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Abstract

Previous studies have demonstrated that healthy young people typically have side-to-side 

differences in knee strength of about 10% when the peak torque generated by the stronger leg is 

contrasted with that of the weaker leg. However, the mechanisms responsible for side-to-side 

differences in knee strength have not been clearly defined. The current study tested the hypothesis 

that side-to-side knee extensor strength differences are explained by inter-limb variations in 

voluntary activation, antagonistic hamstrings activity, and electrically evoked torque at rest. 

Twenty-two volunteers served as subjects. Side-to-side differences in quadriceps activation and 

electrically evoked knee extensor torque explained 69% of the strength differences by side. 

Antagonistic hamstrings activity did not contribute significantly. The results suggest both central 

and peripheral mechanisms contribute to inter-limb variations in strength.
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Introduction

Side-to-side strength ratios are commonly used to assess knee strength in human 

performance testing, clinical practice, and in research related to knee disorders (Palmieri-

Smith et al. 2008; Petterson et al. 2008; Williams et al. 2005). Side-to-side knee extensor 

strength differences of 6% to 19% have been reported when the peak torque generated by 

the stronger legs of healthy young people was contrasted with the peak torque generated by 

their weaker legs (Goslin and Charteris 1979; Kvist 2004; Ostenberg et al. 1998). The 

mechanisms underlying these side-to-side strength differences are unclear. Elucidating these 

mechanisms is expected to further our understanding of quadriceps muscle function and to 

have meaningful implications for knee extensor strength assessment in human performance 

testing, clinical practice, and research.

*Address for Correspondence: Glenn N. Williams, 1-152 MEB, Musculoskeletal Biomechanics & Sports Medicine Research 
Laboratory, Carver College of Medicine, University of Iowa, Iowa City, IA, USA 52242-1190, Phone: (319) 335-6985, Fax: (319) 
335-9707, glenn-williams@uiowa.edu. 

HHS Public Access
Author manuscript
Eur J Appl Physiol. Author manuscript; available in PMC 2015 August 06.

Published in final edited form as:
Eur J Appl Physiol. 2009 July ; 106(5): 769–774. doi:10.1007/s00421-009-1057-y.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The net torque generated at a joint during maximal contractions is largely determined by the 

anatomical, physiological and biomechanical parameters of the musculotendinous units 

spanning the joint (Enoka 1988, 1997; Lieber 1992; Macaluso et al. 2002). Accordingly, 

joint strength is determined not only by size of the contracting muscles, but may also be 

influenced by activation levels of the agonist muscles and coactivation of antagonist muscle 

groups. This is substantiated by evidence demonstrating disproportionate loss in muscle 

strength relative to muscle mass following aging, disuse, immobilization, and joint trauma 

(Berg et al. 1991; Macaluso et al. 2002; Narici et al. 2003; Stevens et al. 2006; Williams et 

al. 2005). Moreover, higher voluntary activation of the agonist muscles and decreased 

coactivation of the antagonist muscles have been shown to parallel training-induced gains in 

muscle strength (Carolan and Cafarelli 1992; Hakkinen et al. 2000; Hakkinen et al. 1998). 

Together, these results suggest that side-to-side differences in strength are a product of 

neuromuscular variability across sides. Therefore, the purpose of this study was to test the 

hypothesis that inter-limb variations in voluntary activation level of the quadriceps muscle, 

electrically evoked tetanic knee extensor torque at rest, and antagonistic hamstrings muscle 

activity are significant determinants of side-to-side knee extensor strength differences in 

healthy young people.

Methods

Subjects

Twenty-two subjects with no history of serious lower extremity injury volunteered to 

participate in this study. The sample consisted of 11 males (mean age: 24.0 ± 2.19 yrs, 

height: 1.80 ± 0.07 m, weight: 80.24 ± 8.40 kg) and 11 females (mean age: 24.36 ± 2.84 yrs, 

height: 1.65 ± 0.06 m, weight: 63.63 ± 4.96 kg) who were regular participants in sports or 

fitness activities (Tegner Activity Scores: male 6.45 ± 0.69, female 6.0 ± 1.0). Subjects were 

asked to refrain from any strenuous physical activity for 24 hours prior to testing. All 

subjects provided written consent to participation by signing an informed consent document 

approved by the University of Iowa Human Subjects Research Institutional Review Board.

