.01 m·s-¹).  In contrast, the velocities reported under submaximal 

loads (%1RM) presented differences between gender groups and age groups (Conceição et al., 2016; 

Marcos-Pardo et al., 2019), the lowest being for the older female group. Similar results were reported 

when testing other strength training exercises, leading to the conclusion that the maximal strength 

level may not be responsible for the differences in the load-velocity relationships between genders 

(Torrejón et al., 2019). Indeed, these controversial findings highlight the need to individualize the load-

velocity relationships. 

 Close associations were described for the load-MPV and load-MV (R2 > 0.865) in the gender-

specific load-velocity relationships of males and females. However, gender-specific load-PV 

relationships presented moderate associations for males (R2 = 0.781) and for females (R2 = 0.667), which 

implies that the relative load estimations for the exercise in this population group are less accurate. 

Such findings agree with others supporting the use of MPV and MV, rather than PV, to accurately 

estimate load-velocity relationships during strength training exercises (Conceição et al., 2016; García-

Ramos, Pestaña-Melero, et al., 2018a; García-Ramos, Ulloa-Díaz, et al., 2019). Accordingly, we would 

recommend using MPV or MV data to estimate relative load during the inclined leg press exercise in 

both genders. This might be a practical tool in real situations given that coaches and athletes/trainees 

are generally interested in estimating load from velocity data. Therefore, the inclined leg press exercise 

can be added to the extensive list of basic strength training exercises in which real-time velocity is an 

appropriate indicator of the relative load (Balsalobre-Fernández, García-Ramos, et al., 2018; González-

Badillo et al., 2011; Sánchez-Medina et al., 2017). 

 In addition, it should be noted that trivial differences were observed between the gender-specific 

relationships’ slopes of the graphs described for the load-MPV, load-MV and load-PV. The steeper 

slopes (i.e., the change in velocity for a given change in %1RM) presented for males compared to 
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females have also been reported elsewhere (Balsalobre-Fernández, García-Ramos, et al., 2018; García-

Ramos, Suzovic, et al., 2019; Torrejón et al., 2019). Consequently, females would attain lower velocities 

than men under a given %1RM load, and vice versa. Furthermore, comparable results were reported 

on a previous study comparing force-velocity profiles, in which maximal velocity, maximal power and 

maximal force were higher in males than in females (Jaafar et al., 2015). This might be explained not 

only by the different strength capabilities observed between males and females, but also because of 

the different distribution of muscle-fiber types and distinct rate of force development between genders 

(Kraemer & Ratamess, 2004; Torrejón et al., 2019). Evidently, more research is needed to assess these 

differences between genders and to prescribe training loads based on individual needs. 

 Another major finding of our study, which matches the key findings of several previous studies, 

is the greater linearity presented by individual relationships over gender-specific relationships 

(Benavides-Ubric et al., 2020; García-Ramos, Pestaña-Melero, et al., 2018b; Pestaña-Melero et al., 2018; 

Torrejón et al., 2019). The R2 of the individual load-velocity - the load-MPV, load-MV and load-PV 

relationships - were always higher than the R2 for the gender-specific relationships in all subjects 

(Hervéou et al., 2018). Therefore, even though gender-specific equations provide sufficiently strong 

estimations, even more accurate relative-load predictions could be obtained from the individual load-

velocity equations. In this way, strength-and-conditioning professionals and athletes/trainees would 

be able to select the accuracy required for a particular training goal. 

 Likewise, following the gender disparities discussed above, significant differences in the velocity 

predictive data (MPV, MV and PV) were found between males and females for almost all the %1RM 

loads. Higher velocities were estimated for males than for females, as previously reported in certain 

studies where the authors analyzed the gender load-velocity relationship differences in other strength 

training exercises (Balsalobre-Fernández, García-Ramos, et al., 2018; García-Ramos, Suzovic, et al., 

2019; Pareja-Blanco et al., 2020; Torrejón et al., 2019). The same thing occurs whenever we try to 

estimate relative load (%1RM) for a given velocity. Indeed, this study also reports on gender-specific 

relative-load predictive equations, considering that they are likely to be more practical tools 

(Benavides-Ubric et al., 2020). Over and again, our findings reaffirm the need to apply gender-specific 

predictive equations if we wish to accurately quantify and prescribe the training load. 

 One of the main limitations of this study is that the loads computed for further analysis were only 

those from trials within the 50%-100% 1RM range. This was justified by the limitation to maximally 

apply force under light loads (Benavides-Ubric et al., 2020; Sánchez-Medina et al., 2017). Therefore, the 

reference data provided can only be applied to this load range. In addition, this method only allows 

us to evaluate kinematic variables during the positive phase of the exercise, thus its application is 

restricted to positive phases. This needs to be considered when prescribing a comprehensive training 

program. Lastly, we should be cautious when interpreting and comparing the present study findings 

to other population groups since our sample comprised young college students. As mentioned above, 

multiple factors might affect the determination of the load-velocity relationships. It is unlikely that 

coaches and athletes/trainees would be able to accurately prescribe the training load for the inclined 

leg press exercise based on the present findings when dealing with a population that has different 

characteristics to those of our sample population. Nonetheless, our findings might have multiple 
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practical applications since most fitness center users have a profile similar to that of the subjects in the 

present study. 

 

Conclusions 

 Taken collectively, the findings of the present study support the application of individualized 

load-velocity relationships when prescribing training load for the inclined leg press exercise. 

Nevertheless, certain aspects must be considered. For instance, individual load-velocity equations 

provide the best estimation accuracy whereas gender-specific equations provide better accuracy than 

general equations that do not distinguish between gender. Based on our findings, we would strongly 

encourage researchers studying this topic to extend their investigations across the female population. 

Therefore, ultimately, the reference data on training load prescription for females will be as extensive 

as it currently is for males. 

 Nowadays, the assessment of load-velocity relationships is widely accessible to anyone. Indeed,  

for some protocols,  one simply needs to register the velocity under two different loads; these can easily 

be measured with a smartphone app (Balsalobre-Fernández, García-Ramos, et al., 2018; Torrejón et al., 

2019). This converts such alternative methods into potentially useful and practical tools, which could 

help to optimize daily trainee performance. The present study has provided reference data on both 

young males and young females, adding to the body of knowledge required to accurately prescribe 

the training load for the inclined leg press exercise based on movement velocity. 
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y la he perdido tantas veces 

que perdí la cuenta. 

 

Ahora tengo la certeza 

y la he tenido tantas veces… 

y perdí la apuesta” 
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General conclusions 

 The general conclusions derived from the present doctoral thesis, ascertained via the different 

studies carried out, are of practical value for athletes, coaches and professionals working in the 

strength and conditioning field. In Section I, an analysis was provided of the state of the art regarding 

features, protocols and methodologies performed in the surface electromyography research field. The 

systematic reviews included in Section I also provided certain recommendations on the application of 

the deadlift and leg press exercises, and its variants, in accordance with their muscle activation. 

Ultimately, it established the basis for the subsequent cross-sectional studies (target exercises, 

participants' training status and experience report, exercise load and intensity standardization, 

exercise phases subdivision, and unified methodology etc.).  

 Likewise, in Section II, the four cross-sectional studies addressed certain questions regarding 

various lower limbs strengthening exercises and their muscle activation and kinematics peculiarities. 

A few between-gender differences were highlighted, aiming to point out those aspects that every 

strength and conditioning professional should consider when prescribing the stated exercises. 

 It is worth noting that muscle activation during the concentric phases was always greater than 

the muscle activation during the eccentric phases of the different exercises. Therefore, muscle 

activation was always greater during the maximum intended trials than during the controlled velocity 

trials, whenever these conditions were tested (Studies IV and V). 

 

Specific conclusions 

 The specific conclusions from each of the studies included in the present thesis are outlined as 

follows: 

i. The systematic review of the deadlift exercises (Study I) revealed that the BF is the most 

studied muscle, followed by the GMax. It also revealed that the ES and quadriceps 

muscles presented greater muscle activation than the GMax and BF. Moreover, in the 

hamstrings complex, the ST elicited greater muscle activation than the BF during the 

deadlift exercises. Although the deadlift is traditionally performed for posterior lower 

limb strengthening, there are certain practical considerations. For instance, conventional 

deadlifts tend to elicit greater anterior thigh and lower back muscle activation. In contrast, 

Romanian and straight-leg deadlifts tend to elicit greater posterior thigh muscle 

activation. 

 

ii. The systematic review of leg press exercises (Study II) outlined that the VL and VMO of 

the quadriceps are the most studied muscles and are also the muscles eliciting the greatest 

muscle activation during these exercises, followed by the RF. Furthermore, the VL and 

VMO showed less muscle activation as the knee reached its full extension. In contrast, the 
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BF and gastrocnemius medialis showed their greatest activation as the knee extended to 

full extension. More research is required to investigate the effect on muscle activation of 

modifying feet stances during leg press exercises. 

iii. Study III showed that the monopodal squat produced greater muscle activation in the 

GMed, GMax, BF, VL, VMO and RF compared to the lateral step-up and forward lunge 

exercises, except for the RF in the lateral step-up. The VL and VMO were the muscles that 

elicited the greatest muscle activation during the three exercises, followed by the GMed 

and GMax. We might therefore conclude that these exercises can be the exercises of choice 

for several purposes. 

iv. Study IV firstly revealed that there were no differences in the muscle activation pattern 

between the different conditions tested during the inclined leg press exercises (0° 100%, 

45° 100% and 0° 150% at both the controlled and maximal intended velocities) in a young 

female population. Furthermore, the VMO presented greater muscle activation than the 

VL, RF and GMed under all conditions. Secondly, the MPV, Vmax and Pmax were greater 

during the 0° 100% maximal intended velocity drills. This condition was reported as the 

most comfortable by all the participants. This leads us to conclude that a self-selected 

stance should be encouraged for these types of exercises, and that the inclined leg press 

exercise could be an exercise of choice when the target is to elicit VMO activation to 

reduce knee muscle imbalances. 

v. Study V reported that variations in stance width and/or feet rotation did not affect muscle 

activation during the inclined leg press exercises. There were no significant differences in 

the muscle activation pattern between conditions within each gender group (0° 100%, 45° 

100% and 0° 150% at controlled velocity). However, there were differences in the muscle 

activation pattern between men and women. In men, the VMO showed the greatest 

muscle activation followed by the VL, RF and GMed. In women, the VMO showed the 

greatest activation followed by the RF, VL and GMed. 

 As for the kinematic parameters, the MPV, Vmax and Pmax were greater for the male 

population under all conditions. Additionally, the MPV and Vmax were greater under 

the 0° 100% condition for the male population, as had previously been reported for 

women (Study IV). Finally, the footplate displacement during the positive phase of the 

exercise was greater for the men under all conditions. However, the times were similar 

between conditions, phases, and gender groups. 

 It would appear that the inclined leg press can be an exercise of choice when the aim is 

to target the VMO, regardless of the conditions, execution velocity or gender group. 

vi. Study VI reported high to very high associations between the MPV, MV and 1RM 

percentages in the inclined leg press exercise for men and women. The findings therefore 

support the application of individualized load-velocity relationships for training load 

monitoring in this exercise. Although gender-specific relationships provide greater 

accuracy than general equations (which do not distinguish between gender), individual 
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relationships provided the best accuracy. As a result of this study, valuable reference data 

and gender-specific predictive equations have been provided for training load 

monitoring of the inclined leg press exercise. 

 

Limitations 

 Certain limitations existed in the cross-sectional studies included in the present doctoral thesis: 

i. The intensity (i.e., load) used in each study was different because we had to adapt it to 

the specific conditions of the different exercises and sample. For example, in Study III, 

an intensity of 60% of the 5RM was used, whereas in Studies IV and V, an intensity of 

70% of the 1RM was used to record the sEMG data. This is explained by the differences 

inherent in the exercises’ stability, which determined lighter loads in the unilateral 

exercises and heavier loads in the leg press exercises. 

ii. In Studies IV and V, the inclined leg press footplate size did not allow us to test other 

variants. For example, it was not possible to perform a 45° external rotation with a 150% 

hip width at maximal intended velocity because the feet did not fit onto the footplate.   

iii. In Studies IV and V, the participants were sometimes not familiarized with the tempo of 

the controlled (steady-paced) conditions. Consequently, time had to be taken to 

familiarize the subjects until they could successfully perform the exercise. 

iv. The sample size was modest (10-28 participants depending on the study). However, this 

did not statistically impair the strength of the results in the different studies. 

v. The sample population was limited. For the studies, we only had access to young college 

students and healthy, young, fitness center users. The situation resulting from the 

pandemic prevented us from performing other studies with specific populations.  

 The findings from the studies comprising the present doctoral thesis could therefore be directly 

applied to similar populations. However, we should be cautious when extrapolating them to different 

contexts.  

 

Future research directions 

 With regard to unifying the methodological protocols and data reporting for studies focused on 

surface electromyography, certain recommendations can be made from the systematic reviews 

(Studies I and II) to reduce the risk of bias and to make the findings comparable to other studies: 
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i. The participants’ training status and experience should be reported in every study, given 

that experience and familiarization with the movements can significantly affect muscle 

activation. 

ii. Muscle activation should be divided into concentric (positive) and eccentric (negative) 

phases of movement, never per single repetition, since the sEMG amplitude varies 

greatly between exercise phases. 

iii. During the data collection, the exercise load quantification method and intensity should 

be reported in detail. 

iv. Information regarding the sample size, the gender of the participants, the electrode 

location, the sEMG guidelines followed, the number of testing days, and the sEMG 

normalization method should be specified. 

 Finally, future research on muscle activation and kinematics should be developed in specific 

populations of athletes. Since training status, experience and sport-related skills might affect muscle 

activation patterns and kinematic performance, it is essential that such variables are investigated in 

these specific populations.  

 It would also be enlightening to investigate the effect of training on muscle activation and 

kinematics in the evaluated exercises through experimental studies. Most studies evaluating muscle 

activation have a cross-sectional design. Nevertheless, important information could be obtained from 

randomized controlled trials studying the variations in muscle activation elicited following a strength 

training approach.  
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Conclusión general 

 La conclusión general que se deriva de la presente tesis doctoral, a través de los diferentes 

estudios realizados, es de valor práctico para deportistas, entrenadores y profesionales del ámbito del 

entrenamiento de la fuerza y el acondicionamiento físico. En la Sección I, se llevó a cabo un análisis de 

la bibliografía actual en cuanto a características, protocolos y metodologías desarrolladas en el campo 

de investigación de la electromiografía superficial. En definitiva, las revisiones sistemáticas incluidas 

en la Sección I proporcionaron algunas recomendaciones sobre la aplicación de los ejercicios de peso 

muerto y prensa de piernas y sus variantes, en base a la activación muscular reportada. Además, se 

establecieron las bases para los posteriores estudios transversales (ejercicios a evaluar, estado de 

entrenamiento de los participantes, informe sobre experiencia en el entrenamiento, estandarización de 

la carga e intensidad del ejercicio, subdivisión de las fases de los ejercicios, unificación de la 

metodología a desarrollar en los estudios…). 

 Por otro lado, en la Sección II, los cuatro estudios transversales incluidos abordaron algunas 

cuestiones relacionadas con diversos ejercicios para el fortalecimiento de los miembros inferiores, en 

cuanto a la activación muscular y algunas variables cinemáticas. Se destacaron algunas diferencias 

entre géneros, con el objetivo de abordar ciertos aspectos que todo profesional del entrenamiento de 

la fuerza y el acondicionamiento físico debe tener en cuenta a la hora de prescribir de forma 

individualizada los ejercicios en cuestión. 

 Cabe destacar que la activación muscular reportada durante las fases concéntricas fue siempre 

mayor que la activación muscular reportada durante las fases excéntricas de los diferentes ejercicios 

evaluados. De igual modo, la activación muscular fue siempre mayor durante los ejercicios realizados 

a máxima intención de velocidad que durante los ejercicios realizados a velocidad controlada, siempre 

que se contrastaron estas condiciones (Estudios IV y V). 

 

Conclusiones específicas 

 Las conclusiones específicas de cada uno de los estudios incluidos en la presente tesis se resumen 

a continuación: 

i.  La revisión sistemática sobre ejercicios de peso muerto (Estudio I) reveló que para esos 

ejercicios el bíceps femoral (BF) es el músculo más estudiado, seguido del glúteo mayor 

(GMax); mientras que los músculos erector espinal (ES) y cuádriceps muestran una 

mayor activación muscular que el GMax y el BF. Además, en la región isquiotibial, el 

semitendinoso (ST) muestra una mayor activación muscular que el BF durante los 

ejercicios de peso muerto.  Por tanto, aunque el ejercicio de peso muerto se ha realizado 

tradicionalmente para el fortalecimiento de la parte posterior de los miembros inferiores, 

se deben tener algunas consideraciones en la práctica. Por ejemplo, el peso muerto 
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convencional tiende a provocar una mayor activación de los músculos de la parte 

anterior del muslo y la parte inferior de la espalda. En contraposición, los músculos 

posteriores del muslo muestran una mayor activación muscular durante el ejercicio de 

peso muerto rumano y el ejercicio de peso muerto con las piernas rectas. 

 

ii.  La revisión sistemática sobre ejercicios de prensa de piernas (Estudio II) destacó que el 

vasto lateral (VL) y el vasto medial oblicuo (VMO) del cuádriceps son los músculos más 

estudiados y los músculos que muestran la mayor activación muscular durante esos 

ejercicios, seguidos inmediatamente por el recto femoral (RF). Además, VL y VMO 

muestran una menor activación muscular a medida que la rodilla se extiende hacia la 

extensión completa. De manera inversa, BF y gastrocnemio medial muestran una mayor 

activación a medida que la rodilla se extiende hacia la extensión completa. Se concluyó 

que eran necesarias más investigaciones para evaluar el efecto de la modificación de la 

posición de los pies durante los ejercicios de prensa de piernas sobre la activación 

muscular. 

 

iii. El estudio III concluyó que la sentadilla unilateral muestra una mayor activación 

muscular en los músculos glúteo medio (GMed), GMax, BF, VL, VMO y RF en 

comparación con los ejercicios de subida al cajón lateral y zancada frontal, a excepción 

del RF en el ejercicio de subida al cajón lateral. Los músculos VL y VMO presentan la 

mayor activación muscular durante los tres ejercicios, seguidos de los músculos GMed y 

GMax. 

 

iv. El estudio IV reveló, en primera instancia, que el patrón de activación muscular no 

muestra diferencias significativas entre las diferentes condiciones evaluadas para los 

ejercicios de prensa de piernas inclinada (0 ° 100%, 45 ° 100% y 0 ° 150% tanto a la máxima 

intención de velocidad como a velocidad controlada) en una población de mujeres 

jóvenes. Además, el VMO presenta la activación muscular más alta en comparación con 

los músculos VL, RF y GMed para todas las condiciones. En segundo lugar, la velocidad 

media propulsiva (MPV), velocidad máxima (Vmax) y potencia máxima (Pmax) son 

mayores durante los ejercicios realizados a máxima intención de velocidad en la 

condición 0 ° 100%. Esta última condición es reportada por los participantes como la más 

cómoda. Por todos estos motivos, se concluye que sería interesante fomentar una 

posición de pies / piernas autoseleccionada para este tipo de ejercicios. Además, el 

ejercicio de prensa de piernas inclinada podría ser un ejercicio de elección interesante 

cuando el objetivo es estimular la activación del VMO para reducir los desequilibrios 

musculares de la rodilla. 

 

v. El estudio V informó que las variaciones en el ancho de la postura y / o la rotación de los 

pies no afectan la activación muscular en los ejercicios de prensa de piernas inclinada. El 

patrón de activación muscular no muestra diferencias significativas entre las condiciones 

dentro de cada grupo de género (0 ° 100%, 45 ° 100% y 0 ° 150% a velocidad controlada). 
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Sin embargo, hubo diferencias en el patrón de activación muscular entre hombres y 

mujeres. En los hombres, el VMO muestra la mayor activación muscular seguida por los 

músculos VL, RF y GMed. En las mujeres, el VMO muestra la mayor activación, seguida 

por los músculos RF, VL y GMed. 

 En cuanto a los parámetros cinemáticos, la velocidad media propulsiva (MPV), 

velocidad máxima (Vmax) y potencia máxima (Pmax) son mayores para la población 

masculina en todas las condiciones. Además, la MPV y la Vmax son mayores durante la 

condición de 0 ° 100% también para la población de hombres, tal y como se reportó 

previamente para las mujeres (Estudio IV). Finalmente, el desplazamiento de la 

plataforma durante la fase positiva del ejercicio es mayor para los hombres en todas las 

condiciones. Sin embargo, los tiempos son similares entre condiciones, fases y género. 

 Aparentemente, el ejercicio de prensa de piernas inclinada puede ser una buena 

elección cuando el objetivo es estimular al músculo VMO, independientemente de la 

condición, la velocidad de ejecución o el género del atleta o deportista. 

 

vi. El estudio VI reportó que las relaciones carga-velocidad por género muestran altas y muy 

altas asociaciones entre los porcentajes de carga (en base a la 1RM) y las variables MPV, 

MV y PV en el ejercicio de prensa de piernas inclinada para hombres y para mujeres. 

Además, los hallazgos abogan por la aplicación de las relaciones individualizadas de 

carga-velocidad para la cuantificación de la carga de entrenamiento en el ejercicio de 

prensa de piernas inclinada. Aunque las relaciones específicas de género proporcionan 

una mayor precisión que las relaciones generales (sin distinción de género), las relaciones 

individuales muestran la mayor asociación, proporcionando así una estimación de la 

cuantificación de la carga de entrenamiento mucho más precisa. No obstante, en 

términos prácticos, no siempre es viable obtener dichas relaciones individuales. Por ello, 

este estudio proporciona datos de referencia y ecuaciones predictivas específicas por 

género para la cuantificación de la carga de entrenamiento en el ejercicio de prensa de 

piernas inclinada. 

 

 

Limitaciones 

 Algunas limitaciones que emergieron durante el transcurso de los estudios transversales 

incluidos en la presente tesis doctoral fueron: 

i. La intensidad (es decir, la carga) que se usó para el registro de la activación muscular 

durante la ejecución de los ejercicios en cada estudio fue diferente, dada la necesidad de 

adaptarse a las condiciones y características específicas de los diferentes ejercicios y 

población a evaluar. Por ejemplo, en el Estudio III se utilizó una intensidad del 60% de 

la 5RM, mientras que en los Estudios IV y V se utilizó una intensidad del 70% de la 1RM 
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para el registro los datos de sEMG. Esto se explica por las diferencias en la estabilidad 

de los ejercicios, que permitieron menos cargas en los ejercicios unilaterales y mayores 

cargas en los ejercicios de prensa de piernas. 

 

ii. En los Estudios IV y V, el tamaño de la plataforma de apoyo de pies de la prensa de 

piernas inclinada no permitió realizar algunas variantes. Por ejemplo, no fue posible 

realizar la variante con rotación externa de pies de 45 ° con un apoyo de pies del 150% 

de la anchura de la cadera a la máxima intención de velocidad. En esta variante los pies 

se desplazaban fuera de la plataforma por la inercia durante la fase concéntrica (o 

positiva) del ejercicio. Por ello, se decidió eliminar esta variante del estudio, ya que 

podría llevar a conclusiones erróneas. 

 

iii. En los Estudios IV y V, en ocasiones se encontró que los participantes no estaban 

familiarizados con el ritmo de los ejercicios durante las series a velocidad controlada (a 

ritmo constante). Por ello, se invirtió tiempo en la familiarización de algunos 

participantes hasta que pudieron realizar los ejercicios de forma satisfactoria. 

 

iv. El modesto tamaño de la muestra en los diferentes estudios, cuyo rango oscila entre 10 y 

28 participantes según el estudio. Sin embargo, este hecho no afectó estadísticamente a 

la potencia de los resultados en los diferentes estudios. 

 

v. La limitada variabilidad en la población participante en los diferentes estudios. Solo se 

tuvo acceso a jóvenes estudiantes universitarios y usuarios de gimnasios, entrenados y 

sanos. La situación pandémica impidió en gran medida realizar algunos otros estudios 

con poblaciones de atletas más específicas. 

 

 En consecuencia, los hallazgos derivados de los estudios recopilados en la presente tesis doctoral 

podrían aplicarse directamente a grupos de población similares. Sin embargo, debemos ser cautelosos 

al extrapolar los resultados a diferentes poblaciones en diferentes contextos deportivos. 

 

 

Algunas directrices para futuras investigaciones 

 En cuanto a la unificación de protocolos metodológicos y reporte de datos en estudios basados 

en electromiografía superficial, se esbozaron algunas recomendaciones tras las revisiones sistemáticas 

(Estudios I y II). El objetivo principal de estas recomendaciones es reducir el riesgo de sesgo entre 

futuros estudios y proporcionar hallazgos fácilmente comparables con otros estudios: 

i. El estado de forma y la experiencia en el entrenamiento de fuerza de los participantes 

deben ser reportadas exhaustivamente en cada estudio, considerando que la experiencia 

y la familiarización con los movimientos podrían afectar en gran medida a los valores de 
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activación muscular obtenidos. 

 

ii. La activación muscular debe dividirse en las fases concéntrica (positiva) y excéntrica 

(negativa) del movimiento, nunca por repetición, ya que se ha demostrado ampliamente 

que los valores de la sEMG difieren en gran medida entre ambas fases del ejercicio. 

 

iii. El método utilizado para la cuantificación de la carga del ejercicio y la intensidad durante 

el registro de datos de electromiografía superficial deben reportarse en detalle. 

 

iv. Se debe especificar la información sobre el tamaño de la muestra, el sexo de los 

participantes, la ubicación de los electrodos, las pautas seguidas durante el registro de la 

sEMG, el número de días que dura la evaluación y el método de normalización de la 

sEMG. 

 

 

 Finalmente, próximas investigaciones sobre activación muscular y cinemática deberían 

desarrollarse en poblaciones más específicas de atletas. Dado que el estado de entrenamiento, la 

experiencia y las habilidades atléticas y deportivas relacionadas con cada modalidad deportiva 

pueden afectar a los patrones de activación muscular y al rendimiento deportivo. Por ello, sería 

esencial investigar tales variables en poblaciones de atletas más específicas. 

 Además, sería esclarecedor investigar a través de estudios experimentales el efecto del 

entrenamiento sobre la activación muscular y la cinemática en los ejercicios evaluados. La mayoría de 

los estudios que evalúan la activación muscular tienen un diseño transversal. Sin embargo, se podría 

obtener información importante de ensayos controlados aleatorizados que estudien las variaciones de 

activación muscular provocadas después de un determinado protocolo de entrenamiento de fuerza.
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“Agarrado un momento a la cola del viento me siento mejor, me olvidé de 

poner en el suelo los pies y me siento mejor” 
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Abstract

The main purpose of this review was to systematically analyze the literature concerning

studies which have investigated muscle activation when performing the Deadlift exercise

and its variants. This study was conducted according to the Preferred Reporting Items for

Systematic Reviews and Meta-Analysis Statement (PRISMA). Original studies from incep-

tion until March 2019 were sourced from four electronic databases including PubMed,

OVID, Scopus and Web of Science. Inclusion criteria were as follows: (a) a cross-sectional

or longitudinal study design; (b) evaluation of neuromuscular activation during Deadlift exer-

cise or variants; (c) inclusion of healthy and trained participants, with no injury issues at

least for six months before measurements; and (d) analyzed “sEMG amplitude”, “muscle

activation” or “muscular activity” with surface electromyography (sEMG) devices. Major find-

ings indicate that the biceps femoris is the most studied muscle, followed by gluteus maxi-

mus, vastus lateralis and erector spinae. Erector spinae and quadriceps muscles reported

greater activation than gluteus maximus and biceps femoris muscles during Deadlift exer-

cise and its variants. However, the Romanian Deadlift is associated with lower activation for

erector spinae than for biceps femoris and semitendinosus. Deadlift also showed greater

activation of the quadriceps muscles than the gluteus maximus and hamstring muscles. In

general, semitendinosus muscle activation predominates over that of biceps femoris within

hamstring muscles complex. In conclusion 1) Biceps femoris is the most evaluated muscle,

followed by gluteus maximus, vastus lateralis and erector spinae during Deadlift exercises;

2) Erector spinae and quadriceps muscles are more activated than gluteus maximus and

biceps femoris muscles within Deadlift exercises; 3) Within the hamstring muscles complex,

semitendinosus elicits slightly greater muscle activation than biceps femoris during Deadlift

exercises; and 4) A unified criterion upon methodology is necessary in order to report reli-

able outcomes when using surface electromyography recordings.

Introduction

Resistance training provides several health benefits related to enhancing muscle strength,

reversing muscle loss, reducing body fat, improving cardiovascular health, enhancing mental
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health and increasing bone mineral density [1–6]. Accordingly, resistance training should be

considered essential for the whole population, but it is even more relevant when the target is

the transference into some specific activity or daily life tasks [7, 8], injury prevention [9] or

maximizing sports performance [10].

Free-weight resistance training is already well known as a key point in every strength train-

ing program [11–13]. In categories of creating diverse stimulus for muscle groups, different

modalities such as barbell, kettlebells, hexagonal bars or dumbbells devices are typical recur-

ring resources for coaches and trainers [14, 15]. Besides, other implements which can consid-

erably modify the exercise load profile are elastic bands [2, 25], chains [29] or Fat Gripz

devices [24].

It is essential to be acquainted with which muscles are activated during certain exercises

and to compare different movement patterns when choosing exercises for a concrete objective

[16]. Surface electromyography (sEMG) is one of the main tools used to measure muscle acti-

vation, and it can be defined as an electrophysiological recording technology used for the

detection of the electric potential crossing muscle fiber membranes [17]. Thereby, task-specific

data regarding motor unit recruitment patterns are reported through sEMG. For instances,

athletes have the possibility to perform a concrete exercise when targeting a particular muscle

[18, 19].

