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ABSTRACT 

It has been shown that maximal, bilateral efforts 

result in both a force and EMG deficit when compared to 

maximal, unilateral activation of the same musculature. It 

is unclear whether this deficit is the result of 

interactions of central or peripheral origin. 

The first aim study investigated the bilateral 

performance index (BPI (%) = [le.O x bilateral force/(right 

unilateral + left unilateral forces)] - 100) for maximal, 

isometric, extensor torques about the knee joint in three 

groups of subjects: untrained (never lifted weights), 

cyclists (leg musculature trained reciprocally), and 

weightlifters (legs trained bilaterally). The BPI for the 

weightlifters (+7.0 + 5.0%) was significantly (p < 0.r.5) 

greater than the BPI of the cyclists (-4.0 + 6.3%) or the 

untrained subjects (-907 ~ 5.2%). These results indicate 

that the inhihitory mechanisms previously proposed to act 

during bilateral efforts are inadequate, and that excitatory 

factors must be present to achieve a BPI > 00 

The second aim study showed that the BPI can be 

altered as a result of three weeks of bilateral isometric 

strength training. The BPI's for the control and 

unilateral training groups were not significantly different 

pre- to posttraining. However, the BPI of the bilateral 

ni 



training group increased significantly (p < 0aG5) from -3.7 

~ 6.9% prior to training, to +402 + 4.4% after training. 

These findings indicate that bilateral strength training can 

alter the relationship between unilateral and bilateral 

force output. 

The third aim study demonstrated that subjects with 

a positive BPI (+6.8 +4.3%) responded differently to an 

afferent perturbation (electrical stimulation) than subjects 

with a negative BPI (-10.0 + 5.2%). The negative BPI group 

showed a 507 + 3.4% facilitation in force during 

contralateral electrical stimulation. This was 

significantly (p < 0.05) less than the 16.5 + 7 a 5% 

facilitation shown by the positive BPI group. These results 

indicate that afferent feedback can alter the force output 

in the contralateral limb, and may thereby playa role in 

unilateral-bilateral force differences. 



CHAPTER 1 

INTRODUCTION 

Investigators in the area of motor control have long 

been concerned with the interaction among body segments 

during movement. ~he nervous system intricately coordinates 

the muscles of the limbs to perform desired skills. 

However, one area that has received limited attention In 

motor-control research is that involving maximal activation 

of limb musculature. 

A phenomenon referred to as bilateral inhibition 

manifests itself during maximal activation of homologous 

musculature on opposite sides of the body. During such 

maximal, bilateral efforts there is a deficit in both force 

and EMG when compared to unilateral activation of the same 

musculature. 

Early investigators actually hypothesized that a 

facilitation would occur during maximal, bilateral efforts. 

This prediction was based on the contralateral enhancement 

seen with cross education (Henry and Smith, 1961~ Kroll, 

1965). However, further investigation revealed that during 

bilateral efforts neither limb could exert the torque it was 

capable of when activated alone. 

1 
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Since these early investigations it has been well 

documented in the musculature of both the arms and legs that 

a bilateral force deficit is a repeatedly observable 

phenomenon. However, the neural basis of this phenomenon has 

yet to be determined. The mechanisms underlying bilateral 

inhibition can be explored via a classic question in 

exercise physiology, that of the relative contribution of 

central command versus muscle afferents. Further 

investigation was necessary to determine whether bilateral 

inhibition is a result of higher center interactions that 

influence the descending central command, the result of 

peripheral afferent feedback, or some combination of the 

two. 



CHAPTER 2 

STATEMENT OF HYPOTHESIS 

This project was designed to test the following 

hypothesis: the degree of bilateral inhibition can be 

altered with training, and is the result of central and/or 

peripheral neural factors that occur only when homologous 

musculature on opposite sides of the body is activated o 

The project involved the following specific aims: 

1. To determine the bilateral performance 

index for knee-extension force and to test 

bilateral performance during simultaneous 

maximal activation of the elbow flexors of 

one arm and the knee extensors of one leg 

on the opposite side of the body in 

weight-trained subjects, cyclists, and 

untrained subjectso 

20 To examine the effect of bilateral and 

unilateral training on the bilateral 

performance index. 

3. To investigate the effect of contralateral 

electrical stimulation on the maximal force 

output of the knee-extensor muscles. 

3 



4 

Specific aims 1 and 2 deal with the effects of 

training on bilateral inhibition. The expected results from 

examining these aims will demonstrate that bilateral 

inhibition is indeed a trainable phenomenon, and that the 

type of training in which the subjects engage will effect 

the degree of bilateral inhibition that is exhibited. In 

order to allow comparison among groups, and statistical 

examination of the difference among those groups, a simple 

index of bilateral inhibition was formulated. 

Specific aims 1 and 3 were designed to examine the 

nature of the neural mechanisms underlying bilateral 

inhibition. It is anticipated that maximal activation of 

nonhomologous musculature will not result in bilateral 

inhibition. If this is indeed the .case, the evidence will 

indicate that it is necessary for homologous musculature to 

be involved in order to demonstrate this effect. However, 

the exact nature of the neural factors underlying bilateral 

inhibition would still be unclear. 

If electrical stimulation leads to a deficit in the 

ability to activate the contralateral limb (aim #3), this 

will be interpreted as evidence for afferently mediated 

bilateral inhibition. In this circumstance, minimal, if 

any, central drive is supplied to the stimulated limb. The 



analysis of the data obtained from this investigation will 

be useful in answering questions on both the central

peripheral and homologous-nonhomologous issueso 

5 



CHAPTER 3 

REVIEW OF LITERATURE 

Bilateral inhibition is a phenomenon observed during 

maximal activation of homologous muscle groups in limbs on 

opposite sides of the body. During maximal, bilateral 

activation each limb exhibits a deficit in torque output 

when compared to that limb activated alone. This phenomenon 

can be classified within the broad area of interlimb 

interactions. This overview explores the relevant 

literature in this area and provides a theoretical 

background for further investigation of the mechanisms 

underlying bilateral inhibition. 

Interactions During Submaximal Bilateral Efforts 

Various interactions have been observen during 

bilateral efforts requiring submaximal levels of activation. 

The tasks investigated have included bilateral responses to 

a stimulus, repetitive movements for speed, and attempted 

simultaneous movements. The findings from these studies 

give insight into the nature of interactions occurring 

during bilateral tasks. 

6 
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Reaction Time 

One area in which the interaction between limbs 

during submaximal contractions has been investigated is that 

of reaction times. Differences have been noted between 

unilateral and bilateral reaction times, indicating the 

presence of an additional interaction during the bilateral 

task. 

Most of the data on si~ultaneous, bilateral, 

reaction times were merely serendipitous findings to other 

primary considerations. For example, the work of Kerr, 

Mingay, and rlithorn (1963) focused on the reaction-time 

differences for the dominant versus the nondominant hand. 

However, the data also clearly demonstrated that bilateral 

reaction times were always slower than unilateral. Jeeves 

and Dixon (1970) investigated reaction times based on the 

he~isphere to which the sti~ulus was presented. In addition 

to their findings on this topic, they also noted that 

two-handed responses were consistently slower than 

one-handed responses. Similarlyj the work of Peterson 

(1965) indicated that bilateral reaction times were slower 

that unilateral, even though this was not the direct intent 

of the investigationo 

Gazzaniga and Sperry (1966) shed considerable light 

on the nature of this time deficit in bilateral reaction 

tasks. They found that normal subjects were 40% slower when 

reacting to a visual stimulus by pressing a response panel 



with both hands when compared to pressing the panel with 

only one hand. However, subjects who had undergone surgery 

to section the neocortical commissures that connected their 

two hemispheres did not exhibit this slower bilateral 

reaction ti~e. Gazzaniga and Sperry proposed that the 

connections between the two hemispheres served a unifying 

role in keeping both hemispheres acting simultaneously on 

the same task. Presumably, the delay in bilateral reaction 

time was due to an interaction between the two hemispheres 

prior to the initiation of movement. 