Quadriceps Muscle Strength and Activation Testing

Knee extensor strength and voluntary quadriceps muscle activation were assessed with the 

knee joint fixed at 60° of flexion using a tetanic superimposed interpolated twitch technique 

(Behm et al. 2001). The tests were performed with subjects seated on a HUMAC NORM 

Testing and Rehabilitation System (Computer Sports Medicine, Inc., Stoughton, MA, USA) 

with the lateral epicondyle of the femur aligned with the axis of rotation of the servo motor. 

Subjects performed four sub-maximal contractions (50% to 85% maximum perceived effort) 

and one 5-second maximum voluntary isometric contraction (MVIC) to familiarize with the 

testing condition and potentiate the quadriceps muscles. After a two-minute rest period, 

subjects performed three 5-second MVICs of the knee extensors and flexors in an alternating 

fashion with three minutes of rest between each like trial. Loud verbal encouragement and 

visual feedback of real-time torque development were provided to facilitate maximal effort 

during the MVICs. Approximately three seconds after the onset of each knee extensor 

MVIC, a supramaximal train of electrical pulses (10 pulse, 100 Hz, 200 µs pulse duration, 

400 V) at a predetermined current intensity was superimposed on the subjects’ maximal 
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voluntary efforts through two adhesive stimulating electrodes (2.75 × 5.00 inches, Dura-

Stick II, Chattanooga Group, Hixon, TN, USA) that were applied over the proximal and 

distal surface of the quadriceps muscles. The electrode leads were connected to a constant 

current muscle and nerve stimulator (model DS7AH, Digitimer Ltd, Hertfordshire, 

England). The subject specific current intensities used during testing were determined while 

the subjects were seated at rest by sequentially stimulating the quadriceps muscle using 

pulse trains with the electrical characteristics described above in current steps of 100 mA 

until the torque associated with the stimulus-induced contractions no longer increased, but 

decreased. Current was then reduced by 50 mA and a final stimulus was provided. The 

current intensity producing the greatest torque (evoked tetanic knee extensor torque at rest) 

was used during testing. Voluntary activation of the quadriceps muscle was determined for 

each leg using the following formula (Bampouras et al. 2006; Behm et al. 2001; Merton 

1954; O'Brien et al. 2008):

[1]

Torque signals were corrected for the weight of the leg (gravity corrected). Both legs were 

tested independently in an identical fashion and the order in which the subjects’ legs were 

tested was randomized a priori in order to minimize potential effects of test order. The trial 

that produced the highest voluntary torque was used in analysis.

Antagonistic Hamstrings Muscle Activity

Antagonistic hamstrings muscle activity during knee extension trials was evaluated using 

two surface EMG preamplifiers (model 544, Therapeutics Unlimited, Iowa City, IA; 35x 

differential gain, 22 mm inter-electrode distance, 8 mm electrode diameter, 87 dB common-

mode rejection at 60 Hz, input impedence > 25 MΩ, noise < 2 µV RMS) placed over the 

muscle bellies of semitendinosus and biceps femoris longus. Electrode placement sites were 

standardized according to the recommendations of Perotto (Perotto 1994). The potential for 

noise associated with pressure on the EMG preamplifers was minimized by seating the 

subjects on a small platform placed on the testing system’s chair, which caused the subjects’ 

weight to be transferred through the proximal third of their thigh and left the electrode 

placement sites unloaded. All signals were sampled at 1000 Hz using a PC with a 16-bit data 

acquisition card (PCI-6032E, National Instruments Corp., Austin, TX, USA) and LabVIEW 

software (version 7.0, National Instruments Corp., Austin, TX, USA). EMG signals were 

conditioned using an 8th order analog Butterworth lowpass filter (SCXI-1143, National 

Instruments Corp., Austin, TX, USA) with a 500 Hz cut-off. After removing baseline offset 

values, the EMG signals were processed by calculating root mean square (RMS) amplitudes 

over the 500 ms window immediately preceding peak torque. The magnitudes of medial and 

lateral hamstrings activity recorded during peak knee extensor trials were normalized to 

peak RMS values obtained from the respective muscles during flexion MVICs. The 

activation values of the medial and lateral hamstrings muscles were later averaged to 

determine the overall hamstrings activity during knee extension.
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Data Analysis