Deadlift, Squat and Bench Press are basic resistance exercises performed in several training

programs for improving physical fitness in athletes [20]. This explains the great interest in

studying muscle activation, which also translates these movements into some of the most

investigated exercises in the current literature using sEMG [14, 21, 22]. Deadlift is frequently

performed primarily when the goal is the strengthening of thigh and posterior chain muscles;

specifically gluteus, hamstrings, erector spinae and quadriceps [23, 24]. Thus, Deadlift is classi-

fied as one of the most typical resistance exercise for posterior lower limb strengthening, as

well as its variants [25]. Moreover, Deadlift has been mentioned in numerous studies compar-

ing this exercise with other variants such as Stiff Leg Deadlift [26], Hexagonal Bar Deadlift [22]

or Romanian Deadlift [27]. It has also been contrasted with other less popular variants such as

Sumo Deadlift [13], unstable devices [28] and elastic bands Deadlift [8], among others.

To the best of our knowledge, there is no comprehensive review of the current literature

concerning Deadlift movement pattern, and there is significant controversy when determining

which muscles are involved within each Deadlift variants. For instance, the greatest muscle

activation has been reported for the biceps femoris compared with the erector spinae and glu-

teus maximus during Deadlift [8], whereas Snyder et al. (2017) found greater erector spinae

activation in comparison with gluteus maximus and biceps femoris. In contrast, Andersen

et al. (2018) reported maximal activation for biceps femoris versus gluteus maximus and erec-

tor spinae for the same tested movement.

Thus, the main purpose of this manuscript was to systematically review the current litera-

ture investigating muscle activation measured with sEMG of muscles recruited when perform-

ing the Deadlift exercise and all its best-known variants. An increased understanding of the

muscle activation that occur during these exercises will provide the researcher, clinician and

athletes with relevant information about the use of the best exercise to activate a specific mus-

cle or group of muscles associated with the Deadlift and its variants.

Methods

This systematic review was reported and developed following the Preferred Reporting of Sys-

tematic Reviews and Meta-Analysis (PRISMA) guidelines [29, 30]. The protocol for this sys-

tematic review was registered on PROSPERO (CRD42019138026) and is available in full on

EMG in deadlift exercise. A review
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the National Institute for Health Research (https://www.crd.york.ac.uk/prospero/display_

record.php?ID=CRD42019138026). The quality of included studies was assessed by two

reviewers using the PEDro quality scale, which consists on eleven questions and distributes the

score proportionally to the total amount of questions included. However, due to the inability

to blind researchers and trainees, three of eleven questions were excluded from the scale result-

ing in a maximum of eight [17].

A literature search of PubMed, OVID, Scopus & Web of Science electronic databases was

performed from March–April 2019. Reviews included publications from inception until

March 2019.

The search strategy conducted in the different databases, along with Medical Subject Head-

ing (MeSH) descriptors, related terms and keywords used were as follows; (a) PubMed &

OVID: (deadlift OR "dead-lift" OR "romanian deadlift" OR "stiff-leg deadlift" OR "barbell

deadlift" OR "hexagonal bar deadlift" OR "hip hinge" OR "hip extension") AND ("resistance

training" OR "strength training" OR "resistance exercise" OR "weight lifting" OR "weight bear-

ing") AND ("muscular activity" OR "muscle activation" OR electromyography OR electromyo-

graphical OR electromyographic OR electromyogram OR "surface electromyography" OR

semg OR EMG) (b) Scopus: (TITLE("deadlift" OR "dead-lift" OR "romanian deadlift" OR

"stiff-leg deadlift" OR "barbell deadlift" OR "hexagonal bar deadlift" OR "hip hinge" OR "hip

extension") AND ("resistance training" OR "strength training" OR "resistance exercise" OR

"weight lifting" OR "weight bearing") AND ("muscular activity" OR "muscle activation" OR

"electromyography" OR "electromyograpical" OR "electromyographic" OR "electromyogram"

OR "surface electromyography" OR "sEMG" OR "EMG")); (c) Web of Science: ALL = (((dead-

lift� OR "dead-lift"� OR "romanian deadlift"� OR "stiff-leg deadlift"� OR "barbell deadlift"� OR

"hexagonal bar deadlift"� OR "hip hinge"� OR "hip extension"�) AND ("resistance training"�

OR "strength training"� OR "resistance exercise"� OR "weight lifting"� OR "weight bearing"�)

AND ("muscular activity"� OR "muscle activation"� OR electromyograpical� OR electro-

myographic� OR electromyogram� OR "surface electromyography"� OR semg� OR EMG�))).

Studies were included if they met the following criteria:

i. cross-sectional or longitudinal (experimental or cohorts) study design;

ii. evaluated neuromuscular activation during Deadlift exercise or variants;

iii. included healthy and trained participants, with no injuries for at least six months before

measurements;

iv. analyzed “sEMG amplitude”, “muscle activation” or “muscular activity” with surface elec-

tromyography devices (sEMG);

Most articles found were written in English, but there were no language restrictions.

Reviews, congress publications, theses, books, books chapters, abstracts, and studies with poor

protocol description or insufficient data were not included. Studies whose participants did not

have at least six months of resistance training experience were excluded. We also excluded all

studies in which participants were under eighteen years old due to underdevelopment of

strength and coordination [31]. Studies reporting muscle activation only from upper limbs

during Deadlift exercise were also considered.

As different terms are related to the same concept, in categories of unifying criteria, the

“muscle activation” term will be used when referring to “sEMG amplitude”, “muscle excita-

tion”, “muscle activity”, “neuromuscular activity” or similar.

Articles were selected by two independent reviewers according to inclusion and exclusion

criteria. After eliminating duplicates, the titles and abstracts were analyzed and if there was not
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enough information, the full text was evaluated. All studies identified from the database

searches were downloaded into the software EndNote version X9 (Clarivate Analytics, New

York, NY, USA).

Every decision was approved by both reviewers. However, a third reviewer was consulted in

case of disagreement. The whole search process took two weeks. All steps taken are thoroughly

described in the flow chart (Fig 1).

During the data extraction process, the following information was collected from every

study: reference, exercise-movements measured, sample size (n), gender, age (years), experi-

ence (years), evaluated muscles, electrodes location, limb tested (non-dominant/dominant),

sEMG collection method, sEMG normalization method, outcomes, percentage maximal vol-

untary isometric contraction (% MVIC), and main findings.

Muscle activation was the main data gathered, dividing eccentric and concentric sEMG

activity data when reported. All studies finally selected reported muscle activation of every

muscle and exercise separately. Furthermore, data related to exercise loading and exercise

description details were collected.

Data collected in this review could not be analyzed as a meta-analysis since there was not

enough homogeneity in terms of the type of analysis and methods carried out amongst studies.

Therefore, a qualitative review of the results was conducted.

Results

Search results

A total of 207 articles were identified from an initial survey executed by two independent

reviewers. 98 of these articles were duplicated, which led to a remaining amount of 109 in the

process. The next step involved reading the title and abstract with the purpose of eliminating

all those not meeting the inclusion criteria. Finally, twenty-eight articles were fully read, and

nineteen of these were eventually selected for the review (Fig 1). The publication date of all

selected articles ranged from 2002 to January 2019. Additionally, all studies were categorized

as having a good/excellent quality in the methodological process based on the PEDro quality

scale.

All selected articles presented a cross-sectional design. In fact, most experimental studies

found used an untrained participant sample, so they were excluded. Regarding experience

time, all participants had at least six months of previous resistance training experience,

although some studies did not report the exact experience time of participants (Table 1).

No common criteria were followed when referring to the exercise loading at which exercises

were evaluated during sEMG recordings. As a matter of fact, only two studies used a similar

method, assessing one repetition maximum intensity (1RM) [22, 32]. Some studies measured a

number of repetitions of xRM, whereas others measured a number of repetitions of a range

between 65–85% of 1RM (Table 1), which could be considered in all cases as a submaximal

load intensity [33].

Data regarding the studies’ general description and main findings are presented in Table 1,

while Tables 2–5 contain data referring to muscle activation during Deadlift exercise and/or its

variants. We found no unified criteria for the sEMG normalization method. Out of all

included studies, seven reported data description regarding muscle activation in relation to

exercise type and normalized sEMG activity as a percentage of maximal voluntary isometric

contraction (% MVIC) (Table 2); three of them as percentage of peak root mean square (%

peak RMS) (Table 3); two studies reported data expressed as absolute RMS values in micro-

volts (mV) (Table 4); and three studies expressed data as a percentage of 1 repetition maxi-

mum (% 1RM) (Table 5). In addition, there were four studies which were not included in the
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Fig 1. Flowchart.

https://doi.org/10.1371/journal.pone.0229507.g001
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Table 1. Data gathered from selected articles regarding intervention, sample size, gender, training experience, age, sEMG collection method, outcomes and main

findings.

Reference Exercises tested Sample Age (years) Experience

(years)

sEMG

collection

method

Activity sEMG recorded of

muscles:

Main findings

Krings et al.

(2019) [32]

Deadlift versus fat gripz

deadlift

15 Men 22.4 ± 2.4 Not

indicated

1 rep 1RM Biceps brachialis, triceps

braquialis and forearm muscles

Greater forearm activation and

significant decrease in 1RM

during fat gripz deadlift

Andersen

et al. (2019)

[8]

Deadlift versus FW-2EB

and FW-4EB

15 Men 23.3 ± 2.2 3.9 ± 1.9 2 reps 2RM Gluteus maximus, vastus

lateralis, biceps femoris,

semitendinosus and erector

spinae

Greater erector spinae activation

when more elastic bands added

McCurdy

et al. (2018)

[40]

Stiff leg deadlift versus

back squat and modified

single leg squat

18

Women

20.9 ± 1.1 1–5 years 3 rep with

8RM

Gluteus maximus and

hamstrings

Greater gluteus maximus

activation than hamstrings for

all exercises. Modified single leg

squat elicited the greatest

activation

Lee et al.

(2018) [27]

Deadlift versus

Romanian deadlift

21 Men 22.4 ± 2.2 > 3 years 5 rep 70% of

RD 1RM

Gluteus maximus, rectus

femoris and biceps femoris

Greater gluteus maximus and

rectus femoris activation for

deadlift

Korak et al.

(2018) [39]

Deadlift versus paralell

back squat and paralell

front squat

13

Women

22.8 ± 3.1 > 1 year 3 reps 75%

1RM

Gluteus maximus, biceps

femoris, vastus medialis, vastus

lateralis and rectus femoris

Greater gluteus maximus

activation during front and back

squat in comparison to deadlift

Edington

et al. (2018)

[35]

ISOMETRIC: close-bar

deadlift versus far-bar

deadlift

5 men &

5 women

32 ± 10 6.05 ± 3.35 3 trials in

both starting

positions.

ISOpull

Gluteus maximus, biceps

femoris, vastus lateralis, erector

spinae and latissimus dorsi

Greater erector spinae and

biceps femoris activation than

the rest of muscles for both

exercises. Greater vastus lateralis

activation during far-bar deadlift

Andersen

et al. (2018)

[22]

Deadlift versus

hexagonal bar deadlift

and hip thrust

13 Men 21.9 ± 1.6 4.5 ± 1.9 1 rep 1RM Gluteus maximus, biceps

femoris and erector spinae

Greater biceps femoris

activation during deadlift.

Greater gluteus maximus

activation during hip thrust.

Erector spinae activation showed

no differences among exercises

Snyder et al.

(2017) [36]

Deadlift versus walk-in

deadlift machine (2

different feet positions)

2 women

& 13

men

18–24 Not

indicated

3 reps 80%

3RM

Gluteus maximus, biceps

femoris, vastus lateralis and

erector spinae

Greater erector spinae activation

during deadlift. Greater gluteus

maximus and lower vastus

lateralis activation during

deadlift compared to walk-in

machine deadlifts

Iversen et al.

(2017) [41]

Stiff leg deadlift versus

stiff leg deadlift with

elastic bands

17 men

& 12

women

25 ± 3 men

25 ± 2

women

Not

indicated

3 reps 10RM Gluteus maximus, biceps

femoris, semitendinosus, vastus

medialis, vastus lateralis, rectus

femoris, erector spinae and

external oblique

Greater activation for all muscles

during conventional resistance

exercises compared to elastic

band deadlifts. Rectus femoris

showed no differences activation

among exercises

Bourne et al.

(2017) [16]

Stiff leg deadlift versus

unilateral stiff leg

deadlift, hip hinge, 45˚

hip extension and nordic

hamstring exercise

18/10

Men

23.9 ± 3.1 Not

indicated

6 reps 12RM Biceps femoris and

semitendinosus

Greater semitendinosus

concentric activation during

unilateral stiff leg deadlift versus

remaining exercises. Similar

biceps femoris and

semitendinosus activation

during both deadlift exercises

Nijem et al.

(2016) [37]

Deadlift versus deadlift

with chains

13 Men 24.0 ± 2.1 Not

indicated

3 reps 85%

1RM

Gluteus maximus, vastus

lateralis and erector spinae

Greater gluteus maximus

activation during deadlift.

Greater erector spinae activation

during the beginning of the

movement for both exercises

(Continued)
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tables because they assessed the sEMG only from the upper limbs or showed the muscle activa-

tion in a different measurement unit than that used in our analysis [28, 32, 34, 35].

Most researched Deadlift variants include the Conventional Barbell Deadlift (10/19 studies)

[8, 13, 22, 27, 28, 32, 36–39] and the Stiff Leg Deadlift (6/19 studies) [16, 35, 40–43], which are

followed by Unilateral Stiff Leg Deadlift (2/19 studies) [16, 43], Romanian Deadlift (2/19 stud-

ies) [27, 44] and Hexagonal Bar Deadlift (2/19 studies) [22, 38] (Table 1).

It is also important to clarify that exercises such as “Olympic Barbell Deadlift”, “Straight Bar
Deadlift”, “Barbell Deadlift”, “No Chains Deadlift” and “Conventional Barbell Deadlift” all refer

to the same exercise, so “Deadlift” will be used for all cases.

Table 1. (Continued)

Reference Exercises tested Sample Age (years) Experience

(years)

sEMG

collection

method

Activity sEMG recorded of

muscles:

Main findings

Camara et al.

(2016) [38]

Deadlift versus

hexagonal bar deadlift

20 Men 23.3 ± 2.1 > 1 year 3 reps 65%

1RM & 3 reps

85% 1RM

Biceps femoris, vastus lateralis

and erector spinae

Greater vastus lateralis

activation; and lower biceps

femoris and erector spinae

activation during hexagonal bar

deadlift

Schoenfeld

et al. (2015)

[42]

Stiff leg deadlift versus

prone lying leg curl in

machine

10 Men 23.5 ± 3.1 4.6 ± 2.2 1 set 8RM Biceps femoris and

semitendinosus

Greater upper biceps femoris

and upper semitendinosus

activation during stiff leg

deadlift

McAllister

et al. (2014)

[44]

Romanian deadlift versus

glute ham-raise, good

morning and prone leg

curl

12 Men 27.1 ± 7.7 8.6 ± 5.5 85% 1RM Gluteus medius, biceps femoris,

semitendinosus, erector spinae

and medial gastrocnemius

Greater semitendinosus

activation than biceps femoris

and erector spinae activation for

all exercises

Bezerra et al.

(2013) [26]

Deadlift versus stiff leg

deadlift

14 Men 26.7 ± 4.9 > 2 years 3 reps 70%

1RM

Biceps femoris, vastus lateralis,

lumbar multifidus, anterior

tibialis and medial

gastrocnemius

Greater vastus lateralis

activation during deadlift.

Greater medial gastrocnemius

activation during stiff leg

deadlift

Chulvi-

Medrano

et al. (2010)

[28]

Deadlift versus Bosu

deadlift and T-Bow

device deadlift

31 24.2 ± 0.4 > 1 year Dinamic

effort, 6 reps

70% of MVIC

Lumbar multifidus, thoracic

multifidus, lumbar spinae and

thoracic spinae

Greater overall activation during

deadlift versus Bosu and T-Bow

device deadlifts

Ebben (2009)

[43]

Stiff leg deadlift versus

unilateral stiff leg

deadlift, good morning,

seated leg curl, nordic

hamstring exercise and

squat

21 men

& 13

women

20.3 ± 1.7 Not

indicated

2 reps 6RM Rectus femoris and hamstrings Greater biceps femoris

activation during seated leg curl

and nordic hamstring than

remaining exercises. Greater

rectus femoris activation during

squat

Hamlyn et al.

(2007) [34]

Deadlift versus paralell

squat

8 men &

8 women

24.1 ± 6.8 Not

indicated

6 reps 80%

1RM

Lower abdominal, external

oblique, lumbar-sacral erector

spinae and upper lumbar

erector spinae

Greater upper lumbar erector

spinae activation during deadlift

Escamilla

et al. (2002)

[13]

Deadlift versus sumo

deadlift (both with/

without belt)

13 Men 20.1 ± 1.3 Not

indicated

4 reps 12 RM Gluteus maximus, biceps

femoris, vastus medialis, vastus

lateralis, rectus femoris, lateral

and medial gastrocnemius,

tibialis anterior, L3, T12, medial

and upper trapezius, rectus

abdominis and external oblique

Greater vastus medialis, vastus

lateralis and tibialis anterior

activation during sumo deadlift.

Greater medialis gastrocnemius

activation during deadlift.

Greater rectus abdominis

activation during belt deadlift

and belt sumo deadlift

Exercises abbreviations: EB, elastic bands; FW, free weights.

Other abbreviations: ISOpull, isometric pulls; MVIC, maximal voluntary isometric contraction; reps, repetitions; RM, repetition maximum; ROM, range of motion.

https://doi.org/10.1371/journal.pone.0229507.t001
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Concentric and eccentric phases

Generally, studies analyzing electromyographical data assess muscle activation on each repeti-

tion, treating it as a single unit. Nonetheless, it has been reported that electromyographical

activity could differ significantly between concentric and eccentric phases of the movement.

Therefore, some authors have already carried out this division in their research [45–47]. Not

all studies included in the current review divided sEMG exercises into concentric and eccentric

phases. In fact, only seven studies performed such a subdivision [16, 28, 34, 37, 38, 40, 41], in

which the concentric phase showed greater muscle activation than the eccentric phase for

every single case.

Muscle activation

The biceps femoris has been the most investigated muscle in terms of sEMG for the Deadlift
exercise and its variants (13/19 studies). Gluteus maximus is the next muscle most evaluated

Table 2. Data description regarding sEMG activity in each study, in relation to exercise type and normalized sEMG activation expressed as mean or peak % MVIC.

Reference Exercise Gluteus Maximus Biceps

Femoris

Semitendinosus Hamstrings Vastus

Lateralis

Vastus

Medialis

Rectus

Femoris

Erector

Spinae

McCurdy

et al. (2018)

[40]

Stiff leg

deadlift

51.1 ± 22.1%

mean conc

29.9 ± 16.2%

mean eccen

n/a n/a 39.8 ± 16.6%

mean conc

19.9 ± 11.3%

mean eccen

n/a n/a n/a n/a

Andersen

et al. (2018)

[22]

Deadlift ~95% mean ~108%

mean

n/a n/a n/a n/a n/a ~86% mean

Hexagonal bar

deadlift

(HBDL)

~88% mean ~83% mean n/a n/a n/a n/a n/a ~82% mean

Iversen et al.

(2017) [41]

Stiff leg

deadlift

~42% peak conc

~17% peak eccent

~38% peak

conc ~17%

peak eccent

~44% peak conc

~22% peak eccent

n/a ~13% peak

conc ~14%

peak eccent

~10% peak

conc ~9%

peak eccent

~6% peak

conc ~7%

peak eccent

~69% peak

conc ~38%

peak eccent

Stiff leg

deadlift with

elastic bands

~27% peak conc

~17% peak eccent

~20% peak

conc ~17%

peak eccent

~23% peak conc

~21% peak eccent

n/a ~12% peak

conc ~14%

peak eccent

~9% peak

conc ~8%

peak eccent

~5% peak

conc ~6%

peak eccent

~57% peak

conc ~36%

peak eccent

Bourne et al.

(2017) [16]

Stiff leg

deadlift

n/a ~55% mean

conc ~23%

mean eccen

~50% mean conc

~18% mean eccen

n/a n/a n/a n/a n/a

Unilateral stiff

leg deadlift

n/a ~50% mean

conc ~26%

mean eccen

~62% mean conc

~27% mean eccen

n/a n/a n/a n/a n/a

Schoenfeld

et al. (2015)

[42]

Stiff leg

deadlift

n/a ~40% mean

lower ~73%

mean upper

~47% mean lower

~125% mean upper

n/a n/a n/a n/a n/a

Ebben (2009)

[43]

Stiff leg

deadlift

n/a n/a n/a 49±27% mean n/a n/a n/a n/a

Unilateral stiff

leg deadlift

n/a n/a n/a 48±39% mean n/a n/a n/a n/a

Good

morning

n/a n/a n/a 43±16% mean n/a n/a n/a n/a

Escamilla

et al. (2002)

[13]

Deadlift 35±27% mean 28±19%

mean

27±23% mean n/a 40±22%

mean

36±25%

mean

19±16%

mean

n/a

Sumo deadlift 37±28% mean 29±19%

mean

31±23% mean n/a 48±24%

mean

44±27%

mean

18±13%

mean

n/a

Conc, concentric phase; eccen, eccentric phase.

https://doi.org/10.1371/journal.pone.0229507.t002
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(10/19) followed by vastus lateralis and erector spinae muscles (9/19). The semitendinosus and

rectus femoris are positioned in fourth position (5/19) followed by vastus medialis, external

oblique and medial gastrocnemius (3/19) (Table 1).

Due to the diversity regarding methodology, it was considered appropriate to report the

results by grouping the studies according to the sEMG normalization process carried out in

each study (mean or peak % MVIC, % peak RMS, RMS mV or % 1RM).

Studies in which muscle activation was expressed as a mean or peak % MVIC are shown in

Table 2. Erector spinae showed the greatest muscle activation during the Stiff Leg Deadlift exer-

cise [41], and also showed a similar muscle activation than the gluteus maximus or biceps

femoris during Deadlift and Hexagonal Bar Deadlift exercises [22]. Except for the Deadlift
exercise [22], the gluteus maximus showed greater muscle activation than biceps femoris [13,

Table 3. Data description regarding sEMG activity in each study, in relation to exercise type and normalized sEMG activation expressed as % peak RMS.

Reference Exercise Gluteus maximus Biceps Femoris Vastus Lateralis Rectus Femoris Erector

Spinae

Lumbar Multifidus

Lee et al. (2018)

[27]

Deadlift 51.52 ± 6.0 peak

RMS

57.45 ± 6.34% peak

RMS

n/a 58.57 ± 13.73% peak

RMS

n/a n/a

Romanian

deadlift

46.88 ± 7.39% peak

RMS

56.66 ± 18.56% peak

RMS

n/a 25.26 ± 14.21% peak

RMS

n/a n/a

Snyder et al.

(2017) [36]

Deadlift ~47% peak RMS ~28% peak RMS ~48% peak RMS n/a ~73% peak

RMS

n/a

BallPro ~30% peak RMS ~25% peak RMS ~80% peak RMS n/a ~53% peak

RMS

n/a

ToePro ~30% peak RMS ~31% peak RMS ~63% peak RMS n/a ~58% peak

RMS

n/a

Bezerra et al.

(2013) [26]

Deadlift n/a 100.1 ± 24.7% peak

RMS

128.3 ± 33.9% peak

RMS

n/a n/a 112.7 ± 42.7% peak

RMS

Stiff leg

deadlift

n/a 98.6 ± 28.5% peak

RMS

101.1 ± 14.6% peak

RMS

n/a n/a 106 ± 20.5% peak

RMS

BallPro, walk-in machine deadlift with feet ball-hand; RMS, root mean square; ToePro, walk-in machine deadlift with toes-hand.

https://doi.org/10.1371/journal.pone.0229507.t003

Table 4. Data description regarding sEMG activity in each study, in relation to exercise type and normalized sEMG activation expressed as absolute RMS values in

mV.

Reference Exercise Gluteus

maximus

Biceps Femoris Semitendinosus Vastus

Lateralis

Erector Spinae

Andersen et al. (2019)

[8]

Deadlift 236 RMS (mV) 312 RMS (mV) 367 RMS (mV) 239 RMS

(mV)

341 RMS (mV)

DL FW-2EB 231 RMS (mV) 313 RMS (mV) 359 RMS (mV) 234 RMS

(mV)

330 RMS (mV)

DL FW-4EB 250 RMS (mV) 326 RMS (mV) 375 RMS (mV) 238 RMS

(mV)

357 RMS (mV)

McAllister et al.

(2014) [44]

Romanian

deadlift

n/a ~360 RMS (mV) conc ~300 RMS

(mV) eccen

~810 RMS (mV) conc ~790 RMS

(mV) eccen

n/a ~210 RMS (mV)

conc

Glute ham-

raise

n/a ~380 RMS (mV) conc ~160 RMS

(mV) eccen

~1180 RMS (mV) conc ~490 RMS

(mV) eccen

n/a ~430 RMS (mV)

conc

Good morning n/a ~290 RMS (mV) conc ~210 RMS

(mV) eccen

~910 RMS (mV) conc ~590 RMS

(mV) eccen

n/a ~205 RMS (mV)

conc

Prone leg curl n/a ~240 RMS (mV) conc ~85 RMS

(mV) eccen

~870 RMS (mV) conc ~330 RMS

(mV) eccen

n/a ~255 RMS (mV)

conc

Conc, concentric phase; eccen, eccentric phase; EB, elastic bands; FW, free weight; mV, microvolts; RMS, root mean square.

https://doi.org/10.1371/journal.pone.0229507.t004
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22, 40, 41]. When comparing muscle activation within the hamstrings, there was a greater acti-

vation for the semitendinosus muscle than the biceps femoris during Stiff Leg Deadlift [16, 41,

42], which is even more pronounced when performing Unilateral Stiff Leg Deadlift [16]. The

concentric phase showed a greater activation in the gluteus maximus and hamstring muscles

than the eccentric phase for all exercises evaluated [16, 40, 41] (Table 2).

Data regarding muscle activation expressed as percentage peak RMS (% peak RMS) are

shown in Table 3. The erector spinae and lumbar multifidus showed greater muscle activation

than the gluteus maximus and biceps femoris [26, 36]. However, conflicting results have been

reported for the Deadlift exercise. Lee et al. [27] reported more activation in the biceps femoris

than the gluteus maximus, while Snyder et al. [36] reported more activation in the gluteus

maximus than the biceps femoris (Table 3). Whereas the vastus lateralis showed greater muscle

activation than the biceps femoris [26, 36], and the rectus femoris showed greater muscle acti-

vation than the biceps femoris and gluteus maximus during Deadlift exercise [27] (Table 3).

Data regarding muscle activation expressed as RMS in mV are shown in Table 4. Erector

spinae and semitendinosus are the most activated muscle in the Deadlift exercise [22]. When

comparing muscle activation within the hamstrings, there was a greater activation recorded

for the semitendinosus muscle in comparison to that for the biceps femoris [22, 44] (Table 4).

The concentric phase showed greater activation than the eccentric phase in all muscles and

exercises evaluated [44].

Data regarding muscle activation in mV expressed as a percentage of sEMG (mV) during a

1RM effort are shown in Table 5. The Erector spinae presented higher muscle activation than

the gluteus maximus [37] and biceps femoris [38]. The vastus lateralis and vastus medialis

showed greater muscle activation than the biceps femoris and gluteus maximus during Dead-
lift exercises and its variants [37–39]. The concentric phase showed greater activation in the

biceps femoris, vastus lateralis and erector spinae than the eccentric phase during the Deadlift
exercise as well as during the hexagonal bar Deadlift exercise [38].

Discussion

The main aim of the present study was to carry out a comprehensive literature review assessing

muscle activation measured with sEMG when performing the Deadlift exercise and all its

variants.

Table 5. Data description regarding muscle activation in mV expressed as a percentage of EMG (mV) during 1RM effort.

Reference Exercise Gluteus

maximus

Biceps Femoris Vastus Lateralis Vastus

Medialis

Rectus

Femoris

Erector Spinae

Korak et al.

(2018) [39]

Deadlift 72% 1RM 82% 1RM 104% 1RM 92%1RM 105%1RM n/a

Parallel back

squat

80% 1RM 78% 1RM 97% 1RM 96%1RM 102%1RM n/a

Parallel front

squat

94% 1RM 81% 1RM 102% 1RM 98%1RM 101%1RM n/a

Nijem et al.

(2016) [37]

Deadlift 82.5 ± 6.9%

1RM

n/a 115.9 ± 30.1% 1RM n/a n/a 97.9 ± 8.7% 1RM

Deadlift with

chains

76.8 ± 6.8%

1RM

n/a 123.3 ± 45.1% 1RM n/a n/a 93.2 ± 11% 1RM

Camara et al.

(2016) [38]

Deadlift n/a 83.5 ± 19%1RM conc

34.7 ± 11%1RM eccen

96.8 ± 22%1RM conc

55.9 ± 12.6%1RM eccen

n/a n/a 98.9 ± 26% 1RM conc

75.3 ± 28% 1RM eccen

Hexagonal bar

deadlift

n/a 72.3 ± 20%1RM conc

31.5 ± 10%1RM eccen

119.9 ± 22%1RM conc

87.9 ± 31%1RM eccen

n/a n/a 88 ± 27% 1RM conc

61.4 ± 21% 1RM eccen

1RM, 1 repetition maximum; concentric phase; eccen, eccentric phase; RMS, root mean square.

https://doi.org/10.1371/journal.pone.0229507.t005
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The most relevant results compiled from the literature review revealed that the biceps femo-

ris is the most evaluated muscle when performing this kind of exercises [8, 13, 16, 22, 26, 27,

36–39, 41, 42, 44, 48], followed immediately by the gluteus maximus [8, 13, 22, 27, 36–41].

Erector spinae presented higher muscle activation than the gluteus maximus and the biceps

femoris muscles for all exercises [8, 26, 37, 38, 41]. Only one study presented contrary out-

comes, showing lower muscle activation in the erector spinae than the biceps femoris and

semitendinosus during the Romanian Deadlift exercise [36].

Another important finding in the current review was that muscles from the quadriceps

complex appeared to elicit the greatest muscle activation compared to the gluteus maximus

and hamstrings muscles for Deadlift exercise [26, 27, 36–39]. Furthermore, the semitendinosus

generally tended to elicit slightly greater muscle activation than the biceps femoris within the

hamstring complex [8, 44].