8 

Di Stefano et ale (1980) further investigated 

hemispheric factors involved in unilateral and bilateral 

reaction times. They were interested in reaction times in 

relation to stimuli received in different cerebral 

hemispheres and acted on by either the ipsilateral or 

contralateral li~b. They found that responses by the limb 

ipsilateral to a visual sti~ulus were faster when only one 

hemisphere was involved in the task. The contralateral li~h 

reacted slower, presumably due to interhemispheric 

transmission ti~e. In addition, bilateral responses were 

slower than unilateral responses, and a tight temporal 

coupling was observed between the two limbs during bilateral 

responses. Di Stefano et ale accounted for these results by 

proposini a bilateral motor system which ensures the 

synchronous movement of both limbs when it is required. 



Interaction between hemispheres was again implicated to 

account for the slower two-hand responses. 

9 

Ohtsuki (1981a) published work directed specifically 

at the differences between unilateral and bilateral reaction 

£imes. In this study, a knee- extension task was performed 

in response to an auditory stimulus. Ohtsuki recorded ti~es 

to the onset of EMG activity, as well as the onset of 

movement about the knee joint~ The results showed that with 

either measurement, reaction times were slower in the 

bilateral task than in the unilateral task. Ohtsuki 

proposed mutual efferent inhibition within the cerebral 

~otor cortex or in the subcortical structures along the 

motor pathways as a mechanism to account for the slower 

bilateral reaction times. 

Repetitive and Si~ultaneous Activation 

A group of investigations on repetitive and 

attempted simultaneous contractions revealed findings on the 

interaction between limbs during submaximal bilateral 

contractions. These investigations involved the additional 

influence of afferent modulation of the ongoing task, which 

was not present in the reaction-time tasks. 

Cohn (1~51) used an experimental paradigm that 

involved bilateral, simultaneous pronation and supination 

movements of the forearms. He found that when subjects 

performed this task the two forearms were synchronized at 
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the speed of the slower limb. In fact, subjects with 

hemiparesis showed a dysfunction in their intact limb durin~ 

synchronous movements performed as rapidly as possible. The 

bilateral interaction caused the intact side to decrewse its 

movement speed relative to that which it could achieve when 

acting alone. 

Kelso (1984) investigated bimanual coordination by 

having subjects perform asymmetrical wrist flexion and 

extension. In this task, flexion of one wrist was 

accompanied by extension of the other wrist, and vice versa. 

The subjects performed this task at a preferred speed until 

a verbal cue was given to increase the speed. At some 

critical speed of move~ent, the subjects ahruptly shifteo 

from the original asymmetrical movement to a symmetrical 

movement that involved simultaneous flexion and extension at 

the two wrist joints. The neural basis of this "switch 

mechanism" is not understood. However, it occurred at the 

same speed whether the two hands moved freely or against a 

load. 

In 1935, Stetson and Bouman published data on the 

speed of finger tapping. They showed that the maximum rate 

for the movement of one finger, or the simultaneous movement 

of two fingers, was 8-10 per second. However, when two 

fingers alternated the maximum rate was 15-18 per second. 

A pair of studies by Wyke (1969,1971) involved 

repetitive tapping with a metal stylus on a steel plate to 
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close an electrical circuit. This task was performed with 

either one or both arms. These investigations demonstrated 

that bilateral movements performed with two arms 

simultaneously were significantly slower than the same 

movements performed by either arm alone. As was put forth 

in the reaction-time literature, Wyke (1969) concluded that 

the reduction in the speed of movement during bimanual 

perfor~ance suggested neural interaction between the two 

cerebral hemispheres. Wyke felt that the two limbs could 

not be regarded as independent units while performing this 

bilateral task. 

A comprehensive set of investigations was carried 

out by Cohen (197C) to examine the interaction between limbs 

during bimanual activity. It had been observed that 

movements performed by one limb were often alteren when 

another movement was to be carried out simultaneously by the 

contralateral limbo Cohen's work was designed to assess 

three hypotheses on the nature of bilateral interactions. 

The first hypothesis was that voluntary efforts directen 

toward one limb result in the recruitment of motor units in 

the contralateral limb. The second hypothesis was that 

motor commands sent to one limb may fail to reach or 

activate that limb as a result of contralateral activity. 

The third hypothesis stated that the interference observed 

between limbs was a result of direct alteration of the 



original motor command, possibly by interhemispheric 

effects. 

12 

Cohen (1970) found .that a series of rhythmic 

movements performed by one limb was modified when the 

contralateral limb was activated. Careful analysis of the 

movement records showed a stop in the repetitive movements 

when the contralateral limb was activated. This finding 

indicated that the first two of the above hypotheses could 

be rejected. There was no evidence of extraneous motor 

activity spilling over from the contralateral limb. 

Secondly, because the rhythmic movements occurred out of 

phase after the halt seen in the movement record, Cohen 

concluded that the contralateral effort did not interfere 

with an unaltered sequence of motor commands. Therefore, 

the third hypothesis was accepted, suggesting that the 

contralateral activity modified the ipsilateral movements by 

interfering with generation of the motor commands at their 

origin. 

In a subsequent investigation, Cohen (1971) found 

that synchronous movements were more temporally coupled when 

homologous muscles were activated in the same limbs (i.e., 

arms or legs) on opposite body sides. In a task in which 

the subjects attempted simultaneous flexion of both the left 

and right wrists, the timing was more synchronous than when 

they attempted simultaneous left-wrist flexion and 

right-wrist extension. Cohen proposed a coupling mechanism 



which facilitated simultaneous activation of homologous 

muscles of the upper limbs. This coupling process may 

involve interhemispheric communication similar to that 

proposed in the reaction-time literature. 

13 

In contrast to this proposed coupling mechanism for 

simultaneous movement (Cohen, 1971), Shaffer (1982) observed 

that skilled piano players had the ability to maintain 

different beats and rhythms with each hand during the 

bimanual activity of piano playing. Therefore, it appears 

that this coupling mechanism, observed when rapid two-handed 

movements are performed, can be overridden with the practice 

of asynchronous movements such as those observed in skillt;~ 

piano players. 

Muzii, Warburg, and Gentile (1984) examined 

interlimb coordination when all four limbs were activated 

simultaneously. The lower limbs were involved in walking 

while the upper limbs performed a clapping task. The 

majority of subjects (67%) selected a preferred walking and 

clapping speed where there was a tight phase linkage in 

which heel strike and hand contact occurred at the same 

time. However, 22% of the subjects demonstrated a very 

loose phase linkage where there was no regularity between 

heel strike and hand clap. Those subjects with loose phase 

linkage performed better at a task which required walking 

fast while clapping at their preferred speed. This work 



supports variations in coupling mechanisms among limbs as 

was noted in skilled piano players (Shaffer, 1982). 

Relationship and Relevance to Bilateral Inhibition 

14 

The above investigations involve various 

interactions that are observed when the musculature of two 

limbs is activated simultaneously at submaxi~al levels. A 

slower reaction time is observed when two limbs are moved 

si~ultaneously as compared to each limb reacting alone. In 

this paradigm v there is no afferent feedback from the active 

limbs that could influence the reaction time prior to the 

onset of EMG activity. Therefore, the deficit observed as 

slower reaction times appears to be the result of higher 

center interactions. This is best substantiated by the work 

of Gazzaniga and Sperry (1966) showing the absence of a 

bilateral deficit in reaction time for subjects with their 

interhemispheric connections severed. 