Statistical analyses were performed using SPSS for Windows version 16.0 (SPSS Inc., 

Chicago, IL, USA). Doubly Multivariate Analysis of Variance was used to evaluate if there 

were significant differences in the magnitudes of voluntary activation, evoked tetanic torque, 

and hamstrings activity between stronger and weaker legs. Multiple linear regression with 

backward elimination was performed to determine the most significant factors (side-to-side 

differences in evoked tetanic torque, voluntary activation, and hamstrings activity) 

predicting side-to-side differences in knee extensor strength. The threshold for significance 

was set at α = 0.05.

Results

The subjects’ mean side-to-side knee extensor strength ratio (peak torque of weaker leg / 

peak torque of stronger leg * 100) was 91%. Approximately half the sample was stronger on 

each side (right leg: 10 subjects, left leg: 12 subjects). The side of dominance (preferred leg 

for kicking a ball) was not associated with which side was stronger (P = .892, Φ = −.029). 

The mean current intensity used in the burst superimposition tests was similar between legs 

(330 ± 73 mA for stronger legs, 320 ± 73 mA for weaker legs; median = 300 mA for each 

leg). Quadriceps muscle activation and evoked tetanic torque were significantly greater in 

the subjects’ stronger legs (voluntary activation: 94.2 ± 5.5% vs. 90.2 ± 8.0%, P = .017; 

evoked tetanic torque: 140.1 ± 39.0 N·m vs. 134.5 ± 36.6 N·m, P = 0.036). There were no 

significant differences, however, in the magnitude of hamstrings muscle activity between 

legs (10.9 ± 6.2% vs. 9.6 ± 5.6%, P = 0.305). Regression analyses revealed that side-to-side 

differences in electrically evoked tetanic torque at rest explained 52% of the knee extensor 

strength differences by side (P < 0.001, Figure 1A), whereas side-to-side voluntary 

activation differences explained 32% of the knee extensor strength differences by side (P = 

0.005, Figure 1B). A regression model including both evoked tetanic torque and voluntary 

activation of the quadriceps muscle indicated that together these factors explain 69% of the 

side-to-side variation in knee extensor peak torque (P < 0.001, Figure 1C). Side-to-side 

differences in antagonistic hamstrings muscle activity did not contribute significantly to the 

observed strength differences by side (P = 0.458, Figure 1D).

Discussion

The purpose of this study was to determine the extent to which inter-limb variations in 

voluntary activation of the quadriceps muscle, antagonistic hamstrings muscle activity, and 

electrically evoked tetanic torque of the knee extensors at rest explain the side-to-side 

differences in knee extensor strength commonly observed in healthy young people. The 

main findings of this study are 1) inter-limb variations in voluntary activation and evoked 

tetanic torque of the quadriceps muscle explained 69% of the observed strength differences 

by side, and 2) antagonistic hamstrings activity did not contribute significantly to the 

observed side-to-side knee extensor strength discrepancies.

We found a 9% difference in strength between stronger and weaker legs. This finding is 

consistent with the results (6% to 19%) in previous studies (Goslin and Charteris 1979; 

Ostenberg et al. 1998). Side-to-side thigh muscle strength discrepancies have been suggested 
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as a risk factor for lower-extremity injury (Knapik et al. 1992; Myer et al. 2006). 

Accordingly, scientists have recommended incorporating strength training programs that 

normalize muscle imbalances in lower extremity injury prevention programs (Hewett et al. 

2001; Knight 1980; Myer et al. 2006). An understanding of the mechanisms underlying side-

to-side strength differences may lead to more effective and efficient intervention. The 

current study adds to the knowledgebase by providing insight into the mechanisms 

contributing to side-to-side strength differences in knee extensor strength. The findings 

suggest that both central and peripheral mechanisms contribute to inter-limb variations in 

knee extensor strength. The observation of greater evoked tetanic torque and higher 

voluntary activation of the quadriceps muscle in the stronger legs of the subjects indicates 

that healthy young people have side-to-side differences in their neuromotor control and 

muscle morphology/architecture. The results of this study also provide evidence that 

reinforces the importance of taking quadriceps activation levels into consideration when 

administering knee extensor strength tests (Stevens et al. 2006; Williams et al. 2005).