Methodological issues

One concern about the findings of the review was the lack of unification of collecting data

methodological process amongst studies. This includes the kind of muscle contraction evalu-

ated, the number of participants, the participants’ resistance training experience, exercise

intensity during evaluation, sEMG collection method, electrode location, and number of eval-

uation days. All studies following a specific methodology process had diverse aims and differ-

ent outcomes, which made difficult to deliver consistent results. Only one study evaluated just

an isometric position of the movement, the preparatory position [35], whereas the rest evalu-

ated exercises from a dynamic perspective.

The included studies were variate in number of participants (8–34) but similar in their sam-

ple population ages (18–34), who had a minimum of 6 months resistance training experience.

It is important to highlight the impact that training status have upon muscle activation pattern,

since familiarization with the movement could substantially modify muscle activation elicited

during each exercise [49–51]. Furthermore, twelve of the studies had a male sample, while the

rest combined both genders [34–36, 41, 43], and only two studies included exclusively females

[39, 40]. This raises the necessity to invest more research into females in this field.

In line with previous reviews, exercise loading for sEMG recordings has been one of the

biggest concerns [52–54]. Only two studies performed same 1RM intensity [14, 25], whereas

others performed exercises at a predetermined repetition maximum load, and the rest mea-

sured a number of repetitions within a range of 65–85% 1RM (Table 1). Differences in the

applied methodology should be reduced for future studies, providing an enhanced outcomes

reliability [42].

No unified criterion has been followed in categories of time management during exercise

phase among study methodologies, which could also be treated as a potential bias risk. For

future studies focused on sEMG, it would be of significant interest to report divided electro-

myographical data into concentric and eccentric phases, as well as exercise timing. Such infor-

mation would help coaches and trainers when choosing one or another exercise for a concrete

target when prescribing an optimized training [7].

In relation to the electrode location, reports on surface recording of sEMG should include

electrode shape and size, interelectrode distance, electrode location and orientation over mus-

cle with respect to tendons and fiber direction among others (Merletti & Di Torino, 1999). It is

vital to report in detail the placement of electrodes over the muscle belly when we aim to com-

pare outcomes with other similar studies.

Different protocols for surface electromyography electrode placement have been described

in the literature. One of the most popular protocols is the SENIAM Guidelines (Surface
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ElectroMyoGraphy for the Non-Invasive Assessment of Muscles). Eight studies following the

SENIAM Guidelines have been included in our review [8, 16, 22, 35–37, 41, 42]. The rest fol-

lowed some other Guidelines or a previous reference, and only four studies did not report any

protocol for electrode location [26, 28, 32, 34].

In regard to interelectrode distance, five studies reported using the recommended 2 cm

center-to-center distance between electrodes according to SENIAM Guidelines [8, 22, 27, 35,

43]. In addition to not following these Guidelines, some other studies also did not report the

inter-electrode distance [26, 32, 34, 38–40, 44]. Furthermore, four studies reported to have

placed the electrodes with a center-to-center distance ranging between 15–35mm but different

from 20 mm [13, 16, 28, 37, 41]. The higher the interelectrode distance, the wider the detection

volume and consequently the detected amplitude [55]. Future research should attempt to fol-

low established Guidelines, so they can reach optimum research quality and diminish the risk

of data collection bias.

On the other hand, most of the reviewed studies included between 2–4 days/sessions (visits

to the laboratory) for the measurement process, normally leaving 2–7 days’ rest between each

visit. Tasks performed during those days cover anthropometric data gathering, familiarization

with exercises, RM testing and sEMG data collection. To ensure reliable sEMG data outcomes,

sEMG data must be collected at the same session [8]. Otherwise, some studies collected sEMG

data on two different days, which might have entailed electrode location mistakes [32, 40, 41,

44].

In order to avoid fatigue bias risks, a randomized counterbalanced order for exercise testing

was followed in all studies but one, which followed a preset exercise order [41]. In addition

with the same aim, a minimum break of 2–5 min was considered between exercise testing trials

[22, 27, 28, 34, 36, 37, 40–42, 44].

Most studies did not report hand grip and stance position in any depth of detail. Some stud-

ies allowed a preferred stance position for each participant but maintained the same for all

exercises tested [8, 22], whereas others also indicated a hand grip slightly wider than shoulder

width [26, 27, 32, 40–43].

Likewise, information about MVIC should be strictly reported. Our reviewed studies

reported a range between 2–3 trials, 3–5 seconds holding and 15–60 seconds rest between trials

[13, 16, 22, 32, 40, 43].

Other Deadlift variations

Apart from the above-mentioned Deadlift exercises, there are some other studies which

focused on less conventional variants of this movement. The Good Morning exercise appears

to be an appropriate substitute to Romanian Deadlift when it is preferable to place the load on

the back instead of lifting it from the floor. Good Morning provokes a similar muscular pattern

activation as Romanian Deadlift, but it showed more muscle activation for the semitendinosus

and less muscle activation for the biceps femoris than Romanian Deadlift [44].

In addition, some authors proposed interesting alternatives for the Deadlift exercise with

the goal of overcoming the sticking region. This involves a phase during the lift in which there

is a mechanical disadvantage that elevates injury risk and leads to a deceleration on the speed

lift [56]. In relation to this issue, Nijem et al. (2016) compared Deadlift versus Deadlift with
chains and reported the existence of a lightest load at the sticking point which would allow one

to maintain a neutral spine during Deadlift with chains. Regarding muscle activation, there

were significant differences for the gluteus maximus muscle, which present greater activity

during Deadlift than Deadlift with chains. Furthermore, Andersen et al. (2019) reported

another resource by using the addition of elastic bands attached to the ceiling to displace the
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sticking point. This method would reduce the load from lower phases of the lift and increase

the resistance as the bar goes up.

Elastic bands have also been used as a tool in Deadlift learning processes, when the athlete

is not ready to lift high loads with a proper technique or in those cases when some injury pre-

vents the athlete from using conventional resistance equipment. Muscular activation presented

during elastic bands Stiff Leg Deadlift was lower than that elicited during free weights Stiff Leg
Deadlift, with significant differences when referring to the gluteus maximus, biceps femoris

and semitendinosus muscles [41].

Furthermore, it should be noted that if your aim is to increase muscle activation from fore-

arm musculature during the Deadlift exercise, it is recommended to use a Fat Gripz device, a

wider grip implement that sticks to the bar. Worth mentioning that a significant reduction in

1RM strength would appear when using this kind of implement [32].

Comparing Deadlift to other exercises

Some studies included in this review also compared muscle activation elicited during Deadlift exer-

cises versus other typical weight bearing exercises performed in weight rooms. McCurdy et al. (2018)

reported significantly greater muscle activation for the gluteus maximus and hamstring muscles dur-

ing Modified Single Leg Squat in comparison to Back Squat and Stiff Leg Deadlift. Whereas, Korak

et al. (2018) reported the highest muscle activation for the gluteus maximus during Front Squat com-

paring to Deadlift exercise, with no differences for this muscle between Front and Back Squat.
Moreover, the Hip Thrust exercise has also been found to elicit greater muscle activation for

the gluteus maximus than Deadlift and Hexagonal Bar Deadlift. Also, lower muscle activation

for the biceps femoris muscle was shown during Hip Thrust compared to Deadlift. No muscle

activation differences were presented among those three exercises for the erector spinae mus-

cle. Hence, a greater torque and greater stress in the hip joint during Deadlift compared to

both other exercises was also reported [22].

Additionally, several authors have compared Deadlift exercises to single joint and machine-

based exercises in their research. For example, Bourne et al. (2017) reported significantly greater

muscle activation during 45º Hip Extension and Nordic Hamstring Exercise than Stiff Leg Deadlift
and Unilateral Stiff Leg Deadlift for biceps femoris and semitendinosus muscles. Similar results

support these findings, showing a greater muscle activation during the Nordic Hamstring Exercise
and during Seated Leg Curl for hamstring muscles in comparison to the muscle activation elicited

for hamstring muscles during Stiff Leg Deadlift and Unilateral Stiff Leg Deadlift [43].

On the other hand, the Prone Leg Curl in machine was found to elicit higher muscle activa-

tion for both upper and lower sections of the biceps femoris muscle than during Stiff Leg Dead-
lift but showed no significant differences for the semitendinosus muscle (Schoenfeld et al.,

2015). On the contrary, McAllister et al. (2014) reported greater biceps femoris muscle activa-

tion during Romanian Deadlift than during the Prone Leg Curl. It would be necessary to unify

the muscle activation normalization method and protocol carried out. Likewise, researchers

should ascertain a proportional exercise load when comparing bilateral multi joint exercises to

single leg and machine-based exercises, in order to obtain consistent outcomes.

Conclusions

After performing the current systematic and comprehensive review, several conclusions have

been reached. Main findings outlined that:

1. Biceps femoris is the most studied muscle (13/19), followed by gluteus maximus (10/19),

vastus lateralis and erector spinae (9/19) during Deadlift exercises.
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2. Erector spinae and quadriceps muscles are more activated than gluteus maximus and biceps

femoris muscles within Deadlift exercises (9/19).

3. Within the hamstring muscles complex, semitendinosus elicits slightly greater muscle acti-

vation than biceps femoris during Deadlift exercises (6/19).

Some recommendations for future research involving surface electromyography recordings

are:

1. Participants training status and participants resistance training experience should be out-

lined in detail. Only 11/19 studies showed this information.

2. Exercise load quantification method during sEMG recordings must be standardized, so

exercises could be comparable among them.

3. Taking into consideration the different muscle activation pattern reported during concen-

tric and eccentric exercises phases, it is highly recommended to perform such subdivision

for future studies.

4. A unified criterion upon methodology protocol is necessary in order to avoid several bias

risks and report reliable outcomes when using surface electromyography recordings. Infor-

mation regarding electrode location, number of testing days and sEMG normalization

method should be strictly reported.

Practical applications

Currently, Deadlift is an exercise frequently performed to improve the lower limb muscles,

mainly biceps femoris and semitendinosus (hamstrings), and gluteus maximus. Based on this

systematic review about the sEMG activity in the Deadlift exercise and its variants, it has been

demonstrated that other muscles such as erector spinae and quadriceps are more activated

than hamstrings and gluteus maximus, although some studies found conflicting results.

Deadlift exercise comprises a movement which could have a transference into daily life

activities; also considered as one of the greatest compound lifts, as it involves several muscles

groups coordination. A broad spectrum of Deadlift variants has been reported, so diverse

applications for these exercises could merge, covering health, rehabilitation and performance

environments.

Therefore, it must be considered that muscle activation would depend on the Deadlift vari-

ant performed. For instances, posterior thigh muscles would show greater muscle activity

when performing exercises that holds the knees on a fixed and extended position (e.g. Roma-
nian Deadlift or Straight Leg Deadlift). On the contrary, whether your goal is to maximize ante-

rior thigh and lower back muscle activity, Deadlift would be the exercise of choice. Hexagonal
Bar Deadlift also elicits a great anterior thigh muscle activity, but with a reduction on erector

spinae muscle activity, turning this exercise into an appropriate Deadlift variant when athletes

have lower back issues.

Hence, coaches, athletes and regular population ought to contemplate these findings when

selecting the Deadlift exercise and its variants for their training programs, considering the

individual training goals.
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Abstract: The aim of this study was to analyze the literature on muscle activation measured by
surface electromyography (sEMG) of the muscles recruited when performing the leg press exercise
and its variants. The Preferred Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA)
guidelines were followed to report this review. The search was carried out using the PubMed, Scopus,
and Web of Science electronic databases. The articles selected met the following inclusion criteria:
(a) a cross-sectional or longitudinal study design; (b) neuromuscular activation assessed during the
leg press exercise, or its variants; (c) muscle activation data collected using sEMG; and (d) study
samples comprising healthy and trained participants. The main findings indicate that the leg press
exercise elicited the greatest sEMG activity from the quadriceps muscle complex, which was shown
to be greater as the knee flexion angle increased. In conclusion, (1) the vastus lateralis and vastus
medialis elicited the greatest muscle activation during the leg press exercise, followed closely by
the rectus femoris; (2) the biceps femoris and the gastrocnemius medialis showed greater muscular
activity as the knee reached full extension, whereas the vastus lateralis and medialis, the rectus
femoris, and the tibialis anterior showed a decreasing muscular activity pattern as the knee reached
full extension; (3) evidence on the influence of kinematics modifications over sEMG during leg press
variants is still not compelling as very few studies match their findings.

Keywords: electromyography; muscle activity; muscle activation; thigh muscles

1. Introduction

The benefits of strength training [1] are strongly associated with different components of physical
and mental health including reduced symptoms of depression, decreased lower back pain, and improved
vascular condition, movement control and bone density as well as enhanced self-esteem, among
others [2]. In addition, strength training can lead to significant differences in athletic performance by
promoting greater force production, postural strength, ability to respond to stretch shortening cycles,
and an increasing force development rate, which can result in faster muscle activation [3].

Although the selection of strength training exercises depends on the fitness goals (e.g., hypertrophy,
performance, or injury prevention, among others), muscle activation patterns need to be considered.
This is because greater muscle activation, and with it greater surface electromyographic (sEMG)
amplitude and a greater number of motor units recruited, is normally essential for motor control,
skills improvement, and strength and power development [4]. In humans, the force of a muscle
contraction is partly regulated by the number, frequency, and synchronization of the motor units
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recruited [5,6]. Low threshold motor units are mainly recruited in low intensity exercises, whereas both
low and high threshold motor units are recruited during high intensity exercises [6] or low intensity
exercises performed to task failure [7].

Consequently, surface electromyography, which consists of a very sensitive voltmeter that detects
increases and decreases in voltage on the sarcolemma, has become a common research tool in sports
sciences for measuring muscle activation [8]. Accordingly, sEMG provides trainers and coaches
with valuable information on electrical activity in muscles, in a simple and non-invasive way [9].
For example, sEMG amplitude and power spectral analysis are frequently used to examine muscle
fatigue [10]. In this sense, an increase in the sEMG amplitude and a reduction in the sEMG spectral
frequency manifest as the fatigue index increases [11,12].

Different studies have shown that muscle activation varies during multi-joint, lower-body strength
training exercises depending on the intensity [6,12] and the variants of the exercise itself [12]. The leg
press is performed using closed-chain kinetic effort [13] and the hip and knee extension involves large
lower-body muscle groups (the quadriceps, hamstring, gluteus, and gastrocnemius) [14]. The specific
training of these muscle groups is closely related to jumping, running, and athletic performance
in general [15]. Consequently, the leg press exercise is widely used for strengthening the lower
limbs [16–19].

Specifically, the leg press and its variants are some of the exercises studied in the scientific
literature [14,15,20–22]. Previous studies have found that the knee flexion angle had a significant effect
on muscle activation in the bilateral leg press [21,22]. For example, biceps femoris activation increases
towards full knee extension [21,22], whereas the activation levels of the rectus femoris and vastus
medialis decrease [22].

Additionally, certain variations in technique need to be considered when training using the leg
press and its variants. For instance, feet position on the footplate, regarding lower and higher feet
placement [14,15] or width stance [15] have been some studied variants of leg press. For example,
leg press with high feet placement on the footplate showed higher gluteus maximus activity compared
to low feet placement [14]. Conversely, low feet placement elicited greater rectus femoris activity
compared to high feet placement [14]. On the contrary, Escamilla et al. (2001) [15] reported no
significant differences on muscle activity between low and high feet placement.

With respect to feet rotation, the literature is also not compelling. In this regard, some authors
attributed a preferential activation of vastus medialis to the external feet rotation [15,23], whereas
others assessed the influence of knee external or internal resistance on vastus medialis during leg
press [20,24]. Finally, various authors have assessed the influence of exercise intensity on muscle
activity during the leg press exercises [6,12,25].

However, to the best of our knowledge, there is no comprehensive review of the literature on
muscle activity during leg press exercises. The gathering of the current evidence is required to clarify
which leg press exercise variant should be used to activate a specific targeted muscle.

The aim of this study, therefore, was to systematically review the current literature on muscle
activity, measured by sEMG, of muscles recruited when performing the leg press exercise and all
its best-known variants. It may provide athletes and coaches with a useful guide for lower limb
strengthening during leg press exercises and its variants regardless of the training goals.

2. Materials and Methods

Search Protocol
The Preferred Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA) [26] guidelines

were followed to report this systematic review. A prior registration process was also conducted by
the Cochrane Collaboration on the PROSPERO database. The quality of the studies was assessed by
two independent reviewers using the PEDro quality scale; this comprised eleven questions, three of
which were rejected due to their inability to blind trainees and researchers [27,28]. The protocol for
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this systematic review was registered on PROSPERO (CRD42020162417) and is available in full on the
National Institute for Health Research’s site.

The literature search was performed using the PubMed, Scopus, and Web of Science electronic
databases from December 2019 to January 2020, and included articles published from the databases’
inception up until December 2019.

The search strategy conducted on the different databases used the following related terms, Medical
Subject Heading (MeSH) descriptors, and keywords: (a) PubMed: (“seated leg press” OR “leg press
machine” OR “leg press” OR “angled leg press”) AND (“resistance training” OR “strength training”
OR “resistance exercise” OR “weight lifting” OR “weight bearing”) AND (electromyography OR EMG
OR “muscle activation” OR “muscle activity” OR “sEMG amplitude” OR “neuromuscular activation”
OR “muscle excitation” OR “muscular activity”); (b) Scopus: (TITLE(“seated leg press” OR “leg press
machine” OR “leg press” OR “angled leg press”) AND (“resistance training” OR “strength training”
OR “resistance exercise” OR “weight lifting” OR “weight bearing”) AND (“electromyography” OR
“EMG” OR “muscle activation” OR “muscle activity” OR “sEMG amplitude” OR “neuromuscular
activation” OR “muscle excitation” OR “muscular activity”)); (c) Web of Science: ALL = ((“seated leg
press”* OR “leg press machine”* OR “leg press”* OR “angled leg press”*) AND (“resistance training”*
OR “strength training”* OR “resistance exercise”* OR “weight lifting”* OR “weight bearing”*) AND
(electromyography* OR EMG* OR “muscle activation”* OR “muscle activity”* OR “sEMG amplitude”*
OR “neuromuscular activation”* OR “muscle excitation”* OR “muscular activity”*)).

Each article included had to meet all the following inclusion criteria:

(1) a cross-sectional or longitudinal study design;
(2) neuromuscular activation assessed during the leg press exercise or its variants;
(3) EMG data collected using surface electromyography devices;
(4) study samples including healthy and trained participants older than eighteen years of age (with a

minimum of six months resistance training experience).

Resistance training experience and familiarization with exercises may substantially alter the sEMG
elicited during an exercise; for this reason, we only included studies with trained participants [2,29–31].
Studies that assessed upper-limb muscle activation and studies comparing the leg press exercise to
any other lower-limb strengthening exercises were also considered. Although there were no language
restrictions, all the studies selected were written in English. Publications such as abstracts, theses,
books, book chapters, congress reviews, and articles that were not of minimum quality (according to
the protocol description using the PEDro quality scale) were not considered.

Terminology such as “muscular activity”, “muscle excitation”, “neuromuscular activation” or
“sEMG amplitude” have been used in the literature referring to electrical muscle activity. Due to the
heterogeneity of terms used to describe the same concept, “muscle activation” is used for the current
manuscript report.

Two independent reviewers selected the final articles to be included in the review in accordance
with the inclusion and exclusion criteria. The first step consisted of filtering out duplicates. Next,
the titles and abstracts were assessed, which led to a full text reading where necessary. In the case of
disagreement between the two reviewers, a third reviewer was consulted. The search process lasted
approximately three weeks. The identified articles were downloaded into the EndNote version X9
(Clarivate Analytics, New York, NY, USA) software for the subsequent data extraction process. All the
steps followed are fully described in the flow chart (Figure 1).
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Figure 1. Flowchart.

The information extracted from the selected articles included the reference, the exercise movements
measured, the sample size (n), the gender, the age (years), the experience (years), the muscles evaluated,
the location of the electrodes, the limb tested (non-dominant/dominant), the sEMG collection method,
the sEMG normalization method, the outcomes, and the main findings.

Finally, the selected studies reported muscle activation for every single exercise and muscle group
separately. Thus, sEMG activity was the main data gathered and sEMG data on concentric and eccentric
phases were collected where available.

It was not possible to perform a meta-analysis of the results because there was insufficient
homogeneity of the methodological strategy and the type of analysis carried out in each study. For this
reason, a qualitative results analysis was conducted for this review.

3. Results

3.1. Search Results

A total of 217 studies were identified from the initial database search. Ninety-four of them were
immediately removed because they were duplicates, leading to a total of 123 records for the title and
the abstract screening process. Twenty-seven studies were selected for full text reading; only twelve of
these met the inclusion criteria and were eventually included in the review (Figure 1). Five studies were
rejected directly because the samples included inexperienced participants. All the study participants
reported a minimum of six months resistance training experience; this is because the experience time
and exercise familiarization variable may significantly affect the muscle activation elicited during an
exercise, hence the importance of having a homogeneous and experienced sample [30–34].

All the selected studies presented a cross-sectional study design with a randomized exercise testing
order. Information regarding the studies’ general description are presented in Table 1. The selected
studies were published between 2001 and December 2019. In addition, the final studies were categorized
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as being of good/excellent quality regarding the methodological and data reporting process, according
to the PEDro quality scale.

The range of motion performed during the leg press exercises ranged from 120◦ to 0◦ knee flexion,
with 0◦ being understood as a full knee extension, except for one study which interpreted 180◦ as the
full knee extension [33]. The intensity performed during the exercises was diverse. In fact, some studies
assessed a number of repetitions ranging between 30% and 90% of 1RM [6,12,14,16], some measured a
number of maximum repetitions (xRM) [1,15,20], and others assessed the number of repetitions as x% of
body weight (BW) [24,35]. In contrast, Hahn (2011) [22] performed the exercises at isometric positions.

No unified criteria were found regarding the sEMG normalization method. Although
most studies used the % maximal voluntary isometric contraction (%MVIC) normalization
method [1,12,15,20,22,24,33–35], other methods were used such as the % root mean square (%RMS)
normalization method [14,20] and the average mean rectified voltage (MRV) [21], thus making it
difficult to deliver consistent outcomes.

Table 1. General data regarding the exercises tested, the sample size, the participants’ gender and age,
the training experience time, the surface electromyography (sEMG) collection method, the outcomes,
and the main findings of the selected articles.

References Exercises Tested Sample Age (Years) Experience
(Years)

sEMG
Collection

Method

sEMG Activity
Recorded of

Muscles
Main Findings

Escamilla et al.
(2001) [15]

Squat versus leg press
with different feet

positions and stances
(0◦ forefoot abduction,
30◦ forefoot abduction

during wide and
narrow stances. Leg

press high and low feet
position)

10 men
Lifters 29.6 ± 6.5

10.1 ± 7.7 Squat,
9.0 ± 8.3 Leg

press

4 reps
12RM

Biceps femoris,
semitendinosus,
vastus medialis,
vastus lateralis,
rectus femoris,

and gastrocnemius

Foot abduction position
did not affect thigh

muscles’ activity during
squat and leg press

exercises.

Bolgla et al.
(2008) [35]

Unilateral leg press
versus step-up,

step-down, straight leg
raise, squat, single leg
stance at 30◦ and full

knee extension

8 women
and 7 men

Women
22.2 ± 2.9,

men
24.5 ± 3.2

Trained, not
specified

3 reps 33%
BW Vastus medialis

Vastus medialis activity
was greater during

unilateral leg press than
the rest of the exercises.

Da Silva et al.
(2008) [14]

Leg press with low foot
placement (LPL), high
foot placement (LPH),

and inclined to 45◦

(LP45)

14 women 21.5 ± 1.6 >6 months
5 reps

40%–80%
1RM

Gluteus maximus,
biceps femoris,
vastus lateralis,
rectus femoris,

and gastrocnemius

LPL and LP45 elicited
greater rectus femoris

and gastrocnemius
activity at 40% and 80%

1RM.
LPL elicited greater
rectus femoris and

vastus lateralis activity.
LPH elicited greater

gluteus maximus
activity.

Gorostiaga et
al. (2011) [21] Leg press 13 men 34 ± 5 Trained, not

specified
5–10reps at
~83% 1RM

Vastus medialis,
vastus lateralis,

and biceps
femoris

Vastus medialis and
vastus lateralis activity
decreased progressively
with extension. Biceps

femoris activity was
higher as extension

increased.

Hahn (2011)
[22]

Leg press at 8 distinct
knee angles (30–100◦) 18 men 30 ± 6.3 Trained, not

specified

3 sets of 3
reps, 24

contractions
per knee

angle.
Maximal
isometric

contraction

Biceps femoris,
vastus medialis,
rectus femoris,
gastrocnemius

medialis,
and tibialis

anterior

Vastus medialis and
rectus femoris activity
decreased with knee
extension. Gluteus

maximus and biceps
femoris activity

increased with knee
extension. Tibialis

anterior activity
increased with knee
flexion, peaking at

90–100◦ knee flexion.
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Table 1. Cont.

References Exercises Tested Sample Age (Years) Experience
(Years)

sEMG
Collection

Method

sEMG Activity
Recorded of

Muscles
Main Findings

Walker et al.
(2011) [33]

Leg press at 2 s
concentric phase and

leg press with explosive
concentric phase

9 men 29 ± 4.1 Trained, not
specified

1 single
rep per

each
technique.
40%–60%–80%

1RM

Biceps femoris,
vastus medialis,
vastus lateralis,

and rectus femoris

Vastus medialis and
vastus lateralis activity
decreased progressively
with extension. Biceps

femoris activity
remained low and

consistent from 40◦–120◦

knee flexion. No
significant differences

were observed, for any
muscle, at any loading

intensity, during
explosive contractions.

Peng et al.
(2013) [24]

Leg press versus leg
press with submaximal
isometric hip adduction

force (LP+), and leg
press with vigorous
isometric hip adduct

force (LP++)

10 men 21.0 ± 1.4 Trained, not
specified

3 reps per
exercise.
53 kg +

80% BW

Vastus medialis,
vastus lateralis,

and hip adductor
longus

Greater hip adductor
longus activity during

LP++ for concentric and
eccentric phase.

Schoenfeld et
al. (2014) [12]

Leg press at 75% 1RM
(high load) versus 30%

1RM (low load)
10 men 21.3 ± 1.5 Resistance

trained >1 year

30% 1RM
to 75%

1RM sets
to failure

Biceps femoris,
vastus medialis,
vastus lateralis,

and rectus femoris

Greater overall muscle
activation during high

load set. Greater vastus
medialis and vastus
lateralis activity than

biceps femoris.

Gonzalez et al.
(2017) [6]

Leg press to failure 70%
1RM and 90% 1RM 10 men 22.8 ± 2.7 4.6 ± 1.8 years

70%–90%
1RM reps
to failure

Vastus medialis,
vastus lateralis,

and rectus femoris

Vastus lateralis elicited
greater activity than

rectus femoris,
and rectus femoris

elicited greater activity
than vastus medialis.

Greater overall muscle
activation during 90%

1RM.

Machado et al.
(2017) [20]

Leg press inclined 45◦

(LP45), LP45 with
physio ball between

knees, and LP45 with
elastic band around

knees

13 women 22.5 ± 2.9 Trained, not
specified

10 reps
70% 10RM

Biceps femoris,
vastus medialis,
vastus lateralis,

and rectus femoris

Greater vastus medialis
activity during LP45

with physio ball between
knees.

Leg press with elastic
band around knees

increased rectus femoris
activity.

Alkner and
Bring (2019)

[1]

Flywheel leg press,
knee extension

isokinetic
dynamometry, barbell

front squat, weight
stack leg press,

and weight stack knee
extension

8 men 28 ± 6 Trained, not
specified

8 reps
10RM

Vastus medialis,
vastus lateralis,

and rectus femoris

Flywheel technology
and

isokineticdynamometry
induced higher eccentric

muscle activation
compared to traditional
devices like barbells or
weight stack devices.

Saeterbakken
et al. (2019)

[34]

Leg press, Smith
machine and squat

19
women 24.1 ± 4.5 4.5 ± 2.0 3 reps

1RM

Rectus abdominis,
oblique external,

and erector spinae

Lower trunk muscle
activation during leg
press. Smith machine

and squat elicited similar
muscle activation.

Exercise abbreviations: LPH, high feet leg press; LPL, low feet leg press; LP45, 45◦ inclined leg press; LP+, leg press
with isometric hip adduction; LP++, leg press with vigorous isometric hip adduction. Other abbreviations: BW,
body weight; MVIC, maximal voluntary isometric contraction; reps, repetitions; RM, repetition maximum.

3.2. Muscles Assessed During Leg Press Exercises and Variants

In terms of sEMG activity, the vastus lateralis and the vastus medialis of the quadriceps are the
muscles that have most been investigated during the leg press exercise and its variants (10/12 studies).
The rectus femoris is the second most investigated muscle (8/12 studies), followed closely by the
biceps femoris (7/12 studies). The muscles least investigated during leg press exercises include the
gastrocnemius medialis (3/12 studies), and the gluteus maximus and the semitendinosus (1/12 studies
each). Furthermore, only three studies reported muscle activation in the concentric and eccentric phase
separately, and all of these identified greater muscle activation during the concentric phase of the
exercise [1,20,21].
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Due to the heterogeneity of the sEMG normalization methods, it was considered appropriate to
report the results by grouping the studies into three categories: studies assessing muscle activation
during the leg press exercise (Table 2), studies assessing muscle activation during other leg press
variants (Table 3), and studies comparing the leg press with other exercises.

Table 2. Data on sEMG activity for studies assessing the leg press.