The deficit seen in bilateral inhibition is observed 

during maximal contractions, and in conditions where 

afferent information could be of importance. Although 

interactions between hemishperes, or other higher center 

interactions, may playa role in bilateral inhibition, it is 

possible that maximal bilateral tasks may also be influenced 

by afferent feedback. Therefore, reaction-time studies give 

us an indication of a central mechanism that may be involved 



in bilateral inhibition, but cannot provide a complete 

perspective on the issue. 
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There is also a deficit observed in the speed with 

which bilateral, repetitive contractions can be performed. 

Here we are directed toward a synchronization mechanis~ that 

may account for the slowing seen in two-handed tapping. 

Communication between hemispheres is again implicated as a 

likely cause of this effect. In these repetitive tasks 

(unlike reaction-time tasks), afferent information is 

available during the task, and may playa role in modifying 

descending command signals. However, the work of Cohen 

(197~) seems to indicate that this is not the case in all 

tasks. Even if the speed of repetitive, bilateral, 

sub~aximal contractions is not influenced by afferent 

feedback, this does not necessarily hold for the maximal 

contractions during which bilateral inhibition is observed. 

Therefore, the role of afferent information in bilateral 

inhibition appears unknown. 

Contralateral Effects of Muscular Activation 

Another question involving interlimb interactions is 

the effect of muscular activation in one limb on the 

function of the contralateral limb. These effects include 

the transfer of a training effect between limbs (cross 

education) as well as acute and chronic effects that ap?ear 

to be neurally mediated. 
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Cross Education 

It has been shown that training the musculature in 

one limb can enhance the subsequent performance of the 

contralateral limbo This phenomenon has been called cross 

education. Hel1ebrandt, Parrish, and Houtz (1947) 

investigated this concept of cross education using heavy 

resistance exercises and maximal contractions. They founn 

that unilateral weight training of the knee extensors ana 

elbow flexors not only increased the strength of the muscles 

in the trained limbs, but also increased the strength of the 

muscles in the contralateral, untrained limbs. The authors 

subjectively noted that during the unilateral contractions 

there appeared to be concurrent isometric contractions in 

the contralateral, unexercising limb. Therefore, the 

contralateral limb was not completely untrained. Hellebrant 

et ale felt that cross education was a misnomer if it 

presupposed that the contralateral li~b was inactiv~. 

An investigation by Panin et alo (1961) was designed 

to exa~ine the degree of activation in muscles other than 

those in the exercising limb. Either the right biceps 

brachii or the right quadriceps femoris was exercised and 

EMG recordings were made from the eXG~cising muscles as well 

as other nonexercising muscles in both the upper and lower 

extremities. The authors found that EMG activity was 

widespread throughout the body, but at no time did the EMG 

of the nonexercised muscles exceed 2@% of that recorded in 
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the exercising muscles. Panin et ale concluded that the 

activation level in the nonexercising muscles never reached 

a level sufficient to increase muscular strength. 

A second study by Hellebrandt and Houtz, (1950) 

investigated the influence of bimanual exercise on the 

unilateral work capacity of a weaker limb. The authors 

proposed that if vigorous unilateral exercise can elicit 

unintended contractions in the contralateral limb 

(Hellebrandt et al., 1947), this phenomenon might be useful 

in exciting a weaker side into increased performance. 

Increased endurance and work output were demonstrated by the 

weaker limb during bilateral wrist extensions. However, 

30-second rest periods between exercise bouts undoubtedly 

influenced the results. 

Coleman (1966) investigated cross education by 

training a single limb with both isometric and "isotonic" 

contractions, and observing strength changes in the 

contralateral, untrained limb. The results indicated that 

isometric and "isotonic" training were equally effective in 

pronucing significant increases in strength in the 

unexercised limb. 

Subjects in an investigation by Komi et ale (1978) 

trained four times per week for twelve weeks with a maximal, 

unilateral, isometric, knee-extension task. A 20% increase 

in isometric knee-extension strength was observed in the 

trained leg and an 11% increase was noted in the untrained 
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leg. Monozygous twins used as control subjects showed no 

changes in leg strength during the same time period. Komi 

and colleagues postulated that during the maximal 

contractions used in this training regime, the contralateral 

limb was activated sufficiently to induce a training effect. 

~1hile it is possible that activation of the muscles 

in the untrained limb did occur in some of the above 

investigations, it does not appear to be necessary in order 

for contralateral changes to take place. For example, Lewis 

et ale (1984) demonstrated this fact in a study in which 

they carefully monitored EMG activity in vastus lateralis in 

both the trained and untrained limbs during a nine-week 

training program. No EMG activity was observed in the 

resting limb during any of the training or testing sessions. 

However, a significant increase in strength was seen in both 

the trained and untrained limbs. In fact, within the first 

two weeks of training the investigators observed an 18% 

increase in strength in the trained limb and a 13% increase 

in the untrained limb prior to any evidence of muscular 

hypertropyo Hypertrophy was assessed by measuring the 

diameter of biopsied fibers and computing the mean of the 

diameter of the shortest and longest fiberso These findings 

suggest that neural factors are responsible foi the 

cross-education effect, and that muscular. activation is not 

necessary in order to elicit this phenomenon. 
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Ikai and Fukunaga (1970) presented evidence that 

further supports a neural-adaptation mechanism to explain 

cross education. Their subjects performed maximal, 

unilateral, elbow-flexion maneuvers during a six-month 

training period. A significant increase in both strength 

and cross-sectional area was seen in the trained arm. 

Cross-sectional area was assessed by ultrasonic photography. 

In the contralateral, untrained arm a significant increase 

in strength was observed with no change in cross-sectional 

area. These results suggest that neural changes rather than 

hypertrophy accounted for the strength increase in the 

contralateral limb. 

Moritani and DeVries (1979) also suggested neural 

factors to account for strength increases they observed in 

the contralateral, untrained arm. Cross-sectional area was 

not significantly changed in the untrained arm during eight 

weeks of unilateral, elbow-flexion training. However, the 

gain in strength was significant, as was the muscle 

activation level based on integrated EMG activity. These 

findings further implicate a neural adaptation to account 

for a strength gain in the untrained li~b. 

Adaptations in the central nervous system were also 

suggested by Parker (1985) to lead to cross-education 

effects. In a 19-week training period of unilateral knee 

extensions, a 15% strength increase was seen in the control 

leg. Although there were no EMG records, Parker felt that 
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there was no activation of the control limb based on gross 

observation. Therefore, he proposed central adaptations to 

account for the resulting strength increase in the untrained 

limb. 

The work of Cafarelli and Cannon (1986) also 

indicated that central adaptation was responsible for cross 

education. The right adductor pollicis muscle was trained 

in one group by voluntary contractions, and in a second 

group by electrical stimulation. The contralateral, 

untrained adductor pollicis muscle increased its 

force-exerting capacity in the voluntary group, but not in 

the electrically stimulated group. This finding led 

Cafarelli and Cannon to propose a central adaptation to 

account for this observationo 

In direct contrast to the findings of Cafarelli anc 

Cannon (1986), Laughman et ale (1983) demonstrated a 

cross-education effect as a result of electrical stimulation 

of the contralateral limb. Electrical stimulation of the 

right quadriceps femoris muscle group, in the absence of 

voluntary effort, led to a significant increase in strength 

in the left leg. These findings indicate that afferent 

feedback from the stimulated limb may play a role in cross 

education. 

In summary, investigations on cross education 

indicate that there is a faci1itatory effect of unilateral 

training on the contralateral limb. Training the 



musculature in one limb can enhance the subsequent 

performance of the homologous musculature in the 

contralateral limb. It appears likely that this effect is 

due to neural adaptations. 