Side-to-side differences in evoked tetanic torque can be attributed to several factors. 

Electrically evoked torque provides information on the physiological performance (force 

output) of a muscle/muscle group and is considered a surrogate measure of skeletal muscle 

strength and mechanical function (Brass et al. 1996; Lieber 1992; Spector et al. 1980). 

Evoked torque measurements may also provide insight on peripheral adaptations such as 

changes in muscle morphology or musuclotendinous architecture as this testing approach 

bypasses the central inputs to the muscle (Davies et al. 1985; Narici et al. 2003). Given the 

plasticity of the neuromuscular system, side-to-side differences in physiological stress may 

lead to different neuromuscular adaptations by side. Tate et al (Tate et al. 2006) have 

demonstrated that young athletic people usually have significant differences in quadriceps 

muscle morphology (e.g., the volumes of the individual muscles) between sides. Hence, it is 

expected that morphological differences in the individuals’ quadriceps muscles contributed 

to the observed side-to-side differences in evoked tetanic torque. Differences in the 

architecture and physiological function of the muscle fibers and connective tissues of the 

subjects’ right and left quadriceps muscle groups may also have contributed to the observed 

side-to-side variance in evoked torque as these factors are known to influence tetanic tension 

(Lieber 1992; Roos et al. 1999; Vivodtzev et al. 2005).

Several researchers have indicated that voluntary activation deficits and muscle atrophy 

contribute substantially to the observed weakness following aging, joint injury, or surgery 

(Morse et al. 2005; Stackhouse et al. 2001; Stevens et al. 2006; Stevens et al. 2003; 

Williams et al. 2005). However, there is little evidence that provides insight on whether 

antagonist muscle activity affects side-to-side strength indices. In theory, coactivation of the 

antagonist muscles during agonist muscle contractions will result in reduced net joint torque 

(Kellis 1998). Accordingly, it is believed that antagonist muscle activity reduces the 

magnitude of agonist strength estimates (Carolan and Cafarelli 1992; Hakkinen et al. 2000; 

Macaluso et al. 2002; Stackhouse et al. 2005). Experimental evidence demonstrating 

strength gains associated with training related reductions in agonist-antagonist coactivation 

support this idea (Carolan and Cafarelli 1992; Hakkinen et al. 2000; Hakkinen et al. 1998). 

Conversely, the results of the present study indicate that antagonist activity, though 

measurable and notable in magnitude, does not in fact have a significant effect on knee 
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extensor strength in healthy young people. In fact, the magnitude of hamstrings muscle 

activity recorded from the subjects’ stronger legs during the maximal knee extension trials 

was slightly higher than the values recorded from their weaker legs. This suggests that the 

observed coactivity is either a byproduct of a generalized increase in neural drive during 

MVICs or it serves another purpose such as providing a stable proximal “platform” that 

facilitates maximal torque generation at the knee joint.

In conclusion, this study provides insight into the mechanisms underlying strength 

differences between sides in healthy young people. Side-to-side differences in electrically 

evoked tetanic knee extensor torque at rest and voluntary activation of the quadriceps 

muscles together explained 69% of knee extensor strength differences by side, whereas side-

to-side differences in antagonistic hamstrings activity had little effect on the subjects’ knee 

extensor strength. From a clinical perspective, the findings indicate that integrating 

electrically evoked torque measurements at rest with strength and activation testing provides 

meaningful insight into the peripheral and central contributions of muscular weakness.
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Figure 1. 
Scatterplots depicting the relative contributions of side-to-side differences (right leg values − 

left leg values) in electrically evoked tetanic torque (A), voluntary activation of the 

quadriceps muscle (B), electrically evoked tetanic torque and voluntary activation (C), and 

electrically evoked tetanic torque, voluntary activation, and antagonist hamstrings activity 

(D) to the observed strength differences by side (right leg values − left leg values). y = side-

to-side differences in quadriceps peak torque, β1 = side-to-side differences in tetanic evoked 

torque, β2 = side-to-side differences in voluntary activation of the quadriceps muscle, and β3 

= side-to-side differences in antagonist hamstrings activity. Note that inclusion of antagonist 

hamstrings activity in the model did not significantly affect the slopes of the equation or the 

coefficient of regression (1 C & 1 D).
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