References Exercise Biceps
Femoris

Vastus
Medialis

Vastus
Lateralis

Rectus
Femoris

Gastrocnemius
Medialis

Tibialis
Anterior

Hahn (2011) [22]

Leg press 100◦ ~35% MVIC
mean

~83% MVIC
mean n/a ~75% MVIC

mean
~22% MVIC

mean
~70% MVIC

mean

Leg press 90◦ ~40% MVIC
mean

~80% MVIC
mean n/a ~73% MVIC

mean
~26% MVIC

mean
~77% MVIC

mean

Leg press 80◦ ~32% MVIC
mean

~70% MVIC
mean n/a ~74% MVIC

mean
~30% MVIC

mean
~43% MVIC

mean

Leg press 70◦ ~32% MVIC
mean

~75% MVIC
mean n/a ~76% MVIC

mean
~40% MVIC

mean
~22% MVIC

mean

Leg press 60◦ ~55% MVIC
mean

~77% MVIC
mean n/a ~77% MVIC

mean
~53% MVIC

mean
~19% MVIC

mean

Leg press 50◦ ~78% MVIC
mean

~69% MVIC
mean n/a ~60% MVIC

mean
~69% MVIC

mean
~18% MVIC

mean

Leg press 40◦ ~85% MVIC
mean

~64% MVIC
mean n/a ~41% MVIC

mean
~77% MVIC

mean
~19% MVIC

mean

Leg press 30◦ ~83% MVIC
mean

~50% MVIC
mean n/a ~23% MVIC

mean
~89% MVIC

mean
~17% MVIC

mean

Walker et al.
(2011) [33]

Leg press 40%
1RM 100–80◦

~19% MVI
mean n/a n/a ~55% MVIC

mean n/a n/a

Leg press 40%
1RM 80–60◦

~19% MVIC
mean n/a n/a ~31% MVIC

mean n/a n/a

Leg press 40%
1RM 60–40◦

~22% MVIC
mean n/a n/a ~18% MVIC

mean n/a n/a

Leg press 40%
1RM 40–20◦

~25% MVIC
mean n/a n/a ~9% MVIC

mean n/a n/a

Leg press 40%
1RM 20–0◦

~37% MVIC
mean n/a n/a ~6% MVIC

mean n/a n/a

Leg press 60%
1RM 100–80◦ n/a ~127% MVIC

mean

~120%
MVIC
mean

n/a n/a n/a

Leg press 60%
1RM 80–60◦ n/a ~115% MVIC

mean

~105%
MVIC
mean

n/a n/a n/a

Leg press 60%
1RM 60–40◦ n/a ~98% MVIC

mean

~100%
MVIC
mean

n/a n/a n/a

Leg press 60%
1RM 40–20◦ n/a ~75% MVIC

mean

~80%
MVIC
mean

n/a n/a n/a

Leg press 60%
1RM 20–0◦ n/a ~69% MVIC

mean

~45%
MVIC
mean

n/a n/a n/a

Leg press 80%
1RM 100–80◦ n/a ~150% MVIC

mean

~148%
MVIC
mean

n/a n/a n/a

Leg press 80%
1RM 80–60◦ n/a ~125% MVIC

mean

~120%
MVIC
mean

n/a n/a n/a

Leg press 80%
1RM 60–40◦ n/a ~110% MVIC

mean

~120%
MVIC
mean

n/a n/a n/a

Leg press 80%
1RM 40–20◦ n/a ~100% MVIC

mean

~98%
MVIC
mean

n/a n/a n/a

Leg press 80%
1RM 20–0◦ n/a ~90% MVIC

mean

~65%
MVIC
mean

n/a n/a n/a
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Table 2. Cont.

References Exercise Biceps
Femoris

Vastus
Medialis

Vastus
Lateralis

Rectus
Femoris

Gastrocnemius
Medialis

Tibialis
Anterior

Peng et al.
(2013) [24]

Leg press
90–75◦ n/a ~50% MVIC

mean

~55%
MVIC
mean

n/a n/a n/a

Leg press
75–60◦ n/a ~37% MVIC

mean

~40%
MVIC
mean

n/a n/a n/a

Leg press
60–45◦ n/a ~33% MVIC

mean

~37%
MVIC
mean

n/a n/a n/a

Leg press
45–30◦ n/a ~23% MVIC

mean

~29%
MVIC
mean

n/a n/a n/a

Leg press
30–15◦ n/a ~19% MVIC

mean

~23%
MVIC
mean

n/a n/a n/a

Leg press
15–0◦ n/a ~15% MVIC

mean

~21%
MVIC
mean

n/a n/a n/a

Schoenfeld et al.
(2014) [12]

Leg press 30%
1RM

~19% MVIC
peak

~74% MVIC
peak

~70%
MVIC
peak

n/a n/a n/a

Leg press 75%
1RM

~72% MVIC
peak

~210% MVIC
peak

~195%
MVIC
peak

n/a n/a n/a

Gonzalez et al.
(2017) [6]

Leg press 70%
1RM n/a ~60% MVIC

mean

~75%
MVIC
mean

~59% MVIC
mean n/a n/a

Leg press 90%
1RM n/a ~65% MVIC

mean

~79%
MVIC
mean

~68% MVIC
mean n/a n/a

Abbreviations: MVIC, maximal voluntary isometric contraction; RM, repetition maximum; n/a, not available.

Table 3. Data on sEMG activity in studies comparing the leg press with some of its variants.

References Exercise Medial
Hamstrings

Lateral
Hamstrings

Biceps
Femoris

Vastus
Medialis

Vastus
Lateralis

Rectus
Femoris

Gastrocnemius
Medialis

Gluteus
Maximus

Hip
Adductor
Longus

Escamilla et al.
(2001) [15]

Leg press high
feet narrow

stance

~15% MVIC
peak

~13% MVIC
peak n/a n/a ~47% MVIC

peak

~39%
MVIC
peak

~14% MVIC
peak n/a n/a

Leg press high
feet wide stance

~20% MVIC
peak

~16% MVIC
peak n/a n/a ~50% MVIC

peak

~33%
MVIC
peak

~15% MVIC
peak n/a n/a

Leg press low
feet narrow

stance

~11% MVIC
peak

~12% MVIC
peak n/a n/a ~48% MVIC

peak

~46%
MVIC
peak

~22% MVIC
peak n/a n/a

Leg press low
feet wide stance

~15% MVIC
peak

~12% MVIC
peak n/a n/a ~50% MVIC

peak

~37%
MVIC
peak

~22% MVIC
peak n/a n/a

Bolgla et al.
(2008) [35]

Unilateral leg
press n/a n/a n/a 41% ± 19%

MVIC mean n/a n/a n/a n/a n/a

Da Silva et al.
(2008) [14]

Leg press low
feet 40% 1RM n/a n/a ~42%

RMS n/a ~50% RMS ~38%
RMS ~26% RMS ~40%

RMS n/a

Leg press high
feet 40% 1RM n/a n/a ~44%

RMS n/a ~50% RMS ~27%
RMS ~38% RMS ~37%

RMS n/a

Leg press
inclined 45◦ 40%

1RM
n/a n/a ~46%

RMS n/a ~52% RMS ~48%
RMS ~40% RMS ~39%

RMS n/a

Leg press low
feet 80% 1RM n/a n/a ~96%

RMS n/a ~95% RMS ~96%
RMS ~77% RMS ~81%

RMS n/a

Leg press high
feet 80% 1RM n/a n/a ~85%

RMS n/a ~81% RMS ~63%
RMS ~40% RMS ~115%

RMS n/a

Leg press
inclined 45◦ 80%

1RM
n/a n/a ~81%

RMS n/a ~87% RMS ~87%
RMS ~74% RMS ~100%

RMS n/a



Int. J. Environ. Res. Public Health 2020, 17, 4626 9 of 15

Table 3. Cont.

References Exercise Medial
Hamstrings

Lateral
Hamstrings

Biceps
Femoris

Vastus
Medialis

Vastus
Lateralis

Rectus
Femoris

Gastrocnemius
Medialis

Gluteus
Maximus

Hip
Adductor
Longus

Peng et al.
(2013) [24]

Leg press n/a n/a n/a
25.53% ±

8.43% MVIC
mean

31.28% ±
11.83%

MVIC mean
n/a n/a n/a

7.44% ±
4.69%
MVIC
mean

Leg press+ n/a n/a n/a
26.53% ±
10.06%

MVIC mean

32.36% ±
12.97%

MVIC mean
n/a n/a n/a

11.12% ±
6.55%
MVIC
mean

Leg press++ n/a n/a n/a
26.77% ±
10.21%

MVIC mean

33.84% ±
14.91%

MVIC mean
n/a n/a n/a

20.83% ±
8.58%
MVIC
mean

Machado et al.
(2017) [20]

Leg press
inclined 45◦ n/a n/a ~17%

RMS ~80% RMS ~70% RMS ~42%
RMS n/a n/a n/a

Leg press 45◦

with physio ball
between knees

n/a n/a ~18%
RMS ~100% RMS ~98% RMS ~39%

RMS n/a n/a n/a

Leg press
inclined 45◦

with elastic
band around

knees

n/a n/a ~19%
RMS ~43% RMS ~76% RMS ~63%

RMS n/a n/a n/a

Abbreviations: +, leg press with isometric hip adduction; ++, leg press with vigorous isometric hip adduction; MVIC,
maximal voluntary isometric contraction; RM, repetition maximum; RMS, root mean square; n/a, not available.

3.3. Leg Press Exercises

During the leg press, the horizontal movement ranges from a starting position of approximately
90◦ knee flexion to a final position with the knees totally extended (close to 0◦ knee flexion), performed
while maintaining a slightly reclined seating position [22].

The quadriceps muscles, both the vastus medialis and the vastus lateralis, elicited the greatest
muscle activation during the leg press, followed closely by the rectus femoris (Table 2). In addition,
greater overall muscle activation was found for all the muscles as the leg press exercise intensity
increased [6,12,33].

Regardless of the intensity applied during each of the five studies, the muscle activation pattern
during the leg press exercise seemed to be similar for all of them (Table 2). The biceps femoris and
the gastrocnemius medialis tended to show greater muscle activation as the knee extended to its
full position [12,22,33]. On the other hand, different outcomes were found for the vastus lateralis,
the vastus medialis, the rectus femoris of the quadriceps, and the tibialis anterior, showing a decrease
in the muscle activation pattern as the knee reached its full extension [22,24,33].

Therefore, peak sEMG activity was found at approximately 90◦ knee flexion for the vastus lateralis,
the vastus medialis, and the rectus femoris of the quadriceps, as well as for the tibialis anterior [22,24,33].
Furthermore, the biceps femoris and the gastrocnemius medialis presented their peak sEMG activity at
an angle of 30◦ knee flexion [22,33]. Additionally, certain authors reported sEMG activity during single
complete repetitions, without dividing the sEMG activity by the specific knee flexion angle [6,12].

3.4. Leg Press Variants

In addition to the leg press exercise itself, we found studies assessing several leg press
variants. Some of them are the inclined leg press (45◦) [1,14,20]; the leg press with extra hip
adduction/abduction [20]; and the leg press with different feet height on the footplate (i.e., high
and low), feet stances (i.e., narrow or wide), [15] and feet rotations on the footplate (0◦–30◦ external
rotation) [15]. The unilateral leg press [35] is, to the best of our knowledge, a leg press variant that has
hardly been investigated (Table 1).

For instance, Escamilla et al. (2001) [15] assessed the leg press exercise using different feet stance
positions, where leg press variants combining high and low, wide and narrow feet stances, and 0◦or
30◦ feet external rotation were evaluated. The sEMG activity showed no significant differences among
the different feet stances [15]. In line with these results, Da Silva et al. (2008) [14] also reported no
differences using either high or low feet positions during the leg press. However, as exercise intensity
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increased to 80% 1RM, the gluteus maximus activity was greater when using the high feet position
during the leg press [14].

An inclined leg press with an inclination angle of 45◦ (LP45) presented the greatest sEMG activity
for the gluteus maximus [14] and for the vastus medialis of the quadriceps [20] in comparison to rectus
femoris and biceps femoris [14,20].

When the leg press exercise was performed with extra hip adduction resistance (pressing a
ball between the knees), greater hip adductor longus activity was reported [24]. There was also
slightly greater vastus medialis activity reported during the leg press exercise with extra hip adduction
resistance compared to the standard leg press [20]. Otherwise, leg press with hip abduction (elastic
band around knees) significantly reduced the sEMG elicited by vastus medialis of the quadriceps in
comparison to the standard leg press [20].

Finally, greater vastus medialis activity was found during the unilateral leg press exercise than
during other unilateral weight-bearing exercises, such as the step-up, step-down, or straight leg
raise [35].

4. Discussion

The main aim of the present study was to systematically review the current literature on muscle
activation, measured with sEMG, of the muscles recruited when performing the leg press exercise and
all its most known variants.

The relevant outcomes gathered from the literature revealed that the vastus
medialis [1,6,12,15,20–22,24,33,35] and the vastus lateralis of the quadriceps [1,6,11–15,27] were the
most studied muscles when performing the leg press exercise and its common variants, followed closely
by the rectus femoris of the quadriceps muscles [1,6,12,14,15,20,22,33]. After this, the musculature
activated most during leg press exercises were the muscles of the quadriceps complex, mainly the
vastus medialis and the vastus lateralis. Indeed, this is the case for almost all the leg press variants
studied [12,22,33].

Only three of the thirteen studies analyzed the sEMG data separately for each phase, reporting
that concentric sEMG activity was greater than eccentric phase sEMG activity [1,20,21]. In the current
literature, it has been widely stated that sEMG activity could significantly differ between the concentric
and eccentric phase [36–38]. Thus, future studies using sEMG should seriously consider performing
such subdivisions in their research.

4.1. Methodological Gaps Between the Studies

Diversity among the sEMG normalization methods was one of the most difficult issues to deal with
in this review. Five different normalization methods were found among the selected studies (%MVIC,
%RMS, MRV, RMS, and microvolts-µV), making it difficult to deliver consistent outcomes. Furthermore,
the intensity at which exercises were performed was likewise diverse. Muscular activation is directly
dependent on intensity, so wide differences in sEMG values could be seen when performing the same
exercise but at different relative intensities [6,11,13,27]. Therefore, the intensity normalization method
should be standardized when comparing several exercises from among the studies in order to achieve
conclusive outcomes. For instance, apparently a ~70% 1RM intensity normalized as %MVIC might
be set as an appropriate intensity for the strength training electromyographic studies [6,12,14,33,34].
Besides the disparities regarding the intensity and the sEMG normalization methods used in the studies
included in the review, some other differences were found regarding the methodological process.

Even though the well-known Surface ElectroMyoGraphy for the Non-Invasive Assessment of
Muscles (SENIAM) guidelines were followed in many studies [11,15,16,27], the criteria for electrode
placement were varied. While certain studies did not even report any of the statements or guidelines
followed [1,6,35], others followed the Cram guidelines [20,24], and some followed previously reported
recommendations [14,15]. Nevertheless, surface electromyography data were collected during the
same session for every study included in the review with the aim of avoiding electrode placement bias.
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The sample sizes ranged between eight and eighteen subjects. Only three studies had a female
sample [14,20,34], and just one evaluated a mixed sample [35]. More studies that include women are
needed given the notable anthropometric and biomechanical differences between the sexes; muscle
activation differences could also be found [39–41].

Finally, the inability of blinding trainees and researchers during measurements could be taken as
a limitation for the data processing. However, this is an issue that is expected to have been controlled
within every single study included into the review [27,28].

4.2. Leg Press Exercises

Studies gathered assessing sEMG during leg press agreed on the greatest sEMG activity elicited
by vastus medialis and vastus lateralis in comparison to the rest of the muscles [6,12,33]. Although
exercise intensity was in some studies slightly different, a greater overall sEMG muscle activity was
observed for higher intensities compared to lower intensities [6,12,22,24,33]. As mentioned above,
it is always advisable to consider exercise intensity during sEMG studies. Our findings provided
useful information regarding sEMG muscle pattern during the leg press and peak sEMG activity of
the muscles. Regardless of exercise intensity, vastus medialis, vastus lateralis, rectus femoris of the
quadriceps, and tibialis anterior showed a decreased muscle activity as the knee extended to its full
extension. Moreover, those muscles apparently showed their peak activity at an angle of 90◦ of the
knee [22,24,33], whereas biceps femoris and gastrocnemius medialis increased their muscle activity
as the knee extended, showing their peak muscle activity at an angle of 30◦ knee flexion [12,22,33].
This should be taken as key information in order to choose not only the best exercise for the individual
case, but also the best range of motion when the aim is to target a specific muscle. For example,
this knowledge is indispensable for injury prevention or return to play training programs, where
ranges of motion are sometimes reduced or muscle activity must be controlled to ensure an appropriate
recovery [41,42].

4.3. Leg Press Variants

Escamilla et al. (2001) [15] compared several leg press variants, and combined height feet
placement (low and high), feet stance (wide and narrow), and feet abduction (0◦–30◦), concluding
that the feet position did not affect thigh muscle activation in any of the tested variants. Thus, they
recommended an individual self-selected comfortable feet position during the leg press exercise [15].
However, the intensity performed during sEMG data collection was very low (4 repetitions at 12RM
intensity), which might have underestimated the findings [15]. More research should be conducted
analyzing higher exercise intensities during the measurements.

On the other hand, some outcomes suggested that the muscle activation in the leg press with low
foot placement (LPL) differed slightly from the muscle activation in the 45◦ inclined leg press. In this
sense, the leg press with high foot placement (LPH) elicited greater gluteus maximus [14] and greater
hamstring muscle activity [15] compared to the 45◦ inclined leg press exercise. Even though posterior
thigh muscle activation is not the focus when performing leg press exercises, LPH could be performed,
for instance, when one needs to decrease the intensity of the anterior thigh muscle activity during leg
press exercise (e.g., for injury prevention) [35].

Furthermore, the leg press with extra hip adduction load (LP+/LP++) was found to be an
interesting alternative when the target was to significantly increase medial thigh muscle activity,
specifically hip adductor longus activation, by adding a ball between the knees to press [24]. Executing
the leg press inclined at 45◦ with a physio ball between the knees (LP45BALL) also means increasing
medial thigh muscle activity, in this case vastus medialis activation, compared to the standard leg
press exercise [20]. Similarly, the unilateral leg press exercise showed great vastus medialis muscle
activation. Although the unilateral leg press offers an interesting alternative to the standard leg press
when the aim is to provide a functional perspective for the training program with transfer into daily
activities (e.g., walking or climbing stairs) [35], one should consider the differences in absolute intensity
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that this unilateral exercise permits [35]. Overall, given that the literature on this topic remains scarce,
outcomes need to be interpreted with caution.

4.4. Comparison of the Leg Press with Other Exercises

Although our aim did not cover exercises different from leg press and its variants, it would be
interesting to outline some outcomes found within the studies included which compared leg press
exercises and its variants to other exercises.

Bolgla et al. (2008) [35] concluded that the unilateral leg press elicited greater muscle activation
for the vastus medialis of the quadriceps compared to other weight-bearing exercises such as the
step-up, step-down, straight leg raise, air squat, or single leg stance. Consequently, the unilateral leg
press could be the exercise of choice when targeting the vastus medialis during unilateral exercises.

In general terms, muscular activity increases as stability decreases. For instance, weight stack
devices (e.g., the leg press machine) tend to facilitate exercise performance, which reduces the possibility
of some synergist muscles taking part in the exercise [1,14]. Therefore, each exercise variant should
be chosen based on the training goal. For example, different studies exposed leg press exercise as an
optimal alternative within acute phases of rehabilitation and the return to play context in comparison
to free weights, due to the movement stability [2,42,43].

We also found a study comparing the barbell front squat to several devices such as the flywheel
leg press, the isokinetic knee extension dynamometer, the weight stack leg press, and the weight stack
leg extension machine. The results showed that training using flywheel technology and isokinetic
dynamometry provokes higher muscle activation (mainly during the eccentric phase of the movement)
than traditional devices such as weight stack devices (the leg press) or barbells [1].

5. Conclusions

After performing the current systematic review, the following conclusions were reached:

(1) The vastus lateralis and vastus medialis of the quadriceps are the most investigated muscles in
the leg press exercise and its variants (10/12 studies). The rectus femoris is the next most studied
muscle (8/12 studies), followed closely by the biceps femoris (7/12 studies).

(2) The vastus medialis and vastus lateralis elicited the greatest muscle activation during the leg
press exercise, followed closely by the rectus femoris.

(3) The biceps femoris and gastrocnemius medialis tended to show greater muscular activity as the
knee extended to full extension, whereas the vastus lateralis, vastus medialis, rectus femoris of
the quadriceps, and tibialis anterior showed a decrease in the muscular activity pattern as the
knee reached its full extension.

(4) Greater muscle activation during the concentric phase of the exercise was found when these phases
were electromyographically identified. This subdivision should be considered in future research.

(5) The participants’ training status and resistance training experience must be reported in detail.
(6) The sEMG normalization method, the intensity during data collection, the electrode placement,

and the sample size and gender should all be standardized to obtain conclusive outcomes.
(7) It still remains unclear whether kinematics modifications such as knee external or internal

resistance added, different feet stances, feet height, or feet rotations on the footplate may modify
the sEMG elicited. More research is needed to investigate the different feet stances during the leg
press exercise and its variants.

6. Practical Applications

The leg press is a well-known exercise performed in the fitness environment, used mainly to
strengthen the lower limbs. It involves large lower-body muscle groups (the quadriceps, hamstring,
gluteus, and gastrocnemius) and, as a closed-chain kinetic movement, it is closely related to jumping,
running, and athletic performance in general.
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Regardless of the leg press performed, the quadriceps muscles elicited the greatest muscle
activation, principally the vastus medialis and vastus lateralis, followed closely by the rectus femoris.
These muscles showed their greatest sEMG peak activity at a specific angle of 90◦ knee flexion, and the
sEMG activity decreased as the knee reached its full extension. In contrast, the biceps femoris increased
its sEMG activity progressively from 90◦ to 0◦ knee extension. This is key information in the injury
prevention and return to play context, where the activation of target muscles at particular knee flexion
degrees becomes indispensable information.

Regarding leg press variant exercises, findings are more controversial. Overall, results pointed
out that the influence of the leg press kinematics modifications on the sEMG elicited is not fully clear.
Although some studies cover some leg press variants, more research should be conducted in order
to deliver consistent guidelines. However, we support the idea that a preferred self-selected feet
stance should be encouraged, at least until there is strong evidence reporting a beneficial use of the
so-called variants.

Furthermore, considering that several exercises currently exist that comprise large lower-body
muscle groups, trainers, coaches and practitioners should also bear in mind that weight stack devices
make it possible to train at high intensities while reducing the risk of injury to the athlete. Therefore,
the leg press exercise and its variants could be exercises of choice for any strength training program,
independent of the training goal.
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Abstract

The Monopodal Squat, Forward Lunge and Lateral Step-Up exercises are commonly per-

formed with one’s own body weight for rehabilitation purposes. However, muscle activity

evaluated using surface electromyography has never been analyzed among these three

exercises. Therefore, the objectives of the present study were to evaluate the amplitude of

the EMG activity of the gluteus medius, gluteus maximus, biceps femoris, vastus lateralis,

vastus medialis and rectus femoris muscles in participants performing the Lateral Step-Up,

Forward Lunge and Monopodal Squat exercises. A total of 20 physically active participants

(10 men and 10 women) performed 5 repetitions at 60% (5 repetition maximum) in each of

the evaluated exercises. The EMG amplitude was calculated in percentage of the maximum

voluntary contraction. The Monopodal Squat exercise showed a higher EMG activity (p�

0.001) in relation to the Lateral Step-Up and Forward Lunge exercises in all of the evaluated

muscles (d > 0.6) except for the rectus femoris. The three exercises showed significantly

higher EMG activity in all of the muscles that were evaluated in the concentric phase in rela-

tion to the eccentric one. In the three evaluated exercises, vastus lateralis and vastus med-

ialis showed the highest EMG activity, followed by gluteus medius and gluteus maximus.

The Monopodal Squat, Forward Lunge and Lateral Step-Up exercises not only are recom-

mended for their rehabilitation purposes but also should be recommended for performance

objectives and strength improvement in the lower limbs.

Introduction

Counterresistance training constitutes one of the basic pillars of maintaining an optimal physi-

cal condition [1], producing increased muscle mass and improvements in muscle strength [2],
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being of great importance for increasing athlete performance and in the prevention and recov-

ery of possible injuries [3]. In this sense, the Squat and Deadlift exercises and their variants,

such as the Parallel Back Squat [4], Partial Back & Full Back Squat [5], Hexagonal Barbell and

Straight Deadlift exercises [6], are commonly used in muscle conditioning as basic practices

for lower-body strength training [7,8].

Superficial electromyography (sEMG) is the most common technique to evaluate the inter-

action among the muscle groups that are involved in an exercise [9,10]. From the sEMG signal,

we can determine the electromyographic (EMG) activity [9] that occurs in each repetition.

Properly employed, sEMG can determine which muscles are active, their degree of activity,

and how active the muscle is compared to the subject´s capacity [11]. Based on these results,

the best exercises may be selected according to the training objectives [12,13].

Recently, there has been a significant increase in the variability of the execution of these

exercises and/or movements in physical conditioning [14], such as those performed that are

performed unilaterally in the Step-Up or Lunge exercises [15,16]. Numerous authors have

attempted to demonstrate the need to incorporate unilateral exercises in strength training due

to the applicability of these exercises to sports and to daily activity [17–19].

In this sense, several studies have compared EMG activity in participants performing uni-

lateral exercises, such as Unilateral Squat, Unilateral Deadlift and Rear Cross Over Lunge [20],

or Forward Lunge vs. Side-Step Lunge, without finding any significant differences between

these practices [21]. Other works have compared exercises such as the Step Down, Unilateral
Squat, Front Step-Up and Forward Lunge under different conditions: box height [22], external

load intensity [23], use of implements [24] or different motion ranges [9]. However, in most of

these studies, the exercises were conducted with the body’s own weight [25] and without any

differentiation between the phases of execution regarding concentric vs. eccentric movement.

In this line, in most studies that have currently been conducted, the sEMG signal has been

evaluated by execution cycle of the exercise, that is, by integrating the concentric and eccentric

phases in a single unit of analysis [26–28]. However, there is a lack of studies that analyze the

EMG activity by differentiating the concentric phase and the eccentric phase to determine at

what moment of the exercise a higher level of muscle activation is required [9]. This analysis

would allow for more data to be gathered on muscular behavior during exercise to make the

best decisions regarding the inclusion of these exercises during training [29].

Nevertheless, more research is still needed to evaluate EMG activity in unilateral lower-

body exercises [30,31]. In addition, no studies have been conducted on the performance of the

Monopodal Squat, Forward Lunge and Lateral Step-Up exercises to determine which muscle

groups have greater EMG activity or to determine their EMG activity in the concentric and the

eccentric phases.

Therefore, the objectives of the present study were to evaluate the EMG activity of the glu-

teus medius, gluteus maximus, biceps femoris, vastus lateralis, vastus medialis and rectus

femoris muscles in the Lateral Step-Up, Forward Lunge and Monopodal Squat exercises to: 1)

determine which of these three exercises produces greater EMG activity in the evaluated mus-

cle groups; 2) compare the EMG activity of the concentric phase vs. the eccentric phase; and 3)

analyze which muscles have the greatest EMG activity in each of the evaluated exercises.

Materials and methods

Participants

A total of 20 physically active participants (10 men and 10 women), voluntarily participated in

the study. The characteristics of the sample are shown in Table 1.
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The inclusion criteria were a minimum of 6 months of experience in gym training and spe-

cifically in performing the exercises that we evaluated in the present study; no musculoskeletal

disease or injury in the six months prior to the evaluations, nor any discomfort that prevented

or limited the participants in the execution of the exercises to be evaluated. In addition, the

participants were instructed not to engage in strenuous physical activity during the 24 hours

prior to the evaluation. Those volunteers who, according to the researcher’s criteria, performed

the exercises with a poor technique were excluded from the study. After explaining the study

procedure, all participants signed an informed consent form. This study was approved by the

Bioethics Committee of the University of Almerı́a, Spain. The individual in this manuscript

has given written informed consent (as outlined in PLOS consent form) to publish these case

details.

Procedures

All participants performed two exercise sessions that were 48 h apart, thus avoiding the effects

of muscle fatigue [27]. The first session was focused on familiarization with the exercises and

the determination of 5 repetitions maximum (5 RM). In the second session, the EMG activity

was evaluated in the Lateral Step-Up, Forward Lunge and Monopodal Squat exercises. These

exercises were measured in randomized order.

Session 1: Familiarization with the Lateral Step-Up, Forward Lunge and

Monopodal Squat exercises and the determination of 5 RM

This session began by recording the size of each participant with a Seca height rod (Seca, Ham-

burg, Germany) and their body weights with a TANITA scale (model BF-350, Tanita, Tokyo,

Japan).

Subsequently, each participant performed a warm-up exercise that consisted of 10 minutes

of cardiovascular exercise on a treadmill (SALTER RS-30, Salter SA, Barcelona, Spain) at an

intensity between 40 and 60% of the maximum reserve heart rate. The subjects were fitted with

a chest HR transmitter and wrist monitor recorder, using an individual Polar RS400 (Polar1

Vantage NV, Polar Electro Oy, Finland). Maximum HR was predicted from the 220 –age for-

mula [32]. Later, the percentage of heart rate reserve (%HRR) was calculated for each subject.

Heart rate reserve (HRR) was determined by predicted maximum HR minus resting HR. The

HRR percentage was determined by (exercise HR–resting HR) X 0.4 or 0.6 [32]. Then, several

exercises for joint mobility and dynamic-active stretching of lower extremity muscles were

performed. After the warm-up there was 3 minutes of recovery. In no case did warm-up cause

fatigue in the participants.

Next, each participant performed 3 to 4 sets to reach the final load of 5 repetitions maxi-

mum, which is defined as the maximum load that can be lifted only 5 times (5 RM) while

Table 1. Descriptive characteristics of sample. Mean (standard deviation).

Mean (SD)

Age (years) 24.00 (5.55)

Body mass (kg) 70.40 (16.34)

Height (m) 1.69 (0.10)

BMI (kg�m-2) 24.10 (3.22)

5RM Lateral Step-Up (kg) 56.00 (17.96)

5RM Forward Lunge (kg) 58.50 (13.28)

5RM Monopodal Squat (kg) 54.25 (15.58)

https://doi.org/10.1371/journal.pone.0230841.t001
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maintaining the correct technique for the exercise that is performed [33]. The 5 RM of the Lat-
eral Step-Up, Forward Lunge and Monopodal Squat exercises were randomly calculated for

each participant. The resting period between each set and exercise was 3 to 5 minutes to avoid

possible muscle fatigue [33,34].