Chronic Neural Effects 
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A common practice among investigators focusing on 

the plasticity of the neuromuscular apparatus is to use the 

contralateral (nontest) limb as a control for the 

experi~ental condition applied to the test limb. Several 

reports, however, caution against such a procedure. For 

example, Srihari, Seedorf, and Pette (1981) looked at both 

ipsilateral and contralateral changes resulting from 

cross-r.einnervating the left soleus muscle with the peroneal 

nerve in adult rabbits. Changes in myosin light chains were 

observed in the contralateral "control" limb (right) in 

addition to those seen the experimental limb (left). 

Srihari et al. suggested that altered afferent activity 

brought about by the cross-reinnervation was neurally 

transmitted to the opposite side, and induced alterations in 

efferent activity to the contralateral limb. This altered 

efferent activity was then responsible for inducing the 

changes seen in the contralateral limb. 

In a similar vein, Eerbeek, Kernell and Verhey 

(1984) also questioned the practice of using the 

contralateral limb as an experimental control. They 
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observed that chronic peroneal nerve stimulation in the cat 

hindlimb induced changes in the capability to maintain force 

during 100 Hz test bursts in homologous muscles 

contralateral to the chronic activation. Eerbeek et al. 

warned that investigators should never assume that 

unilateral manipulations of the motor system leave 

contralateral muscles and motoneurons unaffected. 

Acute Neural Effects 

Acute contralateral effects during maxi~al, 

bilateral contractions of the knee extensors were 

investigated by Lagasse (l974). Subjects performed a 

maximal, iso~etric, bilateral, knee-extension task at a knee 

angle of 2.5 rad. A stretch was applied to one of the 

contracting muscles by reducing the knee angle from 2.5 to 

2.3 rad. The subjects maintained their maximal efforts for 

a total of five seconds. Both ipsilateral and contralateral 

effects of the imposed stretch were examined. As was 

predicted by Lasgasse, the torque exerted by the perturbed 

limb increased as a result of the i~posed stretch. A 

simultaneous decrease in torque was observed in the leg 

contralateral to the stretch. It seems likely that this 

decrease in torque was afferently mediated as a result of 

the perturbation of the test limh. 

Boylls, Zomlefer, and Zajac (1984) investigated E~G 

reactions during bipedal cycling. Two conditions were 
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involved in their study: one in which a normal 1:1 phase 

relationship was maintained between the two bicycle pedal 

cranks, and a second in which the pedal-velocity ratio was 

35:37. Boylls et a1. found that the EMG patterning was the 

same regardless of the inter1imh phasing. This sU9gesten 

that the state of a given leg within its own pedaling cycle 

was the primary determinant for the EMG patterning in that 

leg, rather than some form of interlimb coupling. However, 

inter1imb phasing did affect the EMG signal energy as 

indicated by the difference in the cumulative sums of the 

rectified EMC's in each muscle. Boylls et a1. concluded 

that while EMG patterning was not affected by interlimb 

phasing, EMG signal energy was constrained by some function 

of the relationship of the phasing of the two limbs. The 

change in E~G signal energy was not predictable by known 

reflexes or handedness effects. 

Sabatino et ale (1987) investigated the effects of 

contralateral movements on reciprocal inhibition in the 

upper limbs of man. The findings of this study demonstrated 

that both active and passive movements in the contralateral 

limb can enhance reciprocal inhibition reflexes presumahly 

mediated by Ia interneuronso This evidence suggests that 

interlimb interactions are possible as a direct result of 

afferent information from one limb influencing the status of 

the contralateral limb. 
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Relationship and Relevance to Bilateral Inhibition 

The investigations on cross education indicate that 

there is a facilitatory effect of unilateral training on the 

contralateral limb. This fact lead Henry and smith (1961), 

and Kroll (1965) to hypothesize that during maximal, 

bilateral contractions there would be a facilitation of each 

limh on the other with a resulting increase in torgue output 

by both limbs. However, their work showed that facilitation 

was not seen. In fact, a deficit was observed in the torque 

output of a given limb during maximal, bilateral 

contractions when compared to unilateral activation of the 

musculature of the same limb. These findings indicate that 

it is unlikely that cross education and hilateral inhibition 

share a common neural mechanism. One is facilitatory while 

the other is inhibitory. 

The work of Lagasse (1974) may have implications for 

bilateral inhibition. He observed inhibitory effects during 

maximal, bilateral contractions. Presumably, the decreased 

torque output by the contralateral limb was caused by the 

activation of afferents stimulated by stretching the 

musculature of the test limb. Afferent feedback may be 

present during maximal bilateral contractions that is 

inhibitory to both limbs. Such an interaction would be 

consistent with bilateral inhibition. 

Sabatino et al. (1987) also demonstrated that 

contralateral afferent information can influence the status 
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of the opposing limbo Active and passive movements by one 

upper limb were capable of influencing the reciprocal 

inhibition reflexes of the contralateral upper limb. This 

work indicated that afferent feedback may be capable of 

exerting a 1imb-to-1imb influence during bilateral efforts, 

and thereby affect unilateral versus bilateral force output. 

Observations Documenting Bilateral Inhibition 

Early investigators predicten a facilitation effect 

during maximal, bilateral efforts, but instead found a force 

deficit in these conditions. Sinr.e these early 

observations, others have investigated bilateral inhibition, 

or documented it while examining other issues. The 

following section reviews the literature substantiating the 

phenomenon of bilateral inhibition. 

Hypotheses of Facilitation 

Early findings on bilateral inhibition were 

documented by Henry and Smith (1961). They hypothesized, 

based on investigations in cross education, that during 

bilateral contractions each limb would facilitate the other 

by neural overfloH to the contralateral side. They expected 

that this facilitation would result in greater muscular 

force in each limb during bilat.eral contractions. 

Maximal hand-grip strength was measured both 

unilaterally and bilaterally in 30 subjects. The results 

showed that the expected facilitation failed to occur, and 



26 

in fact, a significant deficit was seen in the dominant 

hand. The dominant hand exerted 3% less muscular torque 

when the muscles in both hands contracted simultaneously 

than when one hand was active alone. This deficit was not 

observed in the nondominant hand. Henry and Smith suggested 

that a division of attention may have been responsible for 

the decreased output during bilateral contractions. 

Kroll (1965) also proposed facilitation during 

bilateral contractions. Fifteen male subjects performed 32 

repetitions of an alternating unilateral and bilateral, 

isometric wrist-flexion task. Kroll predicted that 

facilitation would be present in the bilateral condition, 

especially when fatigue was evident in the later stages of 

the 32 consecutive contractions. The results indicated that 

the torque of either wrist was always higher during the 

unilateral contractions than during the preceding bilateral 

contraction. However, the difference between the two 

consecutive trials was not statistically significant. 

Nonetheless, facilitation was not seen, and Kroll concluded 

that the results were compatible with the findings of Henry 

and Smith (1961)0 Contrary to expectations based on the 

cross-education literature, bilateral tasks were associated 

with inhibition rather than facilitation. 
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The Role of Muscle Fiber Types in Bilateral Inhibition 

Contradictory findings are present in the literature 

on fiber-type involvement during maximal, bilateral efforts. 

Some studies have indicated reduced type I fiber involvement 

during maximal bilateral efforts, while others have 

demonstrated reduced type II fiber activation. 

Reduced type I fiber involvement in bilateral 

efforts was documented in 1976 when Secher, Rorsgaard, and 

Secher published a short note on maximal, one- and 

two-legged, lower-limb extensions. This task involved 

activation of hip, knee, and ankle extensors. They noted 

that the torgue during extension of both legs was only 87% 

of what was predicted by doubling the mean of the two 

one-leg values. A deficit was clearly demonstrated in the 

bilateral task, and Secher et ale investigated the nature of 

the reduced muscle-fiber involvement during the two-legged 

extension. 