Then, the participants were familiarized with the study procedure for each of the evaluated

exercises. For this, the participants performed at least 3 sets between 20% and 40% of 5 of the

predetermined RMs until the researchers were satisfied with the technique and the participants

felt comfortable and confident with the technique and execution of the exercises. The partici-

pants rested from 1.5 to 3 minutes between sets and exercises.

Session 2. Recording the sEMG data

Participants were required to avoid physical exercise or intense activities for at least 48 hours

before this evaluation session [35]. First, an identical warm-up to that of the first session was

conducted. The skin was prepared by shaving the adhesion areas of the electrodes and cleaning

it with 96% isopropyl alcohol and cotton. Subsequently, we proceeded to place the bipolar

sEMG Ag/AgCl electrodes (Medico Lead-Lok, Noida, India), on the dominant side of the par-

ticipant, following the protocol as described by the European Project "Surface ElectroMyoGra-

phy for the Non-Invasive Assessment of Muscles" (SENIAM: http://www.seniam.org). Then,

we proceeded to the EMG activity evaluation of 6 thigh muscles (gluteus medius -GMed-, glu-

teus maximus -GMax-, biceps femoris -BF-, vastus lateralis -VL-, vastus medialis -VM- and

rectus femoris -RF-) in the Lateral Step-Up, Forward Lunge and Monopodal Squat exercises

with a load of 60% of 5 RM.

The electrodes were placed at a distance of 2 cm apart in a longitudinal orientation in rela-

tion to the muscle belly fibers. The neutral electrode was placed outside the muscle belly of the

evaluated muscle, following the manufacturer’s instructions. More specifically, for GMed, the

electrodes were placed at a distance of 50% between the iliac crest and the greater trochanter

[36]. For the Gmax measurement, the electrodes were placed in the muscular belly at a distance

of 50% between the lateral edge of the sacrum and the posterosuperior edge of the greater tro-

chanter [37]. For the BF, the electrodes were placed at 50% of the distance between the line

forming the ischial tuberosity and the lateral epicondyle of the tibia [38]. For the VL, the elec-

trodes were placed at two-thirds of the distance between the superior anterior iliac spine and

the lateral side of the patella [35]. Regarding the VM, the electrodes were placed at 80% of the

distance between the superior anterior iliac spine and the joint space at the anterior border of

the medial collateral ligament [35]. Finally, for the RF the electrodes were placed in the middle

of the anterior superior iliac spine line and the upper part of the patella [39]. All of the electrodes

were covered with an elastic bandage to prevent their possible displacement during exercise.

Maximum Voluntary Contraction (MVIC)

To normalize and compare the EMG activity of the different muscles among the 3 exercises that

were evaluated, the sEMG signal of the maximum voluntary contractions (MVIC) was recorded

[40] in the functional actions for the following muscles: for GMed, a hip abduction was per-

formed in the lateral decubitus [37]. For GMax, a hip extension was performed in prone decubi-

tus along with a glute contraction without external resistance [41]. For BF, a knee flexion was

performed in prone decubitus and maintained at 45º [42]. For the VL and RF, a knee extension

was performed at 45º while sedentary and the column was aligned [23]; finally, for the VM: a

knee extension was performed, at 75º while sedentary and with the column aligned [23].

In all cases, the maximum manual resistance was opposed by the researcher in the opposite

direction to the muscular motion. Each participant performed 2 MVICs per muscle for 2
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repetitions of 5 seconds at the maximum isometric contraction for each repetition [43]. The

exercises and the different MVICs were randomly evaluated. The intraclass correlation coeffi-

cient (ICC) was higher than 0.97, showing a high reliability in all of the MVICs that were

evaluated.

Experimental trials testing procedure

After a resting period of 10 minutes between the MVIC recordings, we proceeded to randomly

perform the following exercises for the recording of the muscle activation in the 6 muscles

described above (GMed, GMax, BF, VL, VM and RM) during concentric and eccentric phases:

Lateral Step-Up, Forward Lunge and Monopodal Squat. A set of 5 repetitions at 60% of 5 RM

was performed for each exercise at a rate of 60 bpm (2 bpm for the concentric phase and 2

bpm for the eccentric phase) using a KORG MA-1 metronome (Keio Electronic Laboratories,

Tokyo, Japan). A break of 3–5 minutes was granted between exercises [44]. The ICCs in the

sEMG signal between each repetition were higher than 0.94 for all muscles and for all of the

exercises that were evaluated.

In all exercises, we used a 20 kg Olympic bar that was 220 cm in length and had a grip diam-

eter of 28 mm (AZAFIT A017-1, Viseu, Portugal), and we used disks that weighed between

1.25 kg and 20 kg (AZAFIT bumper plates, Viseu, Portugal). The bar was placed on the shoul-

ders and trapezium (upper fibers), with a hand grip that was greater than the shoulder width

and using the rack as starting support.

Lateral step-up (Fig 1A). We instructed the participants to, starting from the standing

position on the side of the 40 cm high box (AZAFIT plyo box, Viseu, Portugal), step on the

box laterally, always leaving a free space to support both feet while on the box, as well as on the

ground for the descent. The knee of the dominant limb should be extended when the nondom-

inant foot is rested on the box.

Forward lunge (Fig 1B). The exercise consisted of performing a front stride, always

advancing with the dominant limb, until the knee was flexed at 90º and preventing the knee of

the other (backward) extremity from touching the ground. Then, the initial standing position

was reset, and the feet were placed parallel at the final moment of the execution. The stride dis-

tance was marked on the ground (as a reference) and corresponded to the natural distance of a

step and a half for each participant.

Monopodal squat (Fig 1C). The exercise consisted of performing a 75º knee flexion of the

dominant limb (in the eccentric phase) with its corresponding extension (in the concentric

phase), keeping the nondominant limb aloft without resting it on the ground. The participant

flexed his/her knee to rub a box against their buttocks at an individualized height to reach the

knee flexion at the predetermined 75˚ angle. The box was placed behind the participant for

safety reasons in the event that they lost their balance. At no time did the participant lean on

said box. Once the established knee flexion was reached, the knee of the supporting limb was

again extended until the knee was fully extended (avoiding its blockage), without touching the

floor with the other limb that was maintained in suspension.

Superficial electromyography (sEMG)

A WBA 8-channel EMG system (Mega Electronics, Kuopia, Finland) was used for the electro-

myographic recording. The sEMG signal was recorded through the surface electrodes of the

bipolar EMG Ag/AgCl (Medico Lead-Lok, Noida, India) and sent wirelessly at 1000 Hz to the

MegaWin software program (Mega Electronics; Kuopio, Finland) for further analysis.

Once the (raw) EMG signal was recorded for each evaluated muscle, it was normalized

through root mean square (RMS) transformation for further treatment and calculation of the
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variables [45]. To determine the MVIC of each muscle, the maximum peak was calculated in

microvolts (mV), which were recorded at intervals of 1 second, in the 2 repetitions of the maxi-

mum isometric contractions that were performed [46]. To determine and extract the values of

the sEMG signal from each repetition per muscle, the knee flexion-extension values of the

dominant limb were used as the starting and ending reference for each repetition and were

recorded by an electrogoniometer (Biometrics Ltd., Newport, United Kingdom) that was con-

nected and synchronized to the Mega WBA EMG console (Mega Electronics; Kuopia,

Finland).

Statistical analysis

First, the data distribution was analyzed using the Shapiro-Wilk normality test. Since all of the

variables followed a normal distribution, the different statistics were evaluated based on

parametric tests.

Fig 1. Exercises that were evaluated in the Lateral Step-Up (A), Forward Lunge (B), and Monopodal Squat (C) exercises.

https://doi.org/10.1371/journal.pone.0230841.g001
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For the analysis of the results, a descriptive statistic of each dependent variable was

obtained, and the mean values and standard deviations were extracted. The relative reliability

of the measurements was calculated by the ICC with a 95% confidence interval using the one-

way random effects model.

Our dependent variable EMG activity data then were analyzed using two separated ANO-

VAs. A design 3 x 6 ANOVA (exercise�muscle) was applied to determine differences in the

EMG activity (% MAVIC) among exercises, and among muscles in each exercise; and a design

ANOVA 3 x 6 x 2 (exercise�muscle�contraction type) was applied to determine differences in

the EMG activity according to different contraction types (concentric and eccentric) in each

exercise. In addition, to assess assumptions of variance, Mauchly’s test of sphericity was per-

formed using all the ANOVA results. A Greenhouse–Geisser correction was performed to

adjust the degrees of freedom if an assumption was violated, while pairwise comparisons using

a Bonferroni adjustment were employed if a significant main effect was observed. We also cal-

culate effect sizes (ES) for each ANOVA by using partial eta-squared (ηp2); 0.2, 0.5, 0.8, and

1.3 were set as lower thresholds for “small”, “medium”, “large”, and “very large” ES, respec-

tively [47].

Statistical analyses were carried out using the IBM SPSS software (v.26), and the level of sig-

nificance was set at p< 0.05.

Results

Statistical analysis revealed that the main effect of exercise on EMG activity were significant

with a medium effect size (F(4.86, 92.35) = 13.28, p< 0.001, ηp2 = 0.41). The Monopodal Squat
exercise showed a higher EMG activity (p� 0.001) relative to the Lateral Step-Up and Forward
Lunge exercises in all of the evaluated muscles except for the rectus femoris, which showed a

significantly higher EMG activity only with the Forward Lunge exercise (Fig 2).

Tables 2–4 show comparison of the EMG activity (expressed in mV) during the concentric

and eccentric phase in the three evaluated exercises (Lateral Step-Up, Forward Lunge, and

Monopodal Squat). ANOVA showed significant main effects for exercise (F(2, 38) = 63.95,

p< 0.001, ηp2 = 0.77), muscle (F(3.03, 57.6) = 35.41, p< 0.001, ηp2 = 0.65), contraction type

(F(1, 19) = 67.47, p< 0.001, ηp2 = 0.78), and for exercise�muscles (F(4.84, 92.11) = 11.61, p<
0.001, ηp2 = 0.37), exercise�contraction type (F(2, 38) = 25.67, p< 0.001, ηp2 = 0.57), muscle�

contraction type (F(2.75, 52.39) = 4.30, p< 0.01, ηp2 = 0.18), and exercise�muscle�contraction

type (F(4.17, 79.39) = 7.77, p< 0.001, ηp2 = 0.29). In all exercises (Lateral Step-Up, Forward
Lunge, and Monopodal Squat) the EMG activity was significantly higher (p< 0.01) in the con-

centric phase that in the eccentric phase for all evaluated muscles (Gluteus medius and maxi-

mus, biceps femoris, vastus lateralis and medialis, and rectus femoris) (Tables 2–4).

Regarding the EMG activity in each exercise, the vastus lateralis and medialis showed the

highest muscle activation, followed for gluteus medius and maximus and, finally, for the rectus

femoris. These results were consistent in the three evaluated exercises (Fig 3).

Discussion

sEMG is an established way to quantify muscle activity [25]. In this sense, understanding the

relative differences in EMG activity could assist trainers, clinicians and/or physiotherapists in

incorporating lower limbs exercises into trainings and/or treatment and prevention programs

based on the level of muscle activity regarding to lower limb muscles. Thus, the objectives of

the present study were to evaluate the EMG of the GMed, GMax, BF, VL, VM and RF muscles

in the Lateral Step-Up, Forward Lunge and Monopodal Squat exercises to: 1) determine which

exercise produces the highest EMG activity in the muscles that were evaluated; 2) compare the
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EMG activity of the concentric phase vs. the eccentric phase; and 3) analyze which muscles

have the greatest EMG activity in each exercise.

Regarding the first objective, note that Monopodal Squat showed a significantly higher

EMG activity in all of the muscles that were evaluated in relation to the Lateral Step-Up and

Forward Lunge exercises. Likewise, Ayotte et al. [22] found a greater EMG activity in the

GMax, BF and VM in the Mini-squat exercise (one leg) compared to Lateral Step-Up. How-

ever, the differences in EMG activity that were found by these authors were lower in compari-

son to those of the present study, possibly because these authors used lower loads (the

participants’ body weights) as well as lower boxes (15.24 cm), compared to the present study.

Most recently, Haltfield et al. [48] also found greater activation in the VL and VM, followed by

Fig 2. Comparison of the EMG activity between each of the exercises and muscles that were evaluated (expressed in

MVIC %). Gluteus medius; gluteus maximus; biceps femoris; vastus lateralis; vastus medialis; rectus femoris. � p� 0.05; †

p� 0.01; ‡ p� 0.001.

https://doi.org/10.1371/journal.pone.0230841.g002

Table 2. Comparison of the EMG activity (expressed in mV) during the concentric and eccentric phase in the Lateral Step-Up exercise.

Mean ± SD P-value

Concentric Eccentric

Gluteus medius 117.17 ± 57.11 60.59 ± 22.27 < 0.001

Gluteus maximus 97.61 ± 50.43 42.99 ± 25.89 < 0.001

Biceps femoris 92.17 ± 28.24 51.85 ± 14.91 0.009

Vastus lateralis 197.34 ± 66.55 111.73 ± 32.70 < 0.001

Vastus medialis 216.71 ± 75.22 124.13 ± 34.06 < 0.001

Rectus femoris 198.00 ± 58.86 118.27 ± 35.25 < 0.001

https://doi.org/10.1371/journal.pone.0230841.t002
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Table 4. Comparison of the EMG activity (expressed in mV) during the concentric and eccentric phases in the Monopodal Squat exercise.

Mean ± SD P-value

Concentric Eccentric

Gluteus medius 194.68 ± 90.57 141.07 ± 63.28 < 0.001

Gluteus maximus 168.68 ± 85.45 102.39 ± 39.25 < 0.001

Biceps femoris 138.29 ± 46.57 101.54 ± 29.63 0.007

Vastus lateralis 314.81 ± 122.18 261.87 ± 99.17 < 0.001

Vastus medialis 288.30 ± 118.18 257.90 ± 103.11 0.005

Rectus femoris 178.14 ± 68.67 161.50 ± 57.64 0.019

https://doi.org/10.1371/journal.pone.0230841.t004

Fig 3. Mean electromyography activity normalized to maximal voluntary isometric contraction (MVIC) during the

Lateral Step-Up, Forward Lunge and Monopodal Squat exercise. The rectangular bars represent means, and the error bars

represent standard deviations. � p< 0.05; † p< 0.01; ‡ p< 0.001.

https://doi.org/10.1371/journal.pone.0230841.g003

Table 3. Comparison of EMG activity (expressed in mV) during the concentric and eccentric phases in the Forward Lunge exercise.

Mean ± SD P-value

Concentric Eccentric

Gluteus medius 106.25 ± 34.47 71.59 ± 19.22 < 0.001

Gluteus maximus 106.09 ± 51.36 55.02 ± 19.46 < 0.001

Biceps femoris 88.77 ± 29.89 62.92 ± 23.94 < 0.001

Vastus lateralis 208.18 ± 73.09 164.73 ± 48.89 < 0.001

Vastus medialis 206.82 ± 84.51 175.50 ± 62.77 0.012

Rectus femoris 148.39 ± 42.69 128.23 ± 34.44 0.005

https://doi.org/10.1371/journal.pone.0230841.t003
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the GM, RF and BF when comparing Single-leg squat with Step-down, Half step-down and

Step-up. This shows that Squats, which are performed on one leg, are an adequate exercise pri-

marily for the activation of the extensor and stabilizing muscles of the knee as well as the stabi-

lizers of the hip.

Another finding of the present study was the higher EMG activity that was found in the

concentric phase of the execution, compared to the eccentric phase. These results are in accor-

dance with those of previous studies on muscle activity in exercises with motion patterns that

were similar to those performed in the present study, such as Parallel back squats and Over-
head squats [49]; Bilateral squat, Rear leg elevated split squat and Split squat [31]; or traditional
Squat with chain and elastic bands [44].

In this sense, some authors indicate that the higher EMG activity during the concentric

phase may be due to the lower speed of muscle fiber conduction during eccentric actions com-

pared to concentric actions [13]. In addition, normally the angular speed at which the eccen-

tric phase is executed is lower than that of the concentric phase to maintain an adequate

execution technique and prevent possible musculotendinous lesions [50]. Therefore, this

would result in a lower EMG activity in the eccentric phase of the exercise.

Another objective of the present study was to analyze which muscles have higher EMG

activity in each exercise. In this sense, we found a similar pattern in the EMG activity that was

recorded for each muscle in the three evaluated exercises. Regarding the Lateral Step-Up, we

found a significantly higher EMG activity in the VL and VM in relation to the rest of the mus-

cle groups. A similar activation of the GMed and RF was also observed. As in the present

study, MacAskill et al. [51]observed greater EMG activity of the GMed compared to the GMax

during Lateral Step-Up. Although these authors used no external loads for this exercise, they

argued that Step-Up could be a suitable exercise for strengthening the GMed and GMax mus-

cles if an additional external load was applied, as in the case of the present study.

Regarding Forward Lunge, we observed a significantly higher EMG activity in the VL and

VM, and this was followed by the GMed and GMax, the RF, and finally the BF. Consistent

with our study, Krause et al. [52]found similar results. However, these authors did not evaluate

the VL or VM. Stastny et al. [53] compared the EMG activity between Walking lunge (WL)

and Split squat (SSq). Both exercises have similar kinematics, although the biggest difference

between them is the dynamic nature of the WL in relation to the static SSq, where both feet are

kept resting on the ground, one in front of the other. In this sense, note that the Forward
Lunge exercise that was evaluated in this study is a hybrid of the two previous (WL and SSQ)

as it is performed by alternating both feet without performing an anterior displacement (walk-
ing). Our results are more in agreement with the pattern of EMG activity that was observed in

the SSq exercise of the study by Stastny et al. [53], where the VL and VM had the highest EMG

activity, followed by the GMed and BF. In contrast, in the WL exercise, the GMed and VM

had the greatest EMG activity in relation to the rest of the muscle groups. According to the

authors, this was due to the forces that impact walking that increase the GMed activity. How-

ever, despite the differences that were found between both exercises, these authors concluded

that the WL and SSq should be used in strengthening programs and that the WL should pri-

marily be used when the GMed and MV are the targets.

Regarding Monopodal Squat exercise, in the present study we observed a significantly

greater activation of the VL and VM compared to the rest of the muscle groups. In addition,

the high activation % of the GMed and GMax (approximately 60% MVIC) were notable. The

high activity of the gluteal muscles could possibly be due to pelvic and knee stabilization [54],

since it is a monopodial exercise and is therefore more unstable than a bipodal execution. In

fact, although Monopodial Squats do not have an external load, they are frequently performed

for rehabilitation purposes [55]. Similarly, McCurdy et al. [56] found a significantly higher
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EMG activity in the GMed when performing Squats on one leg than on two. According to the

authors, this was due to the control of the knee valgus. As in the present study, these authors

also found greater EMG activity in the quadriceps compared to hamstrings [56]. As in the

present study, Ayotte et al. [22] found that for Mini-squats (one leg), the greatest EMG activity

was recorded in the VM, followed by the GMax, GMed and BF. Bolgla et al. [55] recorded sim-

ilar results when analyzing Mini-squats (one leg), finding the highest EMG activity in the VM,

followed by GMed and GMax.

One of the main limitations of the present study was the load intensity that we used to

record the EMG activity (60% 5 RM). We found no study that specifically used this load, since

the literature features a great deal of heterogeneity regarding the loads that are used in the

studies of sEMG. Most of the studies on unilateral exercises usually use the participant’s own

body weight because they are oriented toward rehabilitation purposes [22,48,51,55,57]. Defor-

est et al. [31] used 85% 1 RM to analyze Double-leg squats and 50% of said load for Single-leg
squats. McCurdy et al. [16] used 85% 3 RM to compare the EMG activity between 2-leg squats
and Modified single-leg squats. Stastny et al. [53] used 5 RM to analyze the EMG activity during

Split squats and Walking lunges. The fact that each study uses different load intensities meets a

methodological and procedural need to achieve the research objectives in the most effective

and efficient possible way while controlling for any variable that could alter the results. In this

sense, the load that was selected in the present study was determined to preserve the safety of

the participants while maintaining an adequate execution technique; additionally, we consid-

ered an sEMG signal threshold that would be sufficiently broad to recommend the selected

exercises and loads strength-gaining purposes (between 40–60% MVIC) [22,58,59].

Conclusions

Monopodal Squat produces significantly higher EMG activity in the GMed, GMax, BF, VL,

VM and RF muscles compared to the Lateral Step-Up and Forward Lunge, except for the RF in

the Lateral Step-Up. In the three evaluated exercises, the concentric phase produces a signifi-

cantly higher EMG activity in all of the evaluated muscles in relation to the eccentric phase.

The VL, VM, were the muscles with the highest EMG activity in all three of the exercises that

were evaluated, followed by GMed and GMax. Therefore, Monopodal Squat, Lateral Step-Up
and Forward Lunge exercises are recommended not only for rehabilitation purposes but also

for performance objectives and strength improvement in the lower limbs.
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Abstract: Knee joint muscle activation imbalances, especially weakness in the vastus medialis oblique,
are related to patellofemoral pain within the female population. The available literature presents the
leg press as an exercise which potentially targets vastus medialis oblique activation, thus reducing
imbalances in the quadriceps muscles. The main aim of the present study was to compare thigh muscle
activation and kinematic parameters under different conditions during the inclined leg press exercise
in a young female population. A cross-sectional study was conducted on 10 young, trained females.
Muscle activation of the vastus medialis oblique, vastus lateralis, rectus femoris and gluteus medialis
was analyzed under five different inclined leg press conditions, modifying the feet rotation (0–45◦

external rotation) and the stance width (100–150% hip width) on the footplate. All the conditions were
performed at two different movement velocities: controlled velocity (2” eccentric–2” concentric) and
maximal intended velocity. Mean propulsive velocity, maximum velocity and maximum power were
also assessed. The results show that both controlled velocity conditions and maximal intended velocity
conditions elicited a similar muscle activation pattern with greater activation during the concentric
phase (p < 0.001, ηp2 = 0.96). The maximal intended velocity conditions showed greater overall
muscle activation (p < 0.001, ηp2 = 0.91). The vastus medialis oblique presented the greatest muscle
activation, followed by the rectus femoris, vastus lateralis and, the gluteus medialis. Furthermore,
the inclined leg press condition with 0º feet rotation, 100% hip width distance and the maximal
intended velocity generated the greatest kinematic parameter outputs. In conclusion, the inclined leg
press exercise might be an optimal exercise to target vastus medialis activation regardless of the feet
rotation and stance width conditions.

Keywords: knee muscle imbalances; muscle activation; surface electromyography; leg press variants;
lower limb kinematics

1. Introduction

Vastus medialis oblique (VMO) weakness usually triggers patellar maltracking above the
trochlear groove with consequent lateral displacement, increasing the injury risk and its concomitant
patellofemoral pain (PFP) [1]. Recent studies have raised concerns about muscle imbalances around
the knee joint, their relation to PFP, and their higher rate of occurrence in the female population [1,2].
Accordingly, muscle imbalances amongst quadriceps muscles were exposed as one of the predisposing
factors leading to PFP [2]. Therefore, strengthening the VMO might be a strategy for minimizing
muscle imbalances around the knee joint, which affect the female population [1–3].

In this regard, research on muscle activation using surface electromyography (sEMG) has
investigated which exercises preferentially target VMO activation over the vastus lateralis and rectus
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femoris activation [3–5]. Some exercise variants have been tested, from conventional squats and
lunges to leg extensions or leg presses [6]. Also, a popular belief has spread that muscle activation
might be changed by simply modifying the exercise kinematics, by altering feet rotation or adding
adduction/abduction external resistance to conventional exercises [7]. Although most evidence suggests
that thigh muscle activation is unlikely to be modified by exercise kinematics, the conclusions are still
not compelling [3,5].

The leg press has been presented as an optimal exercise for strengthening the lower limbs,
specifically targeting VMO activation, and thus potentially reducing muscle imbalances around the
knee joint [8,9]. As yet, few studies have evaluated muscle activation under different conditions during
leg press exercises in the female population [10]. Nonetheless, some conditions have been evaluated
in the male population. For instance, Escamilla et al. [11] reported no differences in thigh muscle
activation under different conditions (stance width and feet rotation modifications) during the leg
press. Peng et al. [12], on the other hand, reported higher medial thigh muscle activation in a male
population during the leg press with hip adduction resistance, compared to the conventional leg press.

Despite the above, the literature on sEMG assessment of leg press exercise conditions remains
scarce, especially in the female population [4,13–15]. Muscle activation has only been assessed in the
this population while implementing extra hip adduction/abduction resistance conditions during the
leg press [4], and different feet height positions on the footplate [14]. However, no study to date has
evaluated whether stance width (100–150% hip-width distance) and feet rotation (0–45◦ external feet
rotation) would elicit any changes in muscle activation in the female population when performing the
inclined leg press at different movement velocities (controlled velocity and maximal intended velocity).

The kinematic analysis of movement variables as mean propulsive velocity (MPV), maximum
velocity (Vmax), and maximum power (Pmax), has been used to gain a deeper insight into
performance [16–19]. For instance, Padulo et al. [20] reported that ballistic performance during
leg press largely depended on Pmax and Vmax in a male athlete population [21]. Some authors state
that velocity could be the best reference for reporting the actual effort during a specific movement [21].
Indeed, preferential use of mean propulsive parameters as MPV, were reported to accurately describe
the actual neuromuscular potential of the muscle in a young healthy male population [21]. Thus, MPV,
Vmax and Pmax have become established as among the most useful kinematic parameters within the
performance context [22,23]. However, differences between genders, in respect to kinematic outputs,
highlight the necessity to strengthen the evidence in the young female population [13,24,25].

To the best of our knowledge, no study to date has assessed muscle activation (sEMG) along with
kinematic parameters during the inclined leg press exercise (and its variants) in a female population.
Therefore, the main aims of the present study were: (1) to compare muscle activation of the VMO,
vastus lateralis (VL), rectus femoris (RF) and gluteus medialis (GMED) under different conditions of
movement velocity (controlled velocity -2” eccentric and 2” concentric phase- and maximal intended
velocity) and feet placement (0◦ 100%; 45◦ 100% and 0◦ 150%) over the footplate during the inclined leg
press exercise; (2) to compare muscle activation under each controlled velocity condition and between
contraction phases (eccentric and concentric); and (3) to compare the MPV, Vmax and Pmax parameters
between the above conditions in a young female population.

2. Materials and Methods

2.1. Study Design and Participants

A cross-sectional analysis was carried out on a sample population of 10 young, trained women.
The mean ±SD for the age, height (cm), body mass (kg), hip width (distance between iliac crests in cm)
and one repetition maximum (1RM) for the inclined leg press (kg) of the participants were: 22.6 ± 2.5;
169.0 ± 12.0; 58.3 ± 4.5; 28.0 ± 2.4; 177.5 ± 17.8, respectively. The anthropometric characteristics were
measured using a Seca 213 stadiometer (Seca, Hamburg, Germany) for the height, an electronic body
composition analyzer (model BF-350; Tanita, Tokyo, Japan) for the weight, and a measuring tape
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(SECA 200; Harpenden, Holtain Ltd., Wales, UK) for the hip width. The participants had 3.3 ± 2.0 years
of resistance training experience (at least 1 year with a minimum of 3 days per week), and had reported
no health issues, musculoskeletal injuries or physical limitations over the previous year. They were
also familiarized with the inclined leg press exercise. The use of any medications, anabolic steroids or
similar drugs was a criterion for study exclusion. The participants voluntarily gave their informed
consent to participate in the study. The study protocol was approved by the Research Ethics Committee
of the University of Almeria in accordance with the Helsinki Declaration.

2.2. Setting

A familiarization and testing session was performed. The participants were prevented from
training for a minimum of 48 h before the actual measurements to avoid fatigue bias. All the conditions
were performed and the data were recorded within a single session to prevent electrode misplacement.

On the day of testing, the first step was to calculate the resting heart rate (seated for 5′). The next
step was to prepare the participants’ skin by shaving, abrading, and cleaning with 96% alcohol and
cotton wool. A pre-established warm-up protocol was then performed, consisting of running for 5’ on
a treadmill (SALTER RS-30, Salter S.A., Barcelona, Spain) at 60% of the heart rate reserve, calculated by
the Karvonen formula ([(maximum heart rate—resting heart rate) * % training sensitive zone] + resting
heart rate), and 4 sets of body weight squats and lunges as dynamic movements [26]. The heart rate was
tracked using a Polar heart rate monitor (Polar RS400, Polar Vantage NV, Polar Electro Oy, Kempele,
Finland).

Subsequently, a progressive approach to the leg press exercise was followed. First, several
repetitions were performed with no extra weight. The participants then performed six inclined leg
press exercise repetitions with low loads (60 kg) [22]. At this point, electrodes were placed on the right
limb over the vastus medialis oblique (VMO), vastus lateralis (VL), rectus femoris (RF) and gluteus
medialis (GMED) muscle bellies as required by the Surface Electromyography for the Non-invasive
Assessment of Muscles (SENIAM) guidelines [27–30].

As the electrodes and electrogoniometer were being placed, the strength and conditioning
professional briefly reminded the participants of the technique for performing the conditions. The initial
position was set at a 0◦ knee flexion (extended knees) and the participants were asked to bend their
knees in a controlled manner up to a 90◦ knee flexion position (shinbone parallel to the floor) and 60◦

hip joint position, which was set as the turnover point. Tape adhesive was stuck to the inclined leg
press machine at this turnover point to provide a visual orientation for the participant. The feet were
positioned at medium height on the leg press footplate (Figure 1). Immediately after a brief reminder
on the technique, we proceeded to test the 1RM leg press individual load.
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2.3. Approach to 1RM

A load progression test was performed to find out the 1RM of each participant. Up to eight
sets were performed at a maximal intended velocity until the 1RM load was reached [22]. The initial
load was 60 kg. Four repetitions were performed with a 3–4′ rest for those sets with a velocity up to
1.15 m·s−1 MVP. For medium loads (1.15 m·s−1

≥MPV ≥ 0.5 m·s−1), two repetitions were performed
with a 5′ rest; and for maximum loads (MPV < 0.5 m·s−1), only one repetition was performed with a
6′ rest [22].