The intent of the study was to determine whether 

type I or type II muscle fibers were activated to a lesser 

degree during the bilateral contractions. Secher et ale 

(1976) selectively blocked type I fibers with 

d-tubocurarine, and type II fibers with decamethoniu~. 

While type I fibers were blocked, the ratio between the 

bilateral extensions and two times the mean of the 

unilateral extensions increased from 87% to 95%0 This 

indicated less bilateral inhibition with predominately type 
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II activation. When blockade of type II fibers was present, 

the ratio decreased to 48%, indicating a greater degree of 

bilateral inhibition. It appeared that when predominately 

type I fibers were involved the degree of bilateral 

inhibition was much larger. This led Secher et ale to 

conclude that there was restricted type I muscle-fiber 

recruitment during high-force static exercise. They also 

concluded that fiber recruitment can vary when the same 

action is performed unilaterally versus bilaterally. This 

conclusion is consistent with documentation of bilateral 

inhibition. 

Secher, Rorsgaard, and Secher (1978) published a 

subsequent full-length paper of the same investigation with 

a different subject group. The data from six subjects 

presented in this article showed a bilateral extension value 

that was only 75% of the sum of the two unilateral values. 

Selective blockade of type I and type II fibers was 

performed as previously described. The results of this 

investigation showed that when type I fibers were blocked 

the ratio between the bilateral and the sum of the two 

unilateral values was the same as iII the unblocked state. 

However, when type II muscle fibers were selectively blocked 

the ratio decreased by 16%. Secher et ale again concluded 

·that there was restricted type I fiber recruitment during 

maximal, bilateral contractions. However, the selectivity 

of the blocking agents employed in this study in mixed human 



muscle is questionable. Therefore, doubt is cast on the 

interpretation of these results. 
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Secher (1975) had demonstrated earI"ier that elite 

oarsmen did not exhibit this bilateral, leg-extension 

deficit when compared to less-trained subjects. This 

finding led Secher et al. (1978) to propose that bilateral 

training could lead to a decrease in the extent of bilateral 

inhibition. The mechanism proposed for this change was a 

decrease in the cortical inhibition of type I motor units. 

Vandervoort, Sale, and Moroz (1984) challenged the 

findings of Secher et al. (1976, 1978). The earlier work 

had concluded that reduced type I muscle-fiber activation 

WnS responsible for the deficit observed during maximal, 

bilateral contractions. This conclusion is in direct 

opposition to the concept of orderly recruitment. 

Vandervoort et al. (1984) felt that the findings of Secher 

et al. (1976, 1978) were a result of shortcomings in the 

drug treatments used to block particular muscle fibers, and 

not due to underlying physiological mechanisms. 

Vandervoort et al. (1984) proposed that fast-twitch 

muscle fibers were the ones activated to a lesser degree 

during bilateral contractions. To investigate this 

hypothesis v they felt that the involved muscles would 

perform with slow-twitch characteristics during bilateral 

contractions. For example, they expected that bilateral 

contractions would show a greater decline in force than 
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unilateral contractions with increasing velocity of 

movement. This is due to reduced fast-twitch fiber 

activation in the bilateral condition. They also predicted 

that bilateral contractions would exhibit less fatigability 

when compared to unilateral contractions due to a greater 

predominance of slow-twitch fiber involvement. Both of 

these hypotheses were supported by their results. The 

bilateral-unilateral ratio decreased from 91% in an 

isometric condition to 51.2% with a moderate-speed movement 

of 7.4 rad/s. There was also less decline in torque during 

leo consecutive, maximal, bilateral contractions than during 

100 unilateral contractions. This finding would be expected 

if there was less fast-twitch fiber activation during the 

bilateral task, as these fibers are more fatigable. These 

results support the conclusion that there is reduced 

activation of fast-twitch muscle fibers in maximal, 

bilateral contractions. 

Vandervoort et ale (1984) felt that two factors 

could account for the bilateral deficit they observed. One 

was inhibitory spinal reflexes, such as the crossed-extensor 

reflex, and the second was reduced volitional drive. 

Although they acknowledged that it was only speculation, 

Vandervoort et ala felt that the most likely mechanism for 

bilateral inhibition was a reduced volitional drive due to a 

dispersion of concentration during the bilateral task. 
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The Contribution of Ohtsuki 

Some of the most thorough work on bilateral 

inhibition has been rlone by Ohtsuki (198lb, 1983). It can 

be argued that postural considerations may play a role in 

the difference seen between the torque exerted in unilateral 

versus bilateral contractions. This question was addressed 

in a carefully controlled investigation of grip strength 

(Ohtsuki, 1981b) in which the forearms of the subjects were 

i~mobilized by plaster casts. In this situation, only two 

extrinsic finger-flexor muscles could contribute force to 

the required finger-flexion task. Both of these muscles 

were carefully monitored for EMG activity. In addition, the 

torque exerted by each individual finger was recorded. 

Ohtsuki (198lb) testea sixteen male and eight female 

subjects on both unilateral and bilateral, maximal, 

finger-flexion tasks in the apparatus described in the above 

paragraph. For both hands, simultaneous bilateral exertion 

reduced the peak strength attainable during the five-second, 

maximal effort. In addition, the raw and integrated E~G 

activity was also reduced during the two-handed efforts. 

Consistent with Henry and Smith (1961), the bilateral 

deficit was larger for the dominant hand. 

Two factors strongly indicated a neural mechanism 

behind the findings of Ohtsuki (198lb). It is unlikely that 

mechanical,or postural factors played a role in the observed 

bilateral deficit in finger torques, as forearm position was 
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strictly controlled. In addition, the grip strength and EMG 

of the involved muscles declined in para11e1o These 

observations implicate a neurophysiological mechanism as the 

basis for the observed bilateral deficit. Ohtsuki proposed 

either a division of attention or proprioceptive reciprocal 

inhibition to explain the observed phenomenon. 

Ohtsuki (1983) continued experimentation in the area 

of bilateral inhibition in a subsequent investigation 

utilizing the upper extremities. This study involved 

unilateral and bilateral flexion and extension at the elbow 

joint, as well as simultaneous, reciprocal flexion of one 

elbow and extension of the other. Posture was strictly 

controlled so that activation of musculature other than that 

about the elbow joint was mini~ized. 

It was found that a significant deficit in bilateral 

strength was exhibited during both flexion and extension. 

The ratio of bilateral to unilateral strength was 93.7% and 

92.4% for the right and left arms, respectively, during 

flexion. The strength ratios were 75.4% and 81.2% for 

extension of the right and left arms o There was no 

statistical difference in the strength ratios for the right 

and left arms during either task. However, the bilateral 

deficit seen during extension was significantly greater than 

that observed during flexion. 

The integrated EMG also declined for all of the 

bilateral tasks. This decrease was statistically 
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significant for the extension task, but not for flexion. 

The correlation between force and integrated EMG was highly 

significant and showed a strong linearity between strength 

and EMG during these maximal, isometric contractions. 

During the reciprocal task the strength for 

right-arm flexion was 123 N in the unilateral condition. 

When the contralateral limb performed simultaneous 

extension, the flexion strength of the right arm fell to 117 

N. The left arm showed a unilateral extension strength of 

67 N. When the right arm performed simultaneous flexion the 

value increased to 68 N. Analysis of variance showed that 

there was no statistical difference between the unilateral 

and bilateral conditions in this reciprocal task. 