As reported elsewhere [22], an increment of 10% of 1RM was added while going through the
incremental sets, until the participant achieved a MVP of 0.5 m·s−1 [21,22]. After that, the increments
ranged from 1.25 kg to 5 kg (AZAFIT BUMPER PLATES, Viseu, Portugal) until the participant reached
the 1RM load. After performing this approach to the 1RM procedure, the 1RM load was set as the one
that each participant could lift only once [22,23].

Real-time velocity feedback was provided to the participants (T-Force System, Ergotech, Murcia,
Spain) and examiners delivered verbal encouragement to ascertain the maximal intended velocity [26,31].
Immediately after the 1RM test, the participants proceeded to perform the five different leg press
conditions while the examiners recorded the data. During the maximal intended velocity sets,
a self-selected controlled velocity was established for the eccentric phase, with a 1–2 s pause between
phases to avoid elastic energy accumulation [22,23]; whereas for the concentric phase, maximum effort
(“as fast as possible movements”) were encouraged.

2.4. Outcome Variables

The main outcome variable was muscle activation, collected through sEMG. The MPV, Vmax and
Pmax kinematic parameters were also assessed. Furthermore, an electrogoniometer was used to
accurately identify the different repetitions.

The five leg press variants performed were as follows:

At a controlled velocity of 2” eccentric phase and 2” concentric phase:

Leg press at 0◦ forefoot external rotation and 100% hip width distance stance (0◦ 100%);
Leg press at 45◦ forefoot external rotation and 100% hip width distance stance (45◦ 100%);
Leg press at 0◦ forefoot external rotation and 150% hip width distance stance (0◦ 150%).

At maximal intended velocity:

Leg press at 0◦ forefoot external rotation and 100% hip width distance stance;
Leg press at 45◦ forefoot external rotation and 100% hip width distance stance.

The hip width was taken as the distance between the iliac crests (in cm). All the conditions were
performed at a relative intensity of 70% 1RM [10,32,33]. For each condition set, six repetitions were
recorded, leaving a 4′ rest between sets. All the variables were recorded throughout the process,
including the approach to 1RM.

2.5. Materials

An inclined leg press device was used (FITTECH PL688, Viseu, Portugal) located in the University
of Almeria’s Sports Center. For the sEMG, bipolar adhesive Ag/AgCl electrodes (Medico Lead-Lok,
Noida, India) were used, leaving 2 cm between each positive and negative pair, in accordance with the
SENIAM guidelines.

The raw sEMG signal from the targeted muscles was recorded with a WBA Mega device (Mega
Electronics Ltd., Kuopio, Finland) at a sampling frequency of 1000 Hz. The analog signal was
converted to digital via an A/D converter (National Instruments, New South Wales, Australia) and
filtered by bandwidth (12–450 Hz) with a fourth-order Butterworth filter using the LabView software
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program (National Instruments, Austin, TX, USA). The raw sEMG signals were then converted
into root-mean-square (RMS) signals with 20-millisecond windows for further analysis using the
MEGAWIN software program (Mega Electronics Ltd.). The maximum voluntary contraction (MVC) of
each muscle was recorded during the 1RM test. Maximum peak muscle activation in microvolts (µV)
at intervals of one second was calculated during the MVC for each muscle; this was used to normalize
the sEMG [34,35].

The kinematic parameters were extracted from the recorded data by linear transducer sampling
at 1000 Hz (T-Force System, Ergotech). The electrogoniometer (Biometrics Ltd., Newport, UK) was
also connected and synchronized to the WBA Mega device, allowing each repetition to be identified.
The wave described by the goniometer ranged from 0◦ (knees fully extended) to 90◦ (maximum knee
flexion allowed). Each interval between 0–90◦ described the eccentric phase, and each interval between
90–0◦ described the concentric phase for a single repetition.

Finally, a KORG MA-1 (Keio Electronic Laboratories, Tokyo, Japan) metronome was used for the
controlled velocity sets. A pre-established velocity of 60 bpm (2” for each phase with no rest between
them) was set to ensure the controlled velocity.

2.6. Statistical Analyses

Normality was assessed through the Shapiro–Wilk test. As all the variables presented a normal
distribution, the parametric tests were then performed. Descriptive statistics were used to extract
the mean values and standard deviations of the dependent variables. The one-way random effects
model was used to obtain the relative reliability of the measurements using the ICC with a 95%
confidence interval.

The sample size and statistical power were calculated with the G*power 3.1 for Mac OS X software
program [36]. The statistical power was >0.9 for all the variables analyzed with the sample size used
in the current study. For the paired samples t-test, the effect size was calculated with Cohen’s d [37]
using the G*power 3.1 for Mac OS X software program [36]. An effect size of d < 0.2 was considered
small, d at approximately 0.5 was considered moderate, and d > 0.8 was considered large.

Additionally, Mauchly’s sphericity test was performed after the ANOVA analyses. If an assumption
was violated, a Greenhouse-Geisser correction was performed. The Bonferroni post hoc adjustment
was employed when a significant main effect was observed within pairwise comparisons. In addition,
the effect sizes (ES) were calculated for each ANOVA using the partial eta-squared (ηp2) ratio of
variance; settings of 0.2, 0.5, 0.8, and 1.3 were established as lower thresholds for “small”, “medium”,
“large”, and “very large” effect sizes, respectively. IBM SPSS software (v.26) was used to run the
statistical analyses with the level of significance set at alpha 0.05.

A 2 * 2 * 4 * 2 (exercise*contraction type*muscle*velocity) repeated measures ANOVA was
performed to determine the differences in muscle activation, as a percentage of the maximum voluntary
contraction (%MVC) between the conditions, according to the exercise velocity and the feet placement
on the footplate. Moreover, a 3 * 2 * 4 (exercise*contraction type*muscle) repeated measures ANOVA
was applied to determine the differences in muscle activation (%MVC) within each controlled velocity
condition during both the eccentric and concentric phases.

A paired samples t-test was performed to determine the differences in MPV and Vmax between the
two conditions executed at maximal intended velocity (0◦ 100% and 45◦ 100%). Moreover, two separate
repeated measures ANOVA were employed to determine: (1) the differences in the Pmax between
the three conditions executed at the controlled velocity (0◦ 100%, 45◦ 100% and 0◦ 150%); and (2) the
differences in the Pmax between all the conditions according to the velocities (velocity*exercise).
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3. Results

3.1. sEMG

Figures 2 and 3 compare the muscle activation of the maximal and controlled velocities under
the 0◦ 100% and 45◦ 100% conditions. The ANOVA showed a significant main effect/interaction for
the contraction type (F(1, 9) = 215.66, p < 0.001, ηp2 = 0.96), the muscle (F(3, 27) = 95.81, p < 0.001,
ηp2 = 0.91), the velocity (F(1, 9) = 97.04, p < 0.001, ηp2 = 0.91), the contraction type*muscle
(F(3, 27) = 21.52, p < 0.001, ηp2 = 0.70), the exercise*velocity (F(1, 9) = 5.43, p < 0.045, ηp2 = 0.37),
the contraction type*velocity (F(1, 9) = 78.50, p < 0.001, ηp2 = 0.89), the exercise*contraction type*velocity
(F(1, 9) = 26.43, p = 0.001, ηp2 = 0.74), the muscle*velocity (F(3, 27) = 25.71, p < 0.001, ηp2 = 0.74),
the contraction type*muscle*velocity (F(3, 27) = 10.87, p < 0.001, ηp2 = 0.54), and the exercise*contraction
type*muscle*velocity (F(3, 27) = 4.22, p < 0.014, ηp2 = 0.31).
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Figure 3. Comparison of concentric muscle activation for each muscle between 0◦ 100% and 45◦ 100%,
performed at the maximal intended and controlled velocities (a difference from 0◦ 100% max. vel.,
b difference from 45◦ 100% max. vel.; p < 0.05).

When comparing the muscle activation pattern between the conditions (0◦ 100% and 45◦ 100%
at the maximal intended and controlled velocities), significant differences were only shown for the
GMED—between 0◦ 100% and 45◦ 100% under the maximal intended velocity conditions for both the
eccentric and concentric phases (Figures 2 and 3). The VMO, VL and RF presented similar muscle
activation patterns under the different conditions. Therefore, one can observe that the 45◦ external feet
rotation did not elicit significant changes in muscle activation.

Overall, greater muscle activation was elicited under maximal intended velocity conditions.
Under all the conditions, muscle activation was greater in the concentric phase than in the eccentric
phase for all muscles evaluated, except for the VMO at 0◦ 100% under controlled velocity conditions.

Figures 4–6 compare the muscle activation between the muscles during the eccentric and concentric
phases under each condition, performed at the controlled velocity. The ANOVA showed significant
main effects for the contraction type (F(1, 9) = 33.26, p < 0.001, ηp2 = 0.78) and the muscle (F(3, 27) = 31.77,
p < 0.014, ηp2 = 0.77).
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Figure 4. Comparison of the muscle activation (expressed in %MVC) between the muscles during
the eccentric phase under each condition, performed at the controlled velocity (a difference from VM,
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RF: rectus femoris; GMED: gluteus medialis.
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Figure 6. Comparison of the muscle activation (expressed in %MVC) between phases for each muscle
under each controlled velocity condition (a difference from the eccentric phase; p < 0.05). VMO: vastus
medialis oblique; VL: vastus lateralis; RF: rectus femoris; GMED: gluteus medialis. ECCEN: eccentric;
CONC: concentric.

No differences were found between the distinct muscles under the conditions tested (0◦ 100%,
45◦ 100% and 0◦ 150%). In terms of %MVC, a similar muscle activation pattern was presented for both
the eccentric and concentric phases under the three conditions tested. However, the VMO showed
the greatest muscle activation, followed by the RF and VL, whilst the GMED muscle presented the
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least muscle activation (Figures 4 and 5). Under the three conditions tested, at the controlled velocity,
muscle activation was greater during the concentric phase than during the eccentric phase (Figure 6).

3.2. Kinematic Parameters

The 1RM load was reached at a mean velocity of 0.22 ± 0.02 m·s−1 for all the participants. Table 1
compares the MPV and Vmax between the conditions executed at maximal velocity. The paired samples
t-test showed a higher MPV and Vmax under the 0◦ 100% condition than under the 45◦ 100% condition.

Table 1. Mean, SD, p-value and effect size for the MPV and Vmax comparing the conditions executed at
the maximal velocity.

Mean ± SD
p-Value Effect Size (d)

Maximal Velocity 0◦ 100% Maximal Velocity 45◦ 100%

MPV (m·s−1) 0.37 ± 0.06 0.33 ± 0.06 0.001 0.66
Vmax (m·s−1) 0.75 ± 0.09 0.71 ± 0.09 <0.001 0.44

The repeated measures ANOVA showed no main effect on Pmax under the three conditions
executed at the controlled velocity (F(2, 18) = 1.91, p = 0.194, ηp2 = 0.27). Thus, the Pmax exhibited no
significant differences between the three conditions (Table 2).

Table 2. Mean, SD, p-value and effect size for the Pmax comparing the conditions executed at the
controlled velocity.

Mean ± SD
p-Value

0◦ 100% 45◦ 100% 0◦ 150%

Pmax (W) 286.6 ± 47.8 322.6 ± 91.1 291.8 ± 65.9 >0.050

Table 3 compares the Pmax between the conditions executed at both the maximal and controlled
velocities. The repeated measures ANOVA showed a main effect/interaction on Pmax for the velocity
(F(1, 9) = 153.40, p < 0.001, ηp2 = 0.94) and the velocity*exercise (F(1, 9) = 12.13, p = 0.007, ηp2 = 0.57).

Table 3. Mean, SD, p-value and effect size for the Pmax comparing the conditions executed at both the
maximal and controlled velocities.

Mean ± SD
p-Value Effect Size (d)

0◦ 100% 45◦ 100%

Pmax (W) Maximal velocity 1037.4 ± 211.0 973.2 ± 213.8 <0.001 0.47
Controlled velocity 286.6 ± 47.8 322.6 ± 91.1 0.179 0.45

4. Discussion

The main objectives of the current study were to compare the activation of distinct muscles under
different conditions, in terms of movement velocity and feet placement on the footplate, during the
inclined leg press exercise, and to compare muscle activation within each controlled velocity condition
and between the contraction phases. Regarding muscle activation, the main outcomes revealed a
similar muscle activation pattern for the 0◦ 100%, 45◦ 100% and 0◦ 150% conditions, with no preferential
activation of a single muscle based on these conditions. The greatest overall muscle activation was
shown under maximal intended velocity conditions. Furthermore, muscle activation was greater for
all the concentric phases than for the eccentric phases, regardless of the inclined leg press conditions;
this outcome is broadly supported by the literature [4,27,38]. The VMO elicited the greatest muscle
activation in terms of %MVC, followed by the RF, VL and GMED muscles. The similar results for the
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muscle activation pattern, with no preferential muscle activation reported for the different muscles
under the conditions tested, might skew the purported importance of the feet stance [7].

A previous study conducted on a female population agreed with our results regarding muscle
activation—Da Silva et al. [14] reported similar muscle activation for the RF and VL during the flat leg
press and the inclined leg press performed at an 80% 1RM intensity in a young female population.
They also encouraged the most comfortable feet stance on the footplate, but they did not analyze VMO
muscle activation, thus providing an incomplete picture of overall quadriceps muscle activation during
those exercises. In contrast, Machado et al. [4] reported conflicting results. They compared VMO,
VL and RF muscle activation during the inclined leg press (with two modifications) in a young female
population. They found greater VMO muscle activation during the leg press when it was performed
with a physio ball between the knees (extra hip adduction) than when the leg press was performed
with an elastic band around the knees. However, their results should be interpreted with caution, since
the exercises were performed at a low intensity (70% of 10RM) and the resistance training experience
of the participants was not reported. Familiarization and exercise intensity could substantially modify
the muscle activation elicited [29,39,40]. Our results only agreed in that the greatest muscle activation
was elicited during the concentric phase.

The present study results are consistent with other studies in the male population. For example,
Escamilla et al. [11] affirmed that varying the foot external rotation (0–30◦) during the flat leg press
did not affect VMO, VL or RF muscle activation in a young male population. Peng et al. [12], on the
other hand, analyzed VM, VL and hip adductor longus muscle activation during the leg press with
isometric hip adduction resistance in a young male population. They reported greater adductor
longus muscle activation than when performing the conventional leg press. Nevertheless, preferential
VMO activation with this modification was not supported. In addition, in their systematic review,
Smith et al. [5] stated that the VMO muscle could not be preferentially activated by modifying the
lower limb position during quadriceps exercises. However, they did not analyze leg press exercises in
their review, thus highlighting the need to expand our knowledge on this issue [8,11].

Regarding kinematics, the purpose of the present study was to compare MPV, Vmax and Pmax

kinematic parameters under the different conditions. The study results showed higher MPV, Vmax and
Pmax during the 0◦ 100% exercise than during the 45◦ 100% exercise when performed at the maximal
intended velocity. There is only one previous study that analyzed knee kinematics during the leg
press exercise in a young male population [11]. They concluded that varying the feet rotation (0◦–30◦)
and feet stance (narrow and wide) did not affect the knee forces during the flat leg press exercise,
so participants were encouraged to adopt their preferred feet stance. Although we did not analyze
knee forces, they might relate to our results to some degree, given that we reported higher kinematic
parameters for the 0◦ 100% maximal intended velocity condition; this was recognized by all the
participants as the most comfortable position. Since muscle activation showed no significant differences
depending on feet stance or feet external rotation, and that the kinematic parameters were better
for the 0◦ 100% maximal intended velocity condition, we would recommend that participants adopt
their preferred stance during the inclined leg press exercise for maximizing performance categories.
In contrast, the Pmax presented no significant differences between the 0◦ 100%, 45◦ 100% and 0◦ 150%
conditions performed at controlled velocity. This is clearly explained by the controlled velocity we
imposed during the controlled velocity sets, which prevented the participants from applying greater
power to the movement.

One of the main limitations of the present study is the small sample population. Although the
statistical power was excellent for all the variables analyzed with the sample size used, we only
assessed 10 young women, so the findings should be interpreted with caution. Regarding the different
conditions assessed, it was possible to perform a 0◦ and 45◦ external feet rotation with a 100% hip
width stance at the controlled and maximal intended velocities. However, the 45◦ external feet rotation
and maximal intended velocity conditions were impossible to perform with a 150% hip width stance
since the inclined leg press dimensions (the footplate size) were not favorable.
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5. Conclusions

To sum up the main findings:
The muscle activation pattern showed no differences between conditions (0◦ 100%, 45◦ 100% and

0◦ 150% at both the controlled and maximal intended velocities). However, the inclined leg press
conditions performed at maximal intended velocity did elicit greater overall muscle activation than
those conditions performed at the controlled velocity.

Muscle activation was greater during the concentric phases than the eccentric phases under all
the conditions. All the conditions presented a similar muscle activation pattern.

The VMO showed greater muscle activation in terms of %MVC compared to the VL, RF and
GMED. Therefore, the inclined leg press exercise could be an exercise of choice when the target is to
elicit VMO activation to reduce knee muscle imbalances.

The MPV, Vmax and Pmax were greater during the 0◦ 100% maximal intended velocity sets, which
the participants reported as their preferred condition. This fact, together with the similar muscle
activation pattern between the conditions, leads us to conclude that the most comfortable, self-selected
stance should be encouraged.
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Influence of Feet Position and Execution 
Velocity on Muscle Activation  
and Kinematic Parameters During  
the Inclined Leg Press Exercise
Isabel Martín-Fuentes, MSc,† José M. Oliva-Lozano, MSc,† and José M. Muyor, PhD*†‡

Background: The leg press is one of the most typical exercises for strengthening the lower limbs. The objectives of this 
study were to compare 5 inclined leg press exercise conditions, varying the feet width stance (100% or 150% hip width), 
the feet rotation (0° or 45° external rotation) on the footplate and using 2 different movement velocities (MVs; maximum 
intended, and 2:2 seconds steady-paced velocities) to determine their effect on muscle activation as well as on the kinematic 
parameters between trained men and trained women.

Hypotheses: There will be no significant differences in muscle activation with regard to the feet position. The higher the 
MV, the greater the muscle activation.

Study Design: A cross-sectional cohort study.

Level of Evidence: Level 3.

Methods: A repeated-measures between-group design was performed to examine muscle activation and kinematic 
parameters for the different conditions between gender groups. The level of significance was set at alpha = 0.05 for all 
statistical analyses.

Results: Muscle activation presented no differences between conditions regarding feet width stance or feet rotation. 
Furthermore, muscle activation was greater during positive phases than negative phases of the exercise for all conditions 
and was also greater under maximum intended velocity conditions compared with steady-paced conditions. Otherwise, the 
muscle activation pattern presented slight differences by gender. In men, the greatest muscle activation was for the vastus 
medialis, followed by the vastus lateralis (VL), rectus femoris (RF), and gluteus medialis (GMED), while in women, the 
greatest muscle activation was for the vastus medialis, followed by the RF, VL, and GMED. Finally, greater mean propulsive 
velocity, maximum velocity, maximum power, and footplate displacement values were reported for men than for women 
under all the conditions.

Conclusion: The inclined leg press exercise produces the highest muscle activation in the vastus medialis, regardless of the 
velocity, feet stance, or gender.

Clinical Relevance: Given that there are no differences in muscle activation regarding the feet stance, a participant’s 
preferred feet stance should be encouraged during the inclined leg press exercise. Furthermore, the MV would preferably 
depend on the session objective (a training or a rehabilitation program), being aware that there is greater muscle activation 
at higher speeds. The inclined leg press exercise could be performed as a closed kinetic chain exercise when the main 
objective is to activate the vastus medialis.

Keywords: surface electromyography; EMG; movement velocity; resistance training; lower limb muscles

From †Health Research Centre. University of Almería, Almería, Spain, and ‡Laboratory of Kinesiology, Biomechanics and Ergonomics (KIBIOMER Lab) Research Central 
Services, University of Almería, Almería, Spain 
*Address correspondence to José M. Muyor, PhD, Faculty of Educational Sciences, University of Almería, Edificio de Humanidades A. Ctra. Sacramento s/n, 04120, La Cañada 
de San Urbano, Almería, 04120, Spain (email: josemuyor@ual.es) (Twitter: @josemuyor).
The authors report no potential conflicts of interest in the development and publication of this article.
I.M.-F. was supported by a scholarship funded by the Spanish Ministry of Science, Innovation and Universities (FPU17/03787) and J.M.O.-L. was supported by a scholar-
ship funded by the Spanish Ministry of Science, Innovation and Universities (FPU18/04434). This work was supported by the Proyectos I+D +I Ministerio de Economía y 
Competitividad. Gobierno de España. Referencia: DEP 2016-80296-R (AEI/FEDER, UE).
DOI: 10.1177/19417381211016357
© 2021 The Author(s)

http://crossmark.crossref.org/dialog/?doi=10.1177%2F19417381211016357&domain=pdf&date_stamp=2021-06-04


Mon • Mon 2021Martín-Fuentes et al

2

T he leg press is a typical exercise for lower limb 
strengthening.21,45,50 The widespread applicability offered 
by this exercise is explained by the simplicity of its 

technique since it is a guided movement,8 along with its 
transference to functional movements such as walking, 
squatting, running, or jumping.6,8,13,17 This means that the 
exercise can be included in any training program regardless of 
the participants’ age10,19,32 or training goal, whether it be for 
rehabilitation,2,6,8,43 injury prevention and return to play,17,26 
health,2,52 or athletic performance.13,17

Given the leg press exercise’s versatility, it is essential that 
trainers and athletes understand the muscle activation elicited 
during its use, as a key factor in the concomitant development 
of muscle mass and strength.31,38,45 Surface electromyography 
(sEMG) has been widely used in research5 as a noninvasive 
method for assessing muscle activation and neuromuscular 
function.6,11,17 This has resulted in studies assessing the muscle 
activation during the horizontal leg press,16-18,46,50,52 unilateral leg 
press,6 and inclined leg press.11,26 The muscles most frequently 
assessed using sEMG during the leg press exercise are the 
vastus medialis oblique (VMO), vastus lateralis (VL), rectus 
femoris (RF), and biceps femoris.13,26,28,50,52

In addition, some other studies have evaluated the leg press 
exercise using different feet stances (conditions) over the 
footplate. For instance, a low feet position over the footplate 
resulted in greater quadriceps muscle activation,11 whereas 
there were no differences in overall muscle activation between 
the 30° forefoot external rotation condition and wide and 
narrow feet stances.13 Nonetheless, the effect that these 
conditions may trigger on muscle activation at different 
movement velocities (MVs) has not yet been clearly 
identified.11,13,26 On the other hand, some authors reported 
differences in neuromuscular function, lower body 
biomechanics, and kinematic responses between genders when 
performing dynamic tasks such as changes in direction, box 
jumps, and side-step cuts.19,20,51

Kinematic parameters, which have been extensively studied in 
exercises such as the squat,42,44,48 play a role in performance. 
Recent studies have reported similar neural36 and power 
adaptations after a velocity-based training program compared 
with a steady-paced velocity training program, protecting the 
athlete from unnecessary mechanical stress or fatigue.3,15,41 
However, few studies have assessed the leg press exercise at 
different MVs. The leg press force-velocity relationship has been 
studied in the older adult population, reporting that a fall in 
maximum power (Pmax) might somehow explain the loss of 
physical function in the elderly.1 Conversely, in a population of 
sportsmen, the leg press presented its greatest Pmax at lower 
velocities than in the squat.40 Other studies used MV to estimate 
relative load as a % 1 repetition maximum (% 1RM) in older 
women,27 whereas mean propulsive velocity (MPV) has been 
proposed as a better estimator of the % 1RM in young athletes 
performing the leg press exercise.9 Therefore, displacement and 
task times are essential data for the accuracy of all these 
measurements.25 Despite this fact, knowledge regarding leg 

press kinematic parameters and their practical application in the 
healthy, young trained population remains scarce.9

To the best of our knowledge, there is no current evidence 
comparing muscle activation and kinematic parameters between 
men and women while employing different feet stances and 
movement velocities in the inclined leg press exercise. For this 
reason, the objectives of the present study were (1) to compare 
muscle activation of the VMO, VL, RF, and gluteus medialis 
(GMED) between men and women under different feet stance 
(100% hip width and 0°/45° external feet rotation) and MV 
(steady-paced and maximum intended) conditions; (2) to 
compare the muscle activation positive phase39 under steady-
paced velocity conditions (100%/150% hip combined with 0°/45° 
external feet rotation) between men and women; and (3) to 
compare kinematic parameters (MPV, Vmax, Pmax, footplate 
displacement, and time) between men and women under the 
different conditions.

Methods
Participants

A total of 28 healthy young college students (15 men and 13 
women) volunteered to take part in the study. Table 1 shows the 
participants’ descriptive characteristics. Following were the 
inclusion criteria: (1) no health problems, musculoskeletal 
injuries, or physical limitations during the 6 months before the 
assessment; (2) at least 1 year of resistance training experience; 
(3) familiarity with the inclined leg press exercise; and (4) 
engaging in resistance training at least twice a week. In addition, 
the participants had to report no previous fatigue on the day of 
testing. The taking of any medication, drugs, or anabolic steroids 
was cause for exclusion from the study. The study protocol was 
approved by a Research Ethics Committee of the University of 
Almería, according to the Declaration of Helsinki. Participants 
signed an informed consent form before the day of testing.

Procedures

All the participants were prevented from exercising for at least 
48 hours before testing to avoid fatigue bias. The protocol 
comprised a familiarization session and a testing session. Before 
the testing session, the participant’s skin was prepared by 
shaving the hair from the areas where the electrodes would be 
placed. All the inclined leg press conditions were performed 
during the same testing appointment to ensure the electrodes 
were properly placed over the muscle belly.

Before the testing, the participants performed the same 
previously designed warm-up protocol. First, the participants 
ran for 5 minutes on a treadmill (SALTER RS-30, Salter SA) at an 
intensity of around 40% of their heart rate reserve, followed by 
a dynamic warm-up comprising free weight lunges and 
squats.7,12 After that, they performed 6 repetitions of the leg 
press exercise with light loads (<60 kg).9 Then, their skin was 
cleaned with a 96% alcohol solution applied with cottonwool 
and the electrodes were placed over the VMO, VL, RF, and 
GMED muscles on the right limb, along with an 
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electrogoniometer over the right knee joint, in accordance with 
the Surface Electromyography for the Non-invasive Assessment 
of Muscles guidelines.17,18,50,52

Each testing session was supervised by a certified strength and 
conditioning specialist to ensure proper technique application. 
Before data collection, the participants were fully informed  
of the procedures, and the testing sessions were performed 
under the same environmental conditions for all the 
participants. Once the electrodes and electrogoniometer were 
positioned, the participants were briefly reminded of how to 
perform the technique for the conditions under study. Full knee 
extension was set as 0° and participants were then asked to flex 
their knees in a controlled manner until reaching 90° of knee 
flexion (or the shinbone parallel to the floor). Adhesive tape 
was located on the inclined leg press device at this lowest 
position to ensure the same range of motion for all the 
conditions. The feet were located at the medium height position 
over the inclined leg press footplate.

At this point, a linear transducer was set parallel to the 
inclined press device over an inclined platform. The linear 
transducer cable was attached to the inclined leg press bar. The 
inclined platform allowed one to adjust the cable inclination, so 
it followed the same track as the inclined leg press. For the 
maximal intended velocity sets, the negative phase was 
performed at a controlled self-selected pace, followed by a 
pause of 1 to 2 seconds in the 90° knee flexion position to 
eliminate the contribution of elastic energy accumulation.9,27 
Then, the participants were encouraged to extend their knees 
explosively as fast as possible. For the 2 seconds negative 
phase/2 seconds positive phase sets, a metronome was set at  
60 beats per minute (bpm), and repetitions were performed in a 
continuous manner through the same range of motion.

Approach to 1RM

A load progression was carried out, with as many as 8 
increments up to maximal intended velocity. As in previous 

studies, an increment of ~10% 1RM was added to each 
consecutive set until participants achieved a MPV of 0.5 m/s.9,49 
After that, the increments ranged from 5 to 1.25 kg (Azafit 
Bumper Plates) until 1RM was reached.

The first load was 80 kg for men and 60 kg for women. At 
these loads, 4 repetitions were performed at a velocity of up to 
1.15 m/s MPV with a 3- to 4-minute rest between sets. Two 
repetitions were performed at medium loads (1.15 m/s ≥ MPV ≥ 
0.5 m/s) with a 5-minute rest between them, and only 1 
repetition was performed at maximum loads with a 6-minute 
rest (MPV < 0.5 m/s). The participants received real-time 
velocity feedback and verbal encouragement was provided by 
the examiners to ensure maximum effort.

Output Variables

Muscle activation (sEMG) was the main output variable. In 
addition, certain kinematic parameters (MPV, Vmax, Pmax, 
footplate displacement, and time) were assessed. Five inclined 
leg press conditions were randomly assessed for each 
participant:

At maximal intended velocity

(a)  Leg press at a stance of 100% hip-width distance and 0° 
of forefoot external rotation.

(b)  Leg press at a stance of 100% hip-width distance and 
45° of forefoot external rotation.

At a steady-paced velocity of 2 seconds negative phase/2 
seconds positive phase

(c)  Leg press at a stance of 100% hip-width distance and 0° 
of forefoot external rotation (0° 100%).

(d)  Leg press at a stance of 100% hip-width distance and 
45° of forefoot external rotation (45° 100%).

(e)  Leg press at a stance of 150% hip-width distance and 0° 
of forefoot external rotation (0° 150%).

Table 1. Descriptive characteristics of the samplea

Male (n = 15) Female (n = 13)

Age, y 22.73 ± 2.93 22.77 ± 2.77

Height, cm 180.00 ± 3.68 169.54 ± 10.63

Body weight, kg 73.80 ± 16.48 61.08 ± 8.21

Hip width, cm 30.67 ± 2.05 28.38 ± 2.21

1RM, kg 257.33 ± 44.55 178.85 ± 18.27

RT experience, y 3.06 ± 1.79 3.07 ± 1.93

1RM, 1 repetition maximum; RT, resistance training.
aData presented as mean ± SD.
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The conditions were performed at an intensity of 70% 
1RM.14,16,24 Six repetitions of each condition were performed 
with a 5-minute rest between sets. The sEMG data were 
recorded during the 1RM test and during all 5 inclined leg press 
sets. Furthermore, MV and knee flexion angle were monitored 
during the whole process by means of the linear transducer and 
the electrogoniometer, respectively. Although feet rotation 
would evidently entail subtle modifications in the knee joint 
position, only knee movement on the sagittal plane was 
considered, as movements on any other plane were 
inappreciable to the naked eye.

Data on the maximum voluntary activation of the targeted 
muscles were collected during the 1RM measurement since 
dynamic assessment of muscle effort has been established as a 
better predictor of the highest muscle activation.7,8 Peak 
activation (µV) recorded at 1-second interval windows and the 
highest sEMG activity level at a 100-ms interval were used to 
obtain the maximum voluntary contraction (MVC) of each 
muscle to normalize the sEMG signal.4,33,34 The sEMG muscle 
activation of the MVC showed an intraclass correlation 
coefficient (ICC) greater than 0.9, demonstrating high reliability 
in all the MVCs evaluated.

Instrumentation

An inclined leg press device (FITTECH PL688, Viseu, Portugal) 
was used for the measurements. Bipolar adhesive Ag/AgCl 
electrodes (Medico Lead-Lok) were placed parallel to the 
muscle fibers at 2-cm intervals with the reference electrode far 
from the electrode pairing in accordance with the 
manufacturer’s specifications. When necessary, the electrodes 
were covered with tape or a bandage to prevent possible 
displacement during the test.

The sEMG signal for the targeted muscles was recorded using 
a WBA Mega device (Mega Electronics Ltd) at a sampling 
frequency of 1000 Hz. The analog signal was converted to 
digital via an analog-to-digital converter (National Instruments) 
and filtered by bandwidth (12-450 Hz) with a fourth-order 
Butterworth filter using the LabView software program (National 
Instruments). Then, the raw sEMG signals were converted into 
root-mean-square signals for further analysis with the MEGAWIN 
software program (Mega Electronics Ltd). To identify the 
different repetitions and exercise phases in the sEMG signal 
analysis, the angle of the right knee was continuously recorded 
with an electrogoniometer (Biometrics Ltd) placed on the lateral 
side of the femur and the fibula. The data from the 
electrogoniometer were synchronized with the sEMG data using 
the sEMG equipment (Mega Electronics Ltd).

The footplate velocity was measured using a linear transducer 
(T-Force System, Ergotech) sampling at 1000 Hz and smoothed 
using a fourth-order low-pass Butterworth filter with no phase 
shift, and a 10 Hz cutoff frequency.32 The T-Force system was 
connected to a personal computer where the relevant kinetic 
and kinematic parameters were calculated automatically for 
each inclined leg press repetition and for the 1RM test. T-Force 

software also provided real-time feedback for the participants 
and all data storage. The reliability of this system has been 
reported elsewhere.48 Furthermore, for the 2-second negative 
phase/2-second positive phase sets, a KORG MA-1 (Keio 
Electronic Laboratories) metronome was set at a rate of 60 bpm 
to control the timing of the exercises.

Statistical Analyses

The normal data distribution was analyzed using the Shapiro-
Wilk normality test. Since all the variables presented a normal 
distribution, parametric tests were performed. The mean values 
and standard deviations of the dependent variables were 
extracted from the descriptive statistics. The 1-way random 
effects model was used to obtain the relative reliability of the 
movement with the ICC at a 95% CI.

SEMG

A 2 × 2 × 2 × 4 × 2 (gender × exercise × contraction type × 
muscle × velocity) analysis of variance (ANOVA) was performed 
to determine the differences in the muscle activation (%MVC) 
between the 0° 100% and 45° 100% conditions according to the 
exercise velocity. Furthermore, a 2 × 3 × 4 (gender × exercise × 
muscle) ANOVA was applied to determine the differences in the 
muscle activation for the positive phase (%MVC) under the 3 
conditions executed at a steady-paced velocity.

Kinematic Parameters

A paired sample t test was performed to determine the 
differences in MPV and Vmax between the 0° 100% and 45° 100% 
conditions executed at maximum intended velocity. Moreover, 2 
separated ANOVAs were employed to determine (1) the 
differences in Pmax between the 0° 100%, 45° 100%, and 0° 150% 
conditions executed at steady-paced velocity (gender × 
exercise) and (2) the differences in Pmax between the 0° 100% 
and 45° 100% conditions, according to the velocities (gender × 
exercise × velocity) for each gender. Two separated ANOVAs 
(gender × exercise × contraction type) were conducted to 
determine the differences in footplate displacement (cm) and 
time (seconds) between all 5 conditions for both negative and 
positive phases.

Additionally, Mauchly’s sphericity test was performed on all 
the ANOVA results. A Greenhouse-Geisser correction was 
employed if an assumption was violated, whereas a Bonferroni 
post hoc adjustment was employed when a significant main 
effect was observed within pairwise comparisons. A partial 
eta-square (η2

p) was also used to calculate the effect sizes (ES) 
for each ANOVA, setting 0.2, 0.5, 0.8, and 1.3 as the lower 
thresholds for small, medium, large, and very large ES, 
respectively.25 The G*power 3.1 for Mac OS X software program 
(14) was used to calculate a priori the sample size and statistical 
power. The statistical power calculated post hoc was >0.9 for all 
the variables. IBM SPSS software (Version 26) was used to run 
the statistical analyses with a level of significance set at alpha = 
0.05 (P < 0.05).
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Results

sEMG

Figures 1 and 2 show a comparison of the negative and positive 
phases of muscle activation (%MVC) for the maximum intended 
velocity sets and the steady-paced velocity sets under the 0° 
100% and 45° 100% conditions for men and women, 
respectively. The ANOVA (gender × exercise × contraction type 
× muscle × velocity) results showed a significant main effect/
interaction for contraction type (F(1, 26) = 427.93, P < 0.001, η2

p = 
0.94), muscle (F(3, 78) = 70.84, P < 0.001, η2

p = 0.73), velocity  
(F(1, 26) = 203.78, P < 0.001, η2

p = 0.88), exercise × muscle (F(3, 78) = 
10.93, P < 0.001, η2

p = 0.29), exercise × contraction type × 
muscle (F(3, 78) = 7.13, P < 0.001, η2

p = 0.21), exercise × velocity 
(F(1, 26) = 12.06, P = 0.002, η2

p = 0.31), contraction type × velocity 
(F(1, 26) = 148.29, P < 0.001, η2

p = 0.85), and exercise × 
contraction type × velocity (F(1, 26) = 20.14, P < 0.001, η2

p = 0.43).
Muscle activation (%MVC) under each condition was similar 

between men and women for each muscle; significant 
differences were only found in 3 cases (P < 0.05): the 0° 100% 
and 45° 100% negative phase of the maximum velocity sets for 

the GMED, and the 45° 100% positive phase of the maximum 
velocity set for the RF (Figures 1 and 2). Muscle activation was 
greater under the maximum intended velocity conditions than 
under the steady-paced conditions in almost all cases and for 
both contraction types. Furthermore, in all cases, muscle 
activation (%MVC) was significantly greater (P < 0.05) in the 
positive phase than in the negative phase.

When comparing the muscle activation in the positive 
phase between muscles (%MVC) in men and women under 
the 3 conditions performed at steady-paced velocity, only the 
VL presented greater muscle activation (P < 0.05) in men 
than in women under the 0° 150% condition. In contrast, 
muscle activation in the negative phase showed no 
significant differences (P > 0.05) between the 3 steady-paced 
conditions.

Figures 3 and 4 show a comparison of positive phase muscle 
activation between muscles (%MVC) under each steady-paced 
condition for men and women. The ANOVA (gender × exercise 
× muscle) results showed a significant main effect/interaction 
for muscle (F(3, 78) = 62.00, P < 0.001, η2

p = 0.70), gender × 
muscle (F(3, 78) = 4.69, P = 0.005, η2

p = 0.15), exercise (F(2, 52) = 

Figure 1. Comparison of the muscle activation during the negative phase for each muscle (%MVC) under the conditions performed 
at both velocities for men and women (*difference between velocities; P < 0.05). GMED, gluteus medialis; MVC, maximum 
voluntary contraction; RF, rectus femoris; VL, vastus lateralis; VMO, vastus medialis oblique.
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4.86, P = 0.012, η2
p = 0.15), and exercise × muscle  

(F(6, 156) = 3.78, P = 0.002, η2
p = 0.12).

The muscle activation pattern was similar under all 3 steady-
paced conditions (0° 100%, 45° 100%, and 0° 150%) for the 
positive phase in each gender group, whereas each muscle 
presented no significant differences (P > 0.05) between the 3 
conditions in either men or women. Negative phase muscle 
activation likewise presented no significant differences (P > 
0.05) between the conditions for any muscle. Therefore, 
variations in stance width and/or feet rotation did not affect the 
muscle activation elicited. However, slight differences were 
found for the muscle activation pattern between men and 
women. While in men, VMO showed the greatest muscle 
activation followed by VL, RF, and GMED, in women, the 
greatest muscle activation was presented by VMO, followed by 
RF, VL, and GMED.

Kinematic Parameters

Table 2 shows a comparison of MPV and Vmax between the 
conditions executed at maximum intended velocity. The paired 
sample t test results showed significantly greater MPV under the 
0° 100% maximum intended velocity condition compared with 

the 45° 100% maximum intended velocity condition in men and 
women. Moreover, Vmax was significantly greater under the 0° 
100% maximum intended velocity condition in women. Both the 
MPV and Vmax variables were significantly greater for men than 
for women in all cases (P < 0.05).

Table 3 shows a comparison of Pmax under the conditions 
executed at steady-paced velocity. The ANOVA (gender × 
exercise × velocity) results showed a significant main effect for 
gender (F(1, 26) = 32.38, P < 0.001, η2

p = 0.55) and for exercise 
(F(2, 52) = 5.47, P = 0.007, η2

p = 0.17). Significant differences (P < 
0.05) were found under the 0° 100% and 45° 100% steady-paced 
conditions for men, while Pmax was greater under the 45° 100% 
condition. Otherwise, men elicited significantly greater Pmax 
under all the conditions than the women (P < 0.05).

Table 4 shows a comparison of Pmax between the conditions 
executed at both maximum intended velocity and steady-paced 
velocity. The ANOVA (gender × exercise × velocity) results 
showed a main effect/interaction on Pmax for gender (F(1, 26) = 
37.37, P < 0.001, η2

p = 0.59), velocity (F(1, 26) = 559.68, P < 0.001, 
η2

p = 0.95), and gender × velocity (F(1, 26) = 23.02, P < 0.001, η2
p = 

0.47). No differences (P > 0.05) were found under the 
conditions performed at maximum intended velocity for Pmax in 

Figure 2. Comparison of the muscle activation during the positive phase for each muscle (%MVC) under the conditions performed 
at both velocities for men and women (*difference between velocities; P < 0.05). GMED, gluteus medialis; MVC, maximum 
voluntary contraction; RF, rectus femoris; VL, vastus lateralis; VMO, vastus medialis oblique.
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either men or women. However, men presented significantly 
greater Pmax values than women in all cases (Table 4).

Figure 5 shows the data for footplate displacement and time 
kinematics under all the conditions during both the negative 
and the positive phases. The ANOVA (gender × exercise × 
contraction type) results showed a main effect/interaction on 
displacement for exercise (F(4, 104) = 31.69, P < 0.001, η2

p = 0.54), 
contraction type (F(1, 26) = 112.94, P < 0.001, η2

p = 0.81), gender × 
contraction type (F(1, 26) = 17.39, P < 0.001, η2

p = 0.40), and 
exercise × contraction type (F(4, 104) = 28.57, P < 0.001, η2

p = 
0.52). Men presented higher footplate displacement in the 
positive phases than women under all the conditions (P < 0.05), 
whereas footplate displacement in the negative phase presented 
no significant differences between genders (P > 0.05). 
Furthermore, the maximum intended velocity conditions 
presented significantly greater footplate displacement than the 
steady-paced conditions in both men and women (P < 0.05).

The ANOVA (gender × exercise × contraction type) results 
showed a main effect on time for exercise (F(4, 104) = 97.33,  
P < 0.001, η2

p = 0.78), and contraction type (F(1, 26) = 91.66, P < 
0.001, η2

p = 0.77). No significant differences for time were found 
between genders in any movement phase (P > 0.05), whereas 
the positive phases presented shorter times under all conditions 

Figure 3. Comparison of the muscle activation during the positive phase between muscles (%MVC) for each condition performed 
at a steady-paced velocity for the men (adifference from VMO, bdifference from VL, cdifference from RF; P < 0.05). GMED, gluteus 
medialis; MVC, maximum voluntary contraction; RF, rectus femoris; VL, vastus lateralis; VMO, vastus medialis oblique.

Figure 4. Comparison of muscle activation during the 
positive phase between muscles (%MVC) for each condition 
performed at a steady-paced velocity for the women 
(adifference from VMO, bdifference from VL, cdifference from 
RF; P < 0.05). GMED, gluteus medialis; MVC, maximum 
voluntary contraction; RF, rectus femoris; VL, vastus 
lateralis; VMO, vastus medialis oblique.
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(P < 0.05). In addition, the positive phases were performed 
faster under the maximum intended velocity conditions than 
under the steady-paced conditions in both genders (P < 0.05).

discussion

Despite the belief that variations in feet stance might affect 
muscle activation during the leg press exercise, our results 
suggested that such modifications might be meaningless if our 
training aim is to elicit preferential activation of 1 particular 
muscle over the rest. Our results agree with those reported by 
Escamilla et al,13 who found no changes in muscle activation 
based on the feet abduction position.28 If the aim is to focus on 

a specific muscle, one might, for instance, modify or limit the 
range of motion in the leg press exercise, as it has been widely 
reported that the vastus medialis, VL, and RF elicit their greatest 
muscle activation during the first part of the extension 
phase.17,18,28,52

The fact that there is greater muscle activation in the positive 
phases of the movement is broadly supported in the literature; 
this is partly explained by the major recruitment of muscle 
fibers that this phase requires.2,17,23,26,29,37 On the other hand, the 
greater muscle activation elicited under maximal intended 
conditions is in accordance with the results reported by Walker 
et al,52 who found greater muscle activation under explosive 
contractions. Nonetheless, this issue has hardly been assessed.19

Table 2. Comparison of MPV and V
max

 under the conditions executed at maximum intended velocity (mean ± SD)a

Maximum Intended 
Velocity 0° 100%

Maximum Intended 
Velocity 45° 100% P Effect Size (d )

Male MPV (m/s) 0.43 ± 0.06 0.39 ± 0.06 0.002 0.66

 V
max

 (m/s) 0.85 ± 0.12 0.82 ± 0.12 0.05 0.25

Female MPV (m/s) 0.37 ± 0.05 0.33 ± 0.05 <0.001 0.80

 V
max

 (m/s) 0.76 ± 0.08 0.72 ± 0.09 <0.001 0.46

MPV, mean propulsive velocity; Vmax, maximum velocity.
aBoth variables presented statistically significant differences between the genders (P < 0.05).

Table 3. Comparison of P
max

 under the conditions executed at a steady-paced velocity (mean ± SD)a

0° 100% 45° 100% 0° 150%

P
max

 (W) Male 488.9 ± 132.6b 560.8 ± 169.6b,c 512.3 ± 123.2

 Female 288.4 ± 44.7 323.8 ± 79.3 294.6 ± 59.3

P
max

, maximum power.
aBoth variables presented statistically significant differences between the genders (P < 0.05).
b Indicates significant differences with regard to 0° 150% (P < 0.05).
cIndicates significant differences with respect to 0° 100% (P < 0.05).

Table 4. Comparison of P
max

 under the conditions executed at both maximum intended velocity and steady-paced velocity  
(mean ± SD)a

0° 100% 45° 100% P Effect Size (d )

Male P
max

 (W) Maximum intended velocity 1556.8 ± 295.8 1665.9 ± 412.9 0.13 0.30

 Steady-paced velocity 488.9 ± 132.6 560.8 ± 169.6 0.02 0.47

Female P
max

 (W) Maximum intended velocity 1056.7 ± 189.1 995.8 ± 195.8 0.43 0.31

 Steady-paced velocity 288.4 ± 44.7 323.8 ± 79.2 0.18 0.55

P
max

, maximum power.
aAll variables presented statistically significant differences between velocities and genders (P < 0.001).
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Several studies have raised concerns regarding gender 
differences on lower body biomechanics,51 neuromuscular 
function and muscle activation imbalances,36 or decreased relative 
quadriceps muscle activation in men rather than women.35 Even 
though overall muscle activation was greater for men in absolute 
terms (raw µV), when normalized to %MVC, the muscle activation 
pattern was very similar between genders. Therefore, we might 
conclude that the muscle activation pattern differs only slightly 
between men and women when performing the inclined leg 
press exercise. For both gender groups, VMO presented the 
greatest muscle activation while GMED presented the lowest. 
Regarding differences in the VL, in the male group, greater 
muscle activation was presented, followed by RF; in the female 
group, the opposite was true. This information may guide 
coaches and practitioners when selecting the specific exercise 
and range of motion. Nonetheless, we confirmed that the inclined 
leg press is an optimal exercise for targeting muscle activation in 
the entire quadriceps muscle complex.11,13,16,26,50,52

In terms of the kinematic parameters, we reported greater 
MPV, Vmax, and Pmax values for men than for women under all 
the conditions. In addition, MPV and Vmax were greater under 
the 0° 100% maximum intended velocity condition than under 
the 45° 100% maximum intended velocity condition for both 
gender groups. Gender differences in MPV, Vmax, and Pmax are 
not surprising since the anthropometric measures and basal 
neuromuscular capabilities for exerting force are greater in men 
than in women.19,36 However, it is worth noting that the 0° 100% 
feet stance was reported by all participants as being the most 
comfortable, which might lead one to conclude that the 
preferred feet stance should be encouraged to enhance 
performance. Women were more affected by variations in feet 
stance; for instance, they reported greater discomfort under the 
45° external rotation condition.

Footplate displacement was greater in the positive phases for 
men under all conditions, whereas, in the negative phase, there 

was no difference between men and women. Furthermore, 
greater footplate displacements were reported under maximum 
intended velocity conditions than under steady-paced 
conditions for all participants. Finally, no significant differences 
in movement times were reported between men and women, 
while the positive phases were faster under all conditions and 
in both gender groups. The greater displacement in the positive 
phases under the maximum intended velocity conditions is 
explained by the inertia elicited on the explosive contractions, 
which even produced noncontact time between the feet and the 
footplate. This is to some extent related to the flight time during 
a jumping or landing task.1,9,27,30

Leg press has been defined as a safe ballistic movement, 
which stimulates jump biomechanics.30,47 The ability to exert the 
maximum power during a dynamic multijoint movement would 
depend on the nature of the movement per se.10 Thus, the 
exercises selected for a training program would modulate 
adaptations and improvements in sports performance.10,30,47

Maximal power during a movement might be enhanced by 
increasing the ability to exert greater levels of force at a given 
velocity.10,30 Since sports-related movements usually demand 
greater power requirements, it might be more beneficial to 
include explosive movements in the training program to 
maximize sports-related skills transference and enhance 
performance.15,22,42

Limitations

Some of limitations encountered during the measurements were 
related to the performance of the steady-paced condition 
rhythm. Most people were not used to carefully controlling their 
MV, so extra time was needed with each participant during the 
prior familiarization session to ensure they had mastered the 
proper technique and pace. Another issue arose during the pilot 
study, which included the 45° 150% maximum velocity 
condition and the 0° 150% maximum intended condition. 

Figure 5. Displacement and time kinematic data for all conditions during both the negative and positive phases.
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Unfortunately, the footplate size did not allow us to perform 
these conditions because, in most cases, the subjects’ feet did 
not fit into the footplate; as a result, we decided to eliminate 
this condition. Furthermore, a sample of trained young college 
students was tested, so our results should be interpreted with 
caution, being only extrapolated to a population with similar 
characteristics.

conclusion

Overall, the muscle activation pattern presented no significant 
differences between conditions regarding feet width stance and 
feet external rotation for 0° 100% and 45° 100% performed at 
both velocities within each gender group. The positive phase 
presented greater muscle activation and faster under all 
conditions in both gender groups than the negative phase for 
the different conditions, whereas muscle activation for the 
maximum intended velocity sets was greater than those elicited 
during steady-paced contractions.

Regarding the kinematic parameters, MPV, Vmax, and Pmax 
presented significantly greater values in the male population 
under all conditions. Furthermore, MPV and Vmax were greater 
under the 0° 100% maximum intended velocity condition than 
under the 45° 100% maximum intended velocity condition in 
both men and women.

RefeRences
 1. Alcazar J, Rodriguez-Lopez C, Ara I, et al. The force-velocity relationship in 

older people: reliability and validity of a systematic procedure. Int J Sports Med. 
2017;38:1097-1104.

 2. Alkner BA, Bring DK. Muscle activation during gravity-independent resistance 
exercise compared to common exercises. Aerosp Med Hum Perform. 2019;90:506-
512.

 3. Banyard HG, Tufano JJ, Delgado J, Thompson S, Nosaka K. Comparison of the 
effects of velocity-based training methods and traditional 1RM-percent-based 
training prescription on acute kinetic and kinematic variables. Int J Sports Physiol 
Perform. 2018;14:246-255.

 4. Besomi M, Hodges PW, Clancy EA, et al. Consensus for Experimental Design 
in Electromyography (CEDE) project: amplitude normalization matrix. J 
Electromyogr Kinesiol. 2020;53:102438.

 5. Besomi M, Hodges PW, Van Dieën J, et al. Consensus for Experimental Design 
in Electromyography (CEDE) project: Electrode selection matrix. J Electromyogr 
Kinesiol. 2019;48:128-144.

 6. Bolgla LA, Shaffer SW, Malone TR. Vastus medialis activation during knee 
extension exercises: evidence for exercise prescription. J Sport Rehabil. 
2008;17:1-10.

 7. Camara KD, Coburn JW, Dunnick DD, Brown LE, Galpin AJ, Costa PB. An 
examination of muscle activation and power characteristics while performing 
the deadlift exercise with straight and hexagonal barbells. J Strength Cond Res. 
2016;30:1183-1188.

 8. Clark DR, Lambert MI, Hunter AM. Trunk muscle activation in the back and hack 
squat at the same relative loads. J Strength Cond Res. 2019;33(suppl 1):S60-S69.

 9. Conceição F, Fernandes J, Lewis M, Gonzaléz-Badillo JJ, Jimenéz-Reyes P. 
Movement velocity as a measure of exercise intensity in three lower limb 
exercises. J Sports Sci. 2015;34:1099-1106.

 10. Cormie P, McGuigan M, Newton R. Developing maximal neuromuscular power. 
Training considerations for improving maximal power production. Sport Med. 
2011;41:125-146.

 11. Da Silva EM, Brentano MA, Cadore EL, De Almeida APV, Kruel LFM. Analysis 
of muscle activation during different leg press exercises at submaximum effort 
levels. J Strength Cond Res. 2008;22:1059-1065.

 12. Delgado J, Drinkwater EJ, Banyard HG, Haff GG, Nosaka K. Comparison 
between back squat, romanian deadlift, and barbell hip thrust for leg and hip 
muscle activities during hip extension. J Strength Cond Res. 2019;33:2595-2601.

 13. Escamilla RF, Fleisig GS, Zheng N, et al. Effects of technique variations on knee 
biomechanics during the squat and leg press. Med Sci Sports Exerc. 2001;33:1552-
1566.

 14. Garber CE, Blissmer B, Deschenes MR, et al. American College of Sports 
Medicine position stand. Quantity and quality of exercise for developing and 
maintaining cardiorespiratory, musculoskeletal, and neuromotor fitness in 
apparently healthy adults: guidance for prescribing exercise. Med Sci Sports 
Exerc. 2011;43:1334-1359.

 15. González-Badillo JJ, Rodríguez-Rosell D, Sánchez-Medina L, Gorostiaga EM, 
Pareja-Blanco F. Maximal intended velocity training induces greater gains in 
bench press performance than deliberately slower half-velocity training. Eur J 
Sport Sci. 2014;14:772-781.

 16. Gonzalez AM, Ghigiarelli JJ, Sell KM, Shone EW, Kelly CF, Mangine GT. Muscle 
activation during resistance exercise at 70% and 90% 1-repetition maximum in 
resistance-trained men. Muscle Nerve. 2017;56:505-509.

 17. Gorostiaga EM, Navarro-Amézqueta I, González-Izal M, et al. Blood lactate and 
sEMG at different knee angles during fatiguing leg press exercise. Eur J Appl 
Physiol. 2012;112:1349-1358.

 18. Hahn D. Lower extremity extension force and electromyography properties 
as a function of knee angle and their relation to joint torques: implications for 
strength diagnostics. J Strength Cond Res. 2011;25:1622-1631.

 19. Hannah R, Folland JP, Smith SL, Minshull C. Explosive hamstrings-to-quadriceps 
force ratio of males versus females. Eur J Appl Physiol. 2015;115:837-847.

 20. Hanson AM, Padua DA, Blackburn JT, Prentice WE, Hirth CJ. Muscle activation 
during side-step cutting maneuvers in male and female soccer athletes. J Athl 
Train. 2008;43:133-143.

 21. Harden M, Wolf A, Russell M, Hicks KM, French D, Howatson G. An evaluation 
of supramaximally loaded eccentric leg press exercise. J Strength Cond Res. 
2018;32:2708-2714.

 22. Jidovtseff B, Harris NK, Crielaard JM, Cronin JB. Using the load-velocity 
relationship for 1RM prediction. J Strength Cond Res. 2011;25:267-270.

 23. Komi PV, Linnamo V, Silventoinen P, Sillanpää M. Force and EMG power spectrum 
during eccentric and concentric actions. Med Sci Sports Exerc. 2000;32:1757-1762.

 24. Kraemer WJ, Ratamess NA. Fundamentals of resistance training: progression and 
exercise prescription. Med Sci Sport Exerc. 2004;36:674-688.

 25. Levine TR, Hullett CR. Eta squared, partial eta squared, and misreporting of 
effect size in communication research. Hum Commun Res. 2002;28:612-625.

 26. Machado W, Paz G, Mendes L, et al. Myoeletric activity of the quadriceps during 
leg press exercise performed with differing techniques. J Strength Cond Res. 
2017;31:422-429.

 27. Marcos-Pardo PJ, González-Hernández JM, García-Ramos A, López-Vivancos 
A, Jiménez-Reyes P. Movement velocity can be used to estimate the relative 
load during the bench press and leg press exercises in older women. PeerJ. 
2019;2019:1-14.

 28. Martín-Fuentes I, Oliva-Lozano JM, Muyor JM. Evaluation of the lower limb 
muscles’ electromyographic activity during the leg press exercise and its variants: 
a systematic review. Int J Environ Res Public Health. 2020;17:1-15.

 29. Matheson JW, Kernozek TW, Fater DC, Davies GJ. Electromyographic activity 
and applied load during seated quadriceps exercises. Med Sci Sport Exerc. 
2001;33:1713-1725.

 30. Meylan CMP, Cronin JB, Oliver JL, Hughes MMG, Jidovtseff B, Pinder S. The 
reliability of isoinertial force-velocity-power profiling and maximal strength 
assessment in youth. Sport Biomech. 2015;14:68-80.

 31. Monteiro ER, Steele J, Novaes JS, et al. Men exhibit greater fatigue resistance 
than women in alternated bench press and leg press exercises. J Sports Med Phys 
Fitness. 2019;59:238-245.

 32. Morán-Navarro R, Martínez-Cava A, Sánchez-Medina L, Mora-Rodríguez R, 
González-Badillo JJ, Pallarés JG. Movement velocity as a measure of level of 
effort during resistance exercise. J Strength Cond Res. 2019;33:1496-1504.

 33. Muyor JM, Martín-Fuentes I, Rodríguez-Ridao D, Antequera-Vique JA. 
Electromyographic activity in the gluteus medius, gluteus maximus, biceps 
femoris, vastus lateralis, vastus medialis and rectus femoris during the 
monopodal squat, forward lunge and lateral step-up exercises. PLoS One. 
2020;15:e0230841.

 34. Muyor JM, Rodríguez-Ridao D, Martín-Fuentes I, Antequera-Vique JA. Evaluation 
and comparison of electromyographic activity in bench press with feet on the 
ground and active hip flexion. PLoS One. 2019;14(6):e0218209.

 35. Myer GD, Ford KR,  Barber Foss KD, Liu C, Nick TG, Hewett TE. The 
relationship of hamstrings and quadriceps strength to anterior cruciate ligament 
injury in female athletes. Clin J Sport Med. 2009;19:3-8.

 36. Nimphius S, McBride JM, Rice PE, Capps CLG, Capps CR. Comparison of 
quadriceps and hamstring muscle activity during an isometric squat between 
strength-matched men and women. J Sport Sci Med. 2019;18:101-108.



Science et Sports
 

Evaluation of load-velocity relationships in the inclined leg press exercise: a
comparison between genders

--Manuscript Draft--
 

Manuscript Number: SCISPO-D-21-00352R2

Article Type: Full Length Article

Keywords: velocity-based resistance training, training load monitoring, exercise prescription,
gender disparities, performance

Corresponding Author: Isabel Martín-Fuentes
Universidad de Almeria
Almeria, Andalucía SPAIN

First Author: Isabel Martín-Fuentes

Order of Authors: Isabel Martín-Fuentes

José M. Oliva-Lozano

José M. Muyor

Abstract: The objectives of this study were threefold: i) to analyze the load-velocity relationships
between mean propulsive velocity (MPV), mean velocity (MV), peak velocity (PV), and
relative load during the inclined leg press exercise; ii) to analyze the differences in the
load-velocity relationships between males and females; and iii) to determine gender-
specific predictive equations for loads between 50%-100% one-repetition maximum
(1RM) in a population of trained young college students. The load-velocity relationships
of 15 males and 13 females were explored through a progressive loading test, up to
the individual 1RM load. Gender-specific load-velocity relationships were plotted along
with the individual relationships. High to very high associations were found for gender-
specific load-MPV and load-MV relationships, whereas load-PV presented moderate
associations. The gender-specific load-velocity relationships in males were steeper
than in females for MPV, MV and PV. However, individual load-velocity relationships
presented higher associations than gender-specific relationships for all subjects.
Finally, the  predicted velocity outcomes for each %1RM load  were always significantly
higher in males than in females, except for PV at 95% and  100% 1RM load  . Taken
collectively, the findings from the present study support the application of subject-
specific and gender-specific load-velocity relationships, highlighting the disparities
between male and female relationships.