Ohtsuki (1983) concluded that in the course of 

neural connections from the cerebral cortex to peripheral 

musculature, there were multiple sites at which bilateral 

inhibition could occur. These many options, and limited 

experimental data, made it impossible to conclude decisively 

the reason for the bilateral deficit seen in both strength 

and E~G. 

Documentation of Bilateral Inhibition in Investigations on 
Other Topics 

Several authors have substantiated the phenomenon of 

bilateral inhibition during investigations on related 

topics. Rube and Secher (1981) investigated the effects of 

encouragement on muscular fatigue. In the course of this 
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study, data were gathered that supported the phenomenon of 

bilateral inhibition. A ratio was computed by dividing the 

bilateral leg-extension strength by the sum of the two 

unilateral leg-extension strengths. One experimental group 

demonstrated a leg-strength ratio of 92%, and a second group 

98%. A deficit was present in both groups during two-legged 

contractions. 

Further evidence for bilateral inhibition was 

presented in the work of Coyle et al. (1981). This 

investigation looked at improvements in power with fast and 

slow isokinetic training, but data supporting bilateral 

inhibition were presented. During isometric knee 

extensions, the bilateral torque was found to be 96.9% of 

the sum of the two unilateral torques. 

Bilateral inhibition was also suggested as a 

possible mechanism responsible for the deficit seen in two

versus one-legged vertical jumping in the work of Van Soest 

et al. (1985). In an investigation of 10 male volleyball 

players, they found that their subjects could jump 58.5% of 

their two-legged height when ju~ping with one leg. This 

means that a deficit was 

present in the two-legged jump height when compared to the 

sum of the two one-legged heights. A deficit was also 

observed in the EMG activity of vastus medialis during the 

two-legged jump when compared to the one-legged jump. Van 

Soest et al. proposed that these findings were consistent 
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with other isometric and isokinetic actions during which ·a 

bilateral deficit was seen. 

There seems to be littl? doubt that bilateral 

inhibition is an active phenomenon and that the consequences 

are observable as a bilateral deficit in both force and EMG. 

The question that remains is the exact nature of the neural 

factors unaerlying this phenomenon, and whether they can be 

altered with training. 

Effects of Training on Bilateral Inhibition 

The evidence on the effects of training on bilateral 

inhibition is sparse and contradictory. Both unilateral and 

bilateral isometric training appeared to decrease the degree 

of bilateral inhibition in the work of Rube, Secher, and 

Lodherg (193r). Conversely, Coyle et ale (1981) reportee 

that bilateral isokinetic training did not alter unilateral 

and bilateral strength to different aegrees. 

unilateral and Bilateral Strength Training 

The work of Secher (1975) has strongly influenced 

the area of training effects on bilateral inhibition. ~his 

study was designed to examine isometric rowing strength in 

experienced and inexperienced oarsmen. In the course of the 

inv9stigation, both one- and two-legged extension strengths 

were measured. The task involved simultaneous extension of 

the hip, knee, and ankle joints. It was found that the 

elite, international-class rowers showed no bilateral 



inhibition on the leg-extension task, while the less 

experienced groups did. 
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Many authors have used this data to conclude that 

bilateral inhibition can be altered with training. However, 

there are several problems in inferring the effects of 

training on bilateral inhibition from this data. In fact, 

all three groups in this investigation could be classified 

as trained. Subjects in group I were Olympic or World 

Championships gold and bronze medalists. Group II subjects 

were Danish champions, and those in Group III were senior 

"A" and "B" rowers. Compared to untrained people these 

subjects would all be classified as highly trained. In 

addition, this was not a longitudinal training study but 

rather a descriptive analysis based on only three maxi~al 

contractions. The data do not allow for conclusions 

regarding the effects of training on bilateral inhibition as 

all three groups were trained and their degree of training 

was not reported. The subjects were grouped based on 

performance and not necessarily the amount of training they 

had undergone. The possibility exists that the perfor~ance 

of the elite group was superior due to inherent differences 

in the degree of bilateral inhibition present prior to 

training. 

The only work actually designed to investigate the 

effects of training on bilateral inhibition was that of Rube 

et al. (1980). Unfortunately this work was only presented 



in the form of a short note. They examined the effects of 

both habituation and training on bilateral inhibition. 
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Three test periods, each five weeks apart were used. to 

determine the effects of habituation and training on the 

ratio of bilateral leg-extension strength to the sum of the 

two unilateral strengths. The initial trial ratio was 82% 

and the second was 97%. These results imply that the 

habituation occuring from the initial to the second testing 

session led to a decrease in the degree of bilateral 

inhibition. However, it should be noted that the greater 

ratio in the second determination was the result of not only 

an increase in bilateral strength, but also a decrease in 

the one-leg values. The fact that the one-leg torques 

decreased casts doubt on the validity of this finding. 

During the training portion of the investigation of 

Rube et ale (1980), the subjects were separated into three 

groups. The control group did no training. The second 

group trained with 150 repetitions of maximal, isometric 

contractions using the left and right legs separately for 18 

sessions per leg. The third group trained bilaterally with 

maximal, isometric contractions for 18 sessions. Both 

training groups increased their two-leg maximum by 55% and 

their one-leg maximum by 40%. This resulted in an increased 

bilateral to unilateral ratio of 101%. It appears from the 

sparse data presented in this short note that both 

unilateral and bilateral training with maximal, isometric 



contractions were successful in overcoming bilateral 

inhibition. 
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In contrast to these observations are those of Coyle 

et al. (1981) who did not observe such training effects. 

Coyle et al. trained their subjects bilaterally with 

maximal, isokinetic contractions of different velocities, 

three days per week, for six weeks. Prior·to training, 

the subjects had ratios (bilateral torque to the sum of the 

two unilateral torques) of 96.9, 95.8, 97.5, and 97.2% at 

velocities of 0, 1.05, 3.14, and 5.24 rad/s, respectively. 

Although all training was performed with two legs 

simultaneously, the improvements in peak torque exerted 

bilaterally were not significantly different from the 

im?rovements seen unilaterally. This was true at all 

velocities and in all groups with only a single exce~tion. 

The results of Coyle et ala (1981) are in contrast 

to those reported by Rube et ala (1980) who saw a decrease 

in the extent of bilateral inhibition with training. 

Subjects in the investigation of Coyle et al. trained 

isokinetically at velocities of 1.05 and 5.24 rad/s , while 

those of Rube et al. performed isometric training. Perhaps 

the differences in the training regimes were responsible for 

the conflicting results. 
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Unilateral and Bilateral Endurance Training 

Several investigators have explored the effects of 

one- and two-legged exercise on central and peripheral 

adaptations to endurance training (e.g., Davies and 

Sargeant, 1974; Davies and Sargeant, 1975; Klausen et al., 

1982; Saltin et al., 1976) These investigators have been 

concerned with measurements such as cardiac output, maxi~al 

oxygen uptake, arterial-venous oxygen difference, glycogen 

utilization, and alterations in oxidative enzymes. Changes 

in these factors can be elicited with endurance training. 

The above investigations are centered around processes and 

factors involved in aerobic metabolism. As none of these 

studies involved maximal contractions or measurements of 

force, they are not directly applicable to the topic of 

bilateral inhibition, and therefore will not be discussed in 

detail. 

Relationshin of Bilateral Inhirition to the 
Neural Adaptati~ns Associated with Strength Training 

It appears quite likely that bilateral inhibition is 

a trainable phenomenon. If so, then a relationshi~ may 

exist between alterations in the degree of bilateral 

inhibition and the adaptations seen with strength training 

involving two limbs. Increases in bilateral strength may 

result in part from the overcoming of bilateral inhibition. 

It has been documented that the initial adaptations 

seen with resistance training come about without measureable 
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hypertrophy (Ikai and Fukunaga, 1970; Moritani and DeVries, 

1979). Moritani and DeVries attributed these early strength 

gains to neural changes. Their work involved examining the 

relationship between integrated EMG activity and force 

development during 8 weeks of unilateral elbow-flexor 

training. They proposed that if strength gains were a 

result of neural factors there would be increases in the 

maximal activation level without a change in the ratio 

between the integrated EMG and force. Conversely, if 

stren~th gains were entirely attributable to muscular 

hypertrophy there would be no change in the maximal 

activation level, but an improved ratio between integrated 

EMG and force. 

During the first two weeks of training, there was a 

significant increase in the degree of maximal activation 

without a change in the integrated electromyogra~ (IE~~G) to 

force ratio. Later in the training program both maximal 

activation level and the IEMG-force ratio continued to 

improve. Moritani and DeVries (1979) reported that after 4 

to 6 weeks of training, hypertrophy made a significantly 

greater contribution to the strength gains than did neural 

factors. 

The results of Moritani and DeVries (1979) do not 

directly relate to bilateral inhibition as their 

investigation involved unilateral training. However, the 

concept of neural factors contributing to str.ength increases 
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was expanded to bilateral conditions in the work of Hakkinen 

and Komi (1983). Their subjects trained with dynamic squat 

exercises three times per week for 16 weeks. The exercise 

involved hip and knee flexion and then extension with a 

weighted barbell held on the back of the shoulders. The 

training was designed so that 75% of the contractions were 

concentric, with loads ranging from 80 to 100% of their 

concentric, one-repetition maximum. The remaining 25% of 

the contractions were eccentric, with loads from 100 to 120% 

of the concentric maximum. 

Hakkinen and Komi (1993) found significant increases 

in both bilateral and unilateral isometric force as a result 

of the training. Interestingly, the IF-MG activity recorded 

during the unilateral task did not change, while the IEMG 

recorded during the bilateral task showed a significant 

increase. This finding is consistent with the overco~ing of 

bilateral inhibition during the two-legged efforts (Howard 

et al., 1985). Greater activation of a single limb by 

itself was not achieved. However, when both legs were 

activated simultaneously their subjects were able to more 

fully activate each leg. It is possible that a neural 

mechanism existed prior to the training that did not allow 

for complete activation during bilateral contractions. As a 

result of the training, this bilateral inhibition may have 

been overcome to allow for subsequent increases in the 

degree of bilateral activation. 
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Neural changes may account for early increases in 

strength as a result of unilateral r.esistance training 

(~oritani and DeVries, 1979). Different neural changes, 

such as the overcoming of bilateral inhibition, may result 

from bilateral resistance training and contribute to the 

gains in bilateral strength seen prior to hypertrophy 

(Hakkinen and Komi, 1983; Howard et al., 1985). 

Central Versus Peripheral Mechanisms in 
Bilaterai Inhibition 

The neural mechanisms underlying bilateral 

inhibition remain elusive. However, it appears that this 

phenomenon may result from interactions in two major areas: 

alterations occurring in the central nervous system, or as a 

result of afferent feedback from involved musculature. The 

decreased activation and force seen during maximal, 

bilateral contractions results from interactions in one or 

both of these areas. 

The search for the mechanism behind bilateral 

inhibition is analagous to another question classically 

posed in exercise physiology. Do cardiovascular and 

respiratory responses during exercise result from direct 

action of the central command descending from higher 

centers, or as a result of afferent neural activity arising 

from receptors located peripherally? It appears that both 

of these mechanisms play a role in modulating the 

cardiovascular and respiratory response to exercise, they 



affect the same neural circuitry, and they are capable of 

acting either together or independently (for a review see 

Mitchell, 1985). 
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Although these two questions are ana1agous, the 

mechanism is not necessarily so. The central-commmanc 

versus muscle-afferent question in cardiovascular anc 

respiratory physiology involves the matching of these 

functions to a given exercise intensity. In this task, the 

autonomic nervous system plays an integral part. In 

bilateral inhibition, the activation and force deficits only 

manifest themselves at maximal levels, and the concern is 

only with neuromuscular function and not other systems. 

Here the central and peripheral nervous systems are the 

effectors. Although the basic question is similar, the 

investigative approach and solution to the mechanisn 

underlying bilateral inhibition will have to stand on its 

own. 

What influences within the central nervous syste~ 

could influence the force output of peripheral musculature? 

Reaction time literature gives an indication of central 

interactions that influence bilateral performance. It 

appears that interhemispheric communication is involved in 

elongated bilateral reaction times (Gazzaniga and Sperry, 

1966). Interhemispheric interaction is also implicated in 

the slowing and synchrony seen in two-hand rhythmic 

movements (Wyke, 1969, 1970; Cohen, 1970, 1971). Although 
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these tasks only require submaximal force levels it is 

possible that a similar mechanism may be involved in 

bilateral inhibition. It would seem reasonable to postulate 

that communication between cerebral hemispheres may 

influence the central-command signal and result in the EMG 

and force deficit observed during maximal, bilateral 

contractions. 

How could afferent feedback playa role in bilateral 

inhibition? The work of Lagasse (1974) indicates that 

perturbations to one limb can inhibit the contralateral limb 

during maximal, bilateral contractions. He proposed that 

the inhibitory effect seen in his work was mediated by 

muscle-spindle afferents activated by stretching the test 

limb. This evidence is consistent with the idea that 

afferent activity from each of the active limbs may have an 

inhibitory effect upon the other, resulting in a bilateral 

deficito 

Cohen (1970) investigated both central and afferent 

roles in the inhibitory effects seen during bimanual 

activity. His findings supported the hypothesis that 

interlimb interactions \~ere mediated by interference with 

the generation of the central commands at their supraspinal 

origin. However, this work involved submaximal, rhythmic 

contractions and the findings cannot necessarily be 

generalized to the maximal, bilateral contractions during 

which bilateral inhibition is manifested. 



45 

Requin, Bonnet, and Semjen (1977) and Bonnet, 

Requin, and Semjen (1981) have demonstrated that preparation 

for muscular contraction can have an effect upon spinal 

reflex pathways. It is possible that in preparation for 

maximal, bilateral contractions, reflex pathways may be 

primed for afferent-information processing resulting from 

the subsequent contractions. It is also conceivable that 

preparation could influence the state of the nervous syste~ 

at the spinal-cord level so that the same command signal 

results in a different force output. 

There seems to be sufficient evidence to justify 

hypotheses based on both central nervous system 

rnocifications and peripheral-afferent feedback to account 

for the phenomenon of bilateral inhibition. Further 

investigations appear necessary to examine the role of these 

factors. 



CHAPTER 4 

METHODS 

Three investigations were conducted, each addressing 

one of the three specific aims listed in Chapter 2. All of 

the studies utilized male subjects, and tested various 

isometric force-exerting capabilities about the elbow and 

knee joints. 

Subjects 

The first aim study involved three groups of six 

male subjects between the ages of 19 and 39 years. The 

weightlifter group had performed bilateral knee-extension 

exercises in their training for a minimu~ period of one year 

prior to participation in the study. The subjects were 

recruited fro~ the weight rooms on the ca~pus of the 

University of Arizona. The cyclist group consisted of 

subjects who had co~peted for local teams for a mini~u~ of 

one year prior to participation in the study. The untrained 

group was comprised of subjects who had never lifted weights 

nor competitively cycled. These subjects were recruited 

from classes at the University of Arizona. 

The second aim study also involved three groups of 

six male subjects between the ages of 19 and 31 years. 

These 18 individuals had not participated in any 
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weightlifting exercises for a minimum of one year prior to 

participation in the study. They were randomly assigned to 

one of three training groups: (1) control, (2) unilateral 

training, or (3) bilateral training. These subjects were 

recruited from classes at the University of Arizona. 