Suggested Reviewers:

Secondary Full Title: Evaluation of load-velocity relationships in the inclined leg press exercise: a
comparison between genders

Secondary Abstract:

Secondary Keywords:

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



2 

 

Acknowledgements 19 

The authors express their gratitude to the subjects of this 20 

investigation. The authors have no professional relationships with 21 

companies or manufacturers that might benefit from the results of 22 

this study. The experiments comply with the current law in Spain. 23 



1 

 

 FIGURE LEGENDS 1 

Figure 1. Load-velocity relationships obtained from the inclined leg press exercise. The 2 

linear regression models are shown separately for males (blue) and females (red). R2, 3 

Pearson’s multivariate coefficient of determination; SEE, standard error of estimates. 4 

 5 
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 7 

Males: MPV (m·s-¹) = - 0.007 Load + 0.951; R2 = 0.920; SEE = 0.030 m·s-¹  8 

Females: MPV (m·s-¹) = - 0.006 Load + 0.831; R2 = 0.879; SEE = 0.031 m·s-¹  9 

 10 

 11 
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Males: MV (m·s-¹) = - 0.007 Load + 0.927; R2 = 0.924; SEE = 0.029 m·s-¹  12 

Females: MV (m·s-¹) = - 0.006 Load + 0.815; R2 = 0.865; SEE = 0.034 m·s-¹  13 

 14 

Males: PV (m·s-¹) = - 0.010 Load + 1.581; R2 = 0.781; SEE = 0.076 m·s-¹  15 

Females: PV (m·s-¹) = - 0.007 Load + 1.310; R2 = 0.667; SEE = 0.072 m·s-¹  16 

 17 

 18 
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Table 1. Descriptive characteristics of the sample. Mean ± SD. 1 

 2 

 Male (n=15) 
(M ± SD) 

Female (n=13) 
(M ± SD) 

Age (years) 22.73 ± 2.93 22.77 ± 2.77 

Height (cm) 180.00 ± 3.68 169.54 ± 10.63 

Body weight (kg) 73.80 ± 16.48 61.08 ± 8.21 

Hip width (cm) 30.67 ± 2.05 28.38 ± 2.21 

   

RT experience (years) 3.06 ± 1.79 3.07 ± 1.93 

 3 

Table 1 Click here to access/download;Table;Manuscript Table 1.docx

https://www.editorialmanager.com/scispo/download.aspx?id=80639&guid=82811135-02d7-4eb2-b592-ab81f2d6c566&scheme=1
https://www.editorialmanager.com/scispo/download.aspx?id=80639&guid=82811135-02d7-4eb2-b592-ab81f2d6c566&scheme=1


1 

 

Table 2. Actual mean propulsive velocity (MPV), mean velocity (MV) and peak velocity 1 

(PV) when attaining the 1 repetition maximum (1RM), and the 1RM load (kg) for males and 2 

females. 3 

          

  MPV (m·s-¹) 
(M ± SD) 

MV (m·s-¹) 
(M ± SD) 

PV (m·s-¹) 
(M ± SD) 

1RM load (kg) 
(M ± SD) 

Male 0.22 ± 0.01 0.21 ± 0.01** 0.55 ± 0.03** 274.69 ± 10.84** 

Female 0.22 ± 0.01 0.20 ± 0.01 0.572 ± 0.03 178.84 ± 4.53 

           Significant differences between genders: **p < 0.001. 4 
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Table 3. Predicted mean propulsive velocity (MPV), mean velocity (MV) and peak velocity 1 

(PV) for the inclined leg press exercise at each load (%1RM) for males (n=54) and females 2 

(n=49). 3 

    

  MPV (m·s-¹) 
(M ± SD) 

MV (m·s-¹) 
(M ± SD) 

PV (m·s-¹) 
(M ± SD) 

Load 
(%1RM) 

Males Females Males Females Males Females 

50 0.59 ± 0.01** 0.53 ± 0.01 0.57 ± 0.01** 0.51 ± 0.01 1.08 ± 0.02** 0.95 ± 0.03 

55 0.56 ± 0.01** 0.50 ± 0.01 0.54 ± 0. 01** 0.48 ± 0. 01 1.03 ± 0.02** 0.91 ± 0.02 

60 0.52 ± 0.01** 0.47 ± 0.01 0.50 ± 0. 01** 0.45 ± 0. 01 0.98 ± 0.02** 0.87 ± 0.02 

65 0.49 ± 0.01** 0.44 ± 0.01 0.47 ± 0. 01** 0.42 ± 0. 01 0.93 ± 0.01** 0.84 ± 0.02 

70 0.45 ± 0.01** 0.41 ± 0.01 0.43 ± 0. 01** 0.38 ± 0. 01 0.88 ± 0.01** 0.80 ± 0.01 

75 0.42 ± 0.01** 0.38 ± 0.01 0.40 ± 0. 01** 0.35 ± 0. 01 0.83 ± 0.01** 0.76 ± 0.01 

80 0.38 ± 0.01** 0.35 ± 0.01 0.36 ± 0. 01** 0.32 ± 0. 01 0.78 ± 0.01** 0.73 ± 0.01 

85 0.35 ± 0.01** 0.32 ± 0.01 0.32 ± 0. 01** 0.29 ± 0. 01 0.73 ± 0.01** 0.69 ± 0.01 

90 0.31 ± 0.01** 0.29 ± 0.01 0.29 ± 0. 01** 0.26 ± 0. 01 0.68 ± 0.02** 0.65 ± 0.01 

95 0.27 ± 0.01** 0.25 ± 0.01 0.25 ± 0. 01** 0.23 ± 0. 01 0.63 ± 0.02* 0.62 ± 0.01 

100 0.24 ± 0.01** 0.22 ± 0.01 0.22 ± 0. 01** 0.20 ± 0. 01 0.58 ± 0.02 0.58 ± 0.02 

Significant differences between genders: *p < 0.01; **p < 0.001. 4 
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Evaluation of load-velocity relationships in the inclined leg press 19 

exercise: a comparison between genders 20 

The objectives of this study were threefold: i) to analyze the load-velocity 21 

relationships between mean propulsive velocity (MPV), mean velocity 22 

(MV), peak velocity (PV), and relative load during the inclined leg press 23 

exercise; ii) to analyze the differences in the load-velocity relationships 24 

between males and females; and iii) to determine gender-specific predictive 25 

equations for loads between 50%-100% one-repetition maximum (1RM) in 26 

a population of trained young college students. The load-velocity 27 

relationships of 15 males and 13 females were explored through a 28 

progressive loading test, up to the individual 1RM load. Gender-specific 29 

load-velocity relationships were plotted along with the individual 30 

relationships. High to very high associations were found for gender-specific 31 

load-MPV and load-MV relationships, whereas load-PV presented 32 

moderate associations. The gender-specific load-velocity relationships in 33 

males were steeper than in females for MPV, MV and PV. However, 34 

individual load-velocity relationships presented higher associations than 35 

gender-specific relationships for all subjects. Finally, the predicted velocity 36 

outcomes for each %1RM load were always significantly higher in males 37 

than in females, except for PV at 95% and 100% 1RM load. Taken 38 

collectively, the findings from the present study support the application of 39 

subject-specific and gender-specific load-velocity relationships, 40 

highlighting the disparities between male and female relationships. 41 
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Keywords: velocity-based resistance training, training load monitoring, 42 

exercise prescription, gender disparities, performance 43 
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Évaluation des relations force-vitesse dans l'exercice de presse a 45 

cuisses inclinée : comparaison entre les deux sexes 46 

 47 

Les objectifs de cette étude étaient triples : i) analyser les relations force 48 

vitesse entre la vitesse de propulsion moyenne (MPV), la vitesse moyenne 49 

(VM), la vitesse de pointe (PV) et la charge relative pendant l'exercice de 50 

presse a cuisses inclinée; ii) analyser les différences dans les relations force-51 

vitesse entre les hommes et les femmes ; et iii) déterminer des équations 52 

prédictives spécifiques à chaque sexe pour des charges comprises entre 50 53 

% et 100 % maximum d'une répétition (1RM) dans une population de 54 

jeunes étudiants entraînés. Les relations force-vitesse de 15 garçons et 13 55 

filles ont été examinées grâce à un test de charge progressive, jusqu'à la 56 

charge individuelle 1RM. Les relations force-vitesse spécifiques au sexe 57 

ont été comparée aux relations individuelles. Des associations élevées à très 58 

élevées ont été trouvées pour les relations charge-MPV et charge-VM 59 

spécifiques au sexe, tandis que charge-PV présentait des associations 60 

modérées. Les relations force-vitesse spécifiques au sexe chez les hommes 61 

présentaient une pente plus prononcée que chez les femmes pour MPV, MV 62 

et PV. Cependant, les relations charge-vitesse individuelles présentaient 63 

des associations plus élevées que les relations spécifiques au sexe pour tous 64 

les sujets. Enfin, les résultats de vitesse prédits pour chaque charge %1RM 65 

étaient toujours significativement plus élevés chez les hommes que chez les 66 

femmes, à l'exception de PV à 95 % et 100 % de charge 1RM. Au total, les 67 

résultats de la présente étude plaident pour l'utilisation de relations force-68 
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vitesse personnalisées en fonction des caractéristiques du sujet et de son 69 

sexe, montrant une différence nette entre garçons et filles.70 
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Introduction 71 

Strength training has become more popular over recent years amongst all populations of both 72 

genders. The importance of strength training in maintaining overall health has been widely 73 

reported not only for athletes but for all age groups, from children to the elderly [1–3]. 74 

Training needs vary for distinct population groups, so the training routines must be tailored 75 

to the specific training goal. To achieve this, many variables must be considered to accurately 76 

design individualized strength training programs [4,5]. 77 

One of the initial concerns of strength-and-conditioning professionals is to objectively 78 

quantify and monitor the actual load that the athlete/trainee is exercising during a training 79 

drill. Traditional protocols for prescribing the training load and determining the trainees’ 80 

maximum strength involve assessing the one-repetition maximum (1RM, which is the 81 

maximum load that can be lifted once) [2,4]. However, safer and faster methods have recently 82 

been developed that are convenient for controlling the maximum strength fluctuations 83 

throughout the training period [3,5–8].  84 

In this regard, an alternative method for controlling the training load during strength training 85 

is based on movement velocity. Several authors have previously reported the relationship 86 

existing between movement velocity and relative load during certain strength training 87 

exercises [5,6,9]. Relative load predictive equations can be obtained from velocity 88 

parameters such as mean propulsive velocity (MPV), mean velocity (MV) or peak velocity 89 

(PV), and vice versa [3,10]. Consequently, load-velocity relationship determination has been 90 

established as a reliable method for gauging the actual effort a trainee is exerting on a daily 91 

basis, thus avoiding time-consuming maximal strength tests [6,9]. 92 
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These load-velocity relationships are exercise-dependent, meaning that for a given load 93 

(%1RM), the movement velocity would differ between exercises. Apparently, exercises that 94 

involve larger muscle groups elicit greater velocities at the same %1 95 

RM [11–13]. Similarly, it has been demonstrated that the load-velocity relationship is also 96 

subject-dependent, for example, between young athletes and older athletes [2,14], and 97 

between genders [3,15]. A drawback of this methodology is that load-velocity relationships 98 

have barely been explored in females [3,11,15,16]. Therefore, a specific assessment of the 99 

load-velocity relationships should be performed if our aim is to accurately estimate 100 

percentage training loads in a particular population [11,16].  101 

Load-velocity relationships have been extensively studied for exercises such as the bench 102 

press [16–23], squat [17,19,24–27], deadlift [19,28,29], bench pull [13,30], shoulder press 103 

[11,15,31], hip thrust [17,32] and pull-up [33,34]. However, even though the inclined leg 104 

press is a recurring exercise for lower-limb strengthening, the load-velocity relationship for 105 

this exercise has not been extensively studied. For instance, accurate predictive equations for 106 

estimating the %1RM based on MPV and PV were previously reported for the inclined leg 107 

press exercise in a population of young male athletes [12], but not in females. 108 

To the best of our knowledge, there is no evidence comparing the load-velocity relationships 109 

between males and females during the inclined leg press exercise. Furthermore, with regard 110 

to the female gender, only one study has assessed the load-velocity relationship in an older 111 

female population [14]; this highlights the need to study the behavior of these output 112 

variables in females from other age groups. Therefore, the objectives of this study were 113 

threefold: i) to analyze the load-velocity relationships (between MPV, MV, PV and relative 114 
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load) during the inclined leg press exercise; ii) to analyze the differences in the load-velocity 115 

relationships between males and females; and iii) to determine the gender-specific velocity 116 

predictive equations and load predictive equations for loads between 50%-100% 1RM in a 117 

population of trained young college students. Based on previous findings, it could be 118 

hypothesized that i) load-velocity relationships would be strong and highly linear for both 119 

gender groups, and ii) males would present steeper load-velocity relationships than females.  120 

  121 
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Methods 122 

Experimental design  123 

A cross-sectional design was used to explore the load-velocity relationships in the inclined 124 

leg press exercise. The protocol involved a familiarization and testing session, and all data 125 

were collected on the same measurement day. A progressive loading test up to 1RM load was 126 

used to determine the individual load-velocity relationships, following previously reported 127 

procedures [12]. The subjects were prevented from doing any strenuous exercise 24h prior 128 

to the testing day, and all subjects performed the test under similar environmental conditions. 129 

The velocity outcome measures used as performance variables were mean propulsive 130 

velocity (MPV), mean velocity (MV) and peak velocity (PV) [35]. 131 

Participants 132 

Twenty-eight young healthy college students selflessly took part in the study, 15 of them 133 

were male and 13 were female. The subjects’ descriptive characteristics are presented in 134 

Table 1. To qualify for inclusion in the study, the subjects had to have at least one year of 135 

resistance training experience and report no health issues over the six months prior to the 136 

measurements that might compromise testing. Moreover, they had to be familiarized with the 137 

inclined leg press exercise and perform strength training routinely, from two to five times per 138 

week. The use of anabolic steroids, or any similar drugs, was reason for exclusion from the 139 

study. All subjects were informed of the benefits and risks of the investigation and signed an 140 

informed consent form before the measurements. An Institutional Review Board approved 141 

the study protocol, which adhered to the tenets of the Helsinki Declaration. 142 
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-TABLE 1 ABOUT HERE- 143 

Testing procedures 144 

Anthropometric assessments (height, body weight and hip width) were conducted as a first 145 

step. All procedures were supervised by a certified strength-and-conditioning specialist to 146 

ascertain a proper technique and to ensure the safety of subjects. Before the measurements, 147 

the subjects received a brief reminder of the procedures and performed a preestablished 148 

warm-up protocol which included a five-minute run on a treadmill (SALTER RS-30, Salter 149 

S.A., Barcelona, Spain), mobility drills and dynamic low-intensity exercises (body-weight 150 

lunges and air squats) [36]. Immediately afterwards, the subjects performed a six-repetition 151 

set of the inclined leg press exercise with moderate loads (˂60 kg) [12,14]. Then, the actual 152 

test was conducted. Full knee extension was set as 0º and the subjects were then asked to 153 

bend their knees to 90º of knee flexion (i.e., the shinbone parallel to the floor). Adhesive tape 154 

was stuck on the inclined leg press device at its lowest position as a marker for the subject to 155 

ensure the same range of motion during all the trials. The feet were placed at a self-selected 156 

position over the inclined leg press footplate with a between-feet distance similar to each 157 

subject’s hip width [36,37]. A controlled pace was encouraged for the negative phase of the 158 

exercise, whilst maximum intended effort was encouraged for the positive phase [38].  159 

The progressive loading test was performed over a maximum of eight trials. As described in 160 

previous studies, a 10% 1RM increment was added to each consecutive set until the subjects 161 

attained a mean propulsive velocity (MPV) of 0.5 m·s-1 [12,35,36]. From then on, the 162 

increments ranged from 5kg to 1.25 kg (AZAFIT bumper plates, Viseu, Portugal) until 1RM 163 
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was reached. The initial loads were 80 kg for males and 60 kg for females, a load close to 164 

30% of 1RM for each gender [12]. For these moderate loads, four repetitions were performed 165 

at a velocity of up to 1.15 m·s-1 MVP, with three to four minutes rest between sets. Two 166 

repetitions were performed under medium-intensity loads (1.15 m·s-1 ≥ MPV ≥ 0.5 m·s-1) 167 

with five minutes rest between them, and only one repetition was performed under the 168 

maximum intensity load, with six minutes rest between trials (MPV < 0.5 m·s-1). The 1RM 169 

load was that which could only be lifted once while maintaining a proper exercise technique. 170 

The subjects received verbal encouragement from the examiners to promote maximum effort. 171 

Only the best repetition (the highest MPV that was correctly executed) at each load was 172 

considered for further analysis [6,13,28].  173 

Measurement equipment and data acquisition 174 

Anthropometric measurements were taken using a Seca 213 stadiometer (Seca, Hamburg, 175 

Germany) for the height, a body composition analyzer (model BF-350; Tanita, Tokyo, Japan) 176 

for the weight, and a measuring tape (SECA 200; Harpenden range, Holtain Ltd., Crymych, 177 

Wales, UK) for the hip width. An inclined leg press device (FITTECH PL688, Viseu, 178 

Portugal) was used for the trials. A linear transducer (T-Force System, Ergotech, Murcia, 179 

Spain) sampling at 1000 Hz and smoothed using a 4th order low-pass Butterworth filter, with 180 

no phase shift and a 10 Hz cut-off frequency [24], was placed parallel to the inclined press 181 

equipment over an inclined platform. This platform enables to adjust the cable gradient, so it 182 

followed the same track as the inclined leg press equipment. The linear transducer cable was 183 

attached to the inclined leg press bar. The T-Force system was connected to a personal 184 

computer where the relevant kinematic parameters were automatically calculated for each 185 
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trial. Furthermore, the T-Force software provided real-time feedback and stored all the data. 186 

The reliability of this system has been reported elsewhere [13,39]. 187 

Statistical analyses 188 

All the data were first collected in a spreadsheet (Excel software, Microsoft Corporation, 189 

Seattle, WA, USA). The normal distribution (the Shapiro-Wilk test) and the homogeneity of 190 

variances (Levene´s test) were confirmed for all the variables (p > 0.05). Standard statistical 191 

methods were used for the calculation of means, standard deviation (SD), standard error of 192 

estimates (SEE), Pearson´s correlation coefficient (R) and Pearson’s multivariate coefficient 193 

of determination (R2). The confidence interval (CI) was set at 95%. The relationships 194 

between the relative load (%1RM) and the velocity variables (MV, MPV and PV) were 195 

analyzed by fitting first order polynomials to the data, as previously described elsewhere 196 

[12,23,26,30], separately for males and females. The goodness of fit was assessed by R2 and 197 

SEE. Only trials from 50% to 100% of the 1RM individual load were recorded and processed 198 

for further analysis. Cohen’s d effect size (ES; ≤ 0.19 as trivial; 0.2-0.49 as small; 0.5-0.79 199 

as intermediate; and ≥ 0.8 as large effect) [40], was used to compare the slopes and the 200 

Fisher’s Z-transformed R coefficients between the gender-specific load-velocity 201 

relationships [16]. The individual load-velocity relationships were also plotted and the R2 202 

values were compared to those reported for the gender-specific load-velocity relationships 203 

using one-way ANOVA applied on the R2 coefficients. The 1RM load and predicted velocity 204 

outcomes were compared between the genders through the independent samples t test. An 205 

alpha level of 0.05 was set as the statistical significance level. Statistical analyses were 206 

performed using SPSS software version 26.0 (SPSS, Chicago, IL, USA). 207 
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Results 208 

The actual MPV, MV and PV values attained when reaching the 1RM load are shown in 209 

Table 2 along with the 1RM loads for males and females. The MV, PV and 1RM load were 210 

statistically different between genders (p < 0.001), whilst for the actual MPV, no statistical 211 

differences were found between males and females.  212 

-TABLE 2 ABOUT HERE- 213 

Load-velocity relationships. Comparison between the genders 214 

The gender-specific first order polynomials to predict the MPV, MV and PV attained with 215 

each % 1RM are shown in Figure 1. High to very high associations were found between MPV 216 

(males: R2 = 0.920, SEE = 0.030 m·s-¹; females: R2 = 0.879, SEE = 0.031 m·s-¹), MV (males: 217 

R2 = 0.924, SEE = 0.029 m·s-¹; females: R2= 0.865, SEE = 0.034 m·s-¹) and 1RM percentages. 218 

In contrast, the associations between PV and 1RM percentages were moderate (males: R2= 219 

0.781, SEE = 0.076 m·s-¹; females: R2 = 0.667, SEE = 0.072 m·s-¹). The R coefficients of the 220 

gender-specific load-velocity relationships were greater in males than in females for MPV 221 

(ES = 0.201), MV (ES = 0.239) and PV (ES = 0.217). Furthermore, the slopes of the gender-222 

specific load-velocity relationships were steeper in males than in females for MPV (ES = 223 

0.005), MV (ES = 0.004) and PV (ES = 0.006).  224 

-FIGURE 1 ABOUT HERE- 225 

However, the individual load-velocity relationships presented higher R2 values (p < 0.001) 226 

than gender-specific relationships. Very high to quasi-perfect associations were found for 227 

males (R2; MPV = 0.973 [0.930-1.000]; MV = 0.972 [0.930-1.000]; PV = 0.963 [0.880-228 
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1.000]) and for females (R2; MPV = 0.954 [0.900-1.000]; MV = 0.950 [0.910-1.000]; PV = 229 

0.963 [0.880-1.000]). 230 

Table 3 shows the predicted velocity outcomes (MPV, MV and PV) for each intensity (from 231 

50% to 100% of 1RM) in males and females, respectively. The independent samples t-test 232 

showed a significantly greater predicted MPV, MV and PV in males than in females for each 233 

%1RM (p < 0.001), except for the PV at 95% (p < 0.01) and 100% (p > 0.05) of the 1RM 234 

load. 235 

-TABLE 3 ABOUT HERE- 236 

Predicting relative load from velocity data 237 

Predictive equations using the velocity data as the independent variable were obtained from 238 

the load-velocity relationships. The load predictive equations obtained were as follows: 239 

For males: 240 

Load (% 1RM) = - 128.915 MPV + 128.692 (R2 = 0.920; SEE = 4.06%). 241 

Load (% 1RM) = - 129.891 MV + 126.161 (R2 = 0.924; SEE = 3.96%). 242 

Load (% 1RM) = - 77.635 PV + 139.385 (R2 = 0.781; SEE = 6.71%). 243 

For females: 244 

Load (% 1RM) = - 144.765 MPV + 130.362 (R2 = 0.879; SEE = 4.88%). 245 

Load (% 1RM) = - 140.776 MV + 125.823 (R2 = 0.865; SEE = 5.15%). 246 

Load (% 1RM) = - 91.296 PV + 147.226 (R2 = 0.667; SEE = 8.10%). 247 
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Discussion and implications 248 

The present study examined the load-velocity relationships during the inclined leg press 249 

exercise and analyzed the differences in the load-velocity relationships between young 250 

college students, and between males versus females. Gender-specific predictive equations for 251 

loads between 50%-100% 1RM were also reported. To the best of our knowledge, this is the 252 

first time that load-velocity relationships during the inclined leg press exercise have been 253 

compared between males and females. The study findings showed that MPV and MV can be 254 

used to accurately estimate the relative load during the inclined leg press, despite the 255 

considerable differences in the velocity associated to each %1RM between males and 256 

females. However, the current study also revealed that individual load-velocity relationships 257 

can be markedly different from gender-specific load-velocity relationships for all subjects. 258 

Hence, the assumption that gender-specific and subject-specific load-velocity predictive 259 

equations provide better relative load estimations than general equations was inherently 260 

confirmed.  261 

The actual MPV in males (0.22 ± 0.01 m·s-¹) did not differ from the actual MPV in females 262 

(0.22 ± 0.01 m·s-¹) during the 1RM test, the data being very close to the actual 1RM MPV 263 

(0.21 ± 0.03 m·s-¹) previously reported by Conceiçao et al. (2016), in a male athlete 264 

population with similar characteristics to our male study sample. Moreover, the MV of the 265 

1RM (0.21 ± 0.02 m·s-¹) during the leg press exercise in an older female population [14] was 266 

apparently comparable to the 1RM MV results in our female sample (0.20 ± 0.01 m·s-¹).  In 267 

contrast, the velocities reported under submaximal loads (%1RM) presented differences 268 

between gender groups and age groups [12,14], the lowest being for the older female group. 269 
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Similar results were reported when testing other strength training exercises, leading to the 270 

conclusion that the maximal strength level may not be responsible for the differences in the 271 

load-velocity relationships between genders [16]. Indeed, these controversial findings 272 

highlight the need to individualize the load-velocity relationships. 273 

Regarding our first hypothesis, close associations were described for the load-MPV and load-274 

MV (R2 > 0.865) in the gender-specific load-velocity relationships of males and females. 275 

However, gender-specific load-PV relationships presented moderate associations for males 276 

(R2 = 0.781) and for females (R2 = 0.667), which implies that the relative load estimations for 277 

the exercise in this population group are less accurate. Such findings agree with others 278 

supporting the use of MPV and MV, rather than PV, to accurately estimate load-velocity 279 

relationships during strength training exercises [10,12,30]. Accordingly, we would 280 

recommend using MPV or MV data to estimate relative load during the inclined leg press 281 

exercise in both genders. This might be a practical tool in real situations given that coaches 282 

and athletes/trainees are generally interested in estimating load from velocity data. Therefore, 283 

the inclined leg press exercise can be added to the extensive list of basic strength training 284 

exercises in which real-time velocity is an appropriate indicator of the relative load [5,11,27]. 285 

In addition, it should be noted that trivial differences were observed between the gender-286 

specific relationships’ slopes of the graphs described for the load-MPV, load-MV and load-287 

PV. Supporting our second hypothesis, males presented steeper slopes (i.e., the change in 288 

velocity for a given change in %1RM) in comparison to females, a fact that have also been 289 

reported elsewhere [11,15,16]. Consequently, females would attain lower velocities than men 290 

under a given %1RM load, and vice versa. Furthermore, comparable results were reported 291 
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on a previous study comparing force-velocity profiles, in which maximal velocity, maximal 292 

power and maximal force were higher in males than in females [41]. This might be explained 293 

not only by the different strength capabilities observed between males and females, but also 294 

because of the different distribution of muscle-fiber types and distinct rate of force 295 

development between genders [2,16]. Evidently, more research is needed to assess these 296 

differences between genders and to prescribe training loads based on individual needs. 297 

Another major finding of our study, which matches the key findings of several previous 298 

studies, is the greater linearity presented by individual relationships over gender-specific 299 

relationships [16,21,23,28]. The R2 of the individual load-velocity - the load-MPV, load-MV 300 

and load-PV relationships - were always higher than the R2 for the gender-specific 301 

relationships in all subjects [42]. Therefore, even though gender-specific equations provide 302 

sufficiently strong estimations, even more accurate relative-load predictions could be 303 

obtained from the individual load-velocity equations. In this way, strength-and-conditioning 304 

professionals and athletes/trainees would be able to select the accuracy required for a 305 

particular training goal. 306 

Likewise, following the gender disparities discussed above, significant differences in the 307 

velocity predictive data (MPV, MV and PV) were found between males and females for 308 

almost all the %1RM loads. Higher velocities were estimated for males than for females, as 309 

previously reported in certain studies where the authors analyzed the gender load-velocity 310 

relationship differences in other strength training exercises [3,11,15,16]. The same thing 311 

occurs whenever we try to estimate relative load (%1RM) for a given velocity. Indeed, this 312 

study also reports on gender-specific relative-load predictive equations, considering that they 313 
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are likely to be more practical tools [28]. Over and again, our findings reaffirm the need to 314 

apply gender-specific predictive equations if we wish to accurately quantify and prescribe 315 

the training load. 316 

One of the main limitations of this study is that the loads computed for further analysis were 317 

only those from trials within the 50%-100% 1RM range. This was justified by the limitation 318 

to maximally apply force under light loads [27,28]. Therefore, the reference data provided 319 

can only be applied to this load range. In addition, this method only allows us to evaluate 320 

kinematic variables during the positive phase of the exercise, thus its application is restricted 321 

to positive phases. This needs to be considered when prescribing a comprehensive training 322 

program. Lastly, we should be cautious when interpreting and comparing the present study 323 

findings to other population groups since our sample comprised young college students. As 324 

mentioned above, multiple factors might affect the determination of the load-velocity 325 

relationships. It is unlikely that coaches and athletes/trainees would be able to accurately 326 

prescribe the training load for the inclined leg press exercise based on the present findings 327 

when dealing with a population that has different characteristics to those of our sample 328 

population. Nonetheless, our findings might have multiple practical applications since most 329 

fitness center users have a profile similar to that of the subjects in the present study. 330 
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Conclusions 332 

Taken collectively, the findings of the present study support the application of individualized 333 

load-velocity relationships when prescribing training load for the inclined leg press exercise. 334 

Nevertheless, certain aspects must be considered. For instance, individual load-velocity 335 

equations provide the best estimation accuracy whereas gender-specific equations provide 336 

better accuracy than general equations that do not distinguish between gender. Based on our 337 

findings, we would strongly encourage researchers studying this topic to extend their 338 

investigations across the female population. Therefore, ultimately, the reference data on 339 

training load prescription for females will be as extensive as it currently is for males. 340 

Nowadays, the assessment of load-velocity relationships is widely accessible to anyone. 341 

Indeed,  for some protocols,  one simply needs to register the velocity under two different 342 

loads; these can easily be measured with a smartphone app [11,16]. This converts such 343 

alternative methods into potentially useful and practical tools, which could help to optimize 344 

daily trainee performance. The present study has provided reference data on both young 345 

males and young females, adding to the body of knowledge required to accurately prescribe 346 

the training load for the inclined leg press exercise based on movement velocity. 347 
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“Caballeros, luego dicen…” 
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