The third aim study involved two groups of six male 

subjects between the ages of 19 and 34 years. These 

subjects were selected and assigned to groups based on their 

performance in previous investigations. The subjects in t~e 

first group were able to exert more force with a given limb 

during a bilateral knee-extension task than they could exert 

with that same limb during a unilateral task. Those in the 

second group were able to exert greater force with a given 

limh during the unilateral knee-extension task than during 

the bilateral task. 

All subjects read and signed consent forms (Appendix 

A) prior to participation in any of the above 

investigations. 

Ap?aratu5 

For all investigations, the subjects were positioned 

on a specially designed bench for the purpose of obtaining 

maximal, isometric, knee-extension force at each ankle, and 

left elbow-flexion force. The subjects were in a supine 

position secured by padded belts 5 cm wide. A hip belt was 

strapped tightly just distal to the superior, anterior iliac 
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crest, and a chest belt was strapped tightly across the 

upper pectoral girdle, pinning the upper arms to the torso. 

The straps did not occlude blood flow. The forearms and 

hands were relaxed and folded across the chest. 

Unilateral and bilateral extensions about the knee 

joint were performed at a knee angle of 1.9 rad with the 

ankles secured to the load cells by padded straps. The 

straps were sufficiently padded so that the subjects did not 

experience discomfort during the required maximal exertions~ 

Isometric flexion about the left elbow joint was performed 

at an elbow angle of 1.6 rad with the wrist secured to a 

load cell by a padded strap in a position midway between 

pronation and su?ination. The left upper arm was positioned 

next to the torso on the upper portion of the padded bench. 

During this left elbow-flexion task the right arm was 

relaxed and folded across the chest. 

War~-up and Instructions 

The subjects were given three war~-up trials each 

for the l~nee-extension, knee-flexion, and elbow-flexion 

tasks. ~he first warm-up trial was an easy effort at 

approximately 25% of maximum force output. The second 

warm-up was near 50% of maximum force, and the third was at 

approximately 90% of maximum force. The percentages were 

designed to standardize the warm-up procedure, and were 

merely estimates based on the judgement of the subjects. 
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For all trials subsequent to the three warm-ups, the 

subjects were instructed to produce the maximum force 

possible. Each maximal trial was performed on a verbal 

count given with one second intervals by the investigator. 

The commands were: 3 - 2 - 1 - MARK - GO - 1 - 2 - 30 On 

the command MARK, a ti~e marker was recorded on FM tape 

(Honeywell 7600; bandwith ; 0 to 5000 Hz) by pushing the 

single pulse button on the stimulator (Grass SBB). The time 

mark was used for triggering the waveform digitizer 

(Tektronix 5DlO) during subsequent data analysis. Prior to 

each trial, the subjects were encouraged to exert the 

maxi~al force possible. The subjects were instructed to 

begin force exertion on the co~mand GO, and build to maxi~u~ 

in a ra~p-like fashion ~11ile the investigator counted to 

three (3 s). Maximal force output was to be held until the 

count of three, at which time the subject could relax. 

Subjects were given three attempts at each of the 

knee-extension and elbow-flexion tasks, and two attemps at 

each of the knee-flexion tasks. They were instructed that 

for each task only the trial with the greatest force value 

would be used. Following the warm-up trials, the subjects 

completed a specific protocol relevant to the aims of each 

particular study. 
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Measure~ents 

Electromyography 

All EMG measurements were obtained using bipolar 

surface electrodes 8 mm in diameter. The surface of the 

skin was prepared by scrubbing with an alcohol pad. The 

electrodes were taped in place above standard ~~G electro~e 

discs to maintain stability. The interelectrode distance 

was 3 c~ with positioning as follows: biceps femoris - 5C% 

of the distance between the ischial tuberosity (center of 

the thigh at the gluteal fold) and the lateral tibial 

condy1e~ vastus lateralis - 50% of 'the distance between the 

lateral, proximal aspect of the patella and the greater 

trochanter; biceps brachii - 33% of the distance from the 

tendon of the biceps brachii in the cubital fossa to the 

acro~ion process; and triceps brachii - 33% of the distance 

from the olecranon process to the acromion process (Zipp, 

1982). 

The EMG signals were amplified by a Coulbourn 

Instru~ents isolated bioamplifier (S75-05) with a 

preamplifier coupling of 10 Hz, and recorded on a Honeywell 

7600 FM tape recorder (bandwidth = e to 50~a Hz). The 

signals were simultaneously displayed on a Tektronix 5111A 

storage oscilloscope for viewing by the investigator. For 

data-analysis purposes, the recorded EMG signals were 

replayed through a Coulbourn Instruments contour following 
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integrator "averager ll (576-Cn), \vith a time constant of 5r-lC 

ms. The maximum amplitude was measured with the use of a 

Tektronix 5D10 waveform digitizer. 

At the end of each test, an EMG calibration signal 

of 1500 uV was recorded on each of the four EMG channels. 

This signal was produced by a Dynascan 30H~ function 

generator and input via the electrode heads on to the 

appropriate tape channnels. 

Force 

Isometric force measurements were obtained at the 

left and right ankles, and the left wrist by means of 

Baldwin SR-4 load cells which had a 2670 N capacity. The 

output from the load cells was processed through a Coulbourn 

Instruments transducer coupler (572-25) with an excitation 

voltage of 5 V. This signal was then recorded on the F~ 

tape recorder described above for later analysis utilizing 

the waveform digitizer. The output from the load cells was 

also simultaneously displayed on the storage ocilloscope for 

~onitoring by the investigator during the course of the 

experiment. 



CHAPTER 5 

FIRST AIM STUDY: INTERLIMB INTERACTIONS 
DURING MAXIMAL EFFORTS 

Introduction 

Investigators in the area of motor control have long 

been concerned with interlimb interactions during movement. 

various interlimb effects have been observed during 

suhmaxi~al bilateral efforts (Cohen, 1970, 1971; Cohn, 1951; 

Distefano et al., 1980; Gazzaniga and Sperry, 1966; Jeeves 

and Dixon, 1970; Kelso, 1984; Kerr et al., 1963; Ohtsuki, 

1981a; Peterson, 1965; Shaffer, 1982; Stetson and Bouman, 

1935; Wyke, 1969, 1971), and several investigations have 

shown contralateral effects during unilateral muscular 

activation (Cafarelli and Cannon, 1986; Coleman, 1966; 

Hellebrandt and Houtz, 195C; Hellebrandt et al., 1947; Ikai 

and Fukunaga, 1970; Komi et al., 1978; Lewis et al., 198~; 

Moritani and DeVries, 1979; Panin et al., 1961; Parker, 

1985). However, one area that has received little attention 

in motor-control research is that involving maximal 

activation of limb musculature. 

It has been found that during maxi~al, bilateral 

activation of homologous musculature there is a deficit in 

both force and EMG when compared to unilateral activation of 
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the same musculature (Coyle et al., 1981; Henry and Smith, 

1961; Kroll, 1965; Ohtsuki, 1981b, 1983; Secher, 1975; 

Secher et al., 1976, 1978; Vandervoort et al., 1984; Van 

Soest et al., 1985). This phenomenon has been referred to 

as bilateral inhibitionv Early investigators actually 

hypothesized that a facilitation would occur during maxi~al, 

bilateral efforts. This prediction was based on the 

contralateral enhancement of force output seen ~lith 

unilateral training (Henry and Smith, 1961; Kroll, 1965). 

This effect has been called cross education. However, 

subsequent investigations revealed that during bilateral 

efforts each limb exhibited a deficit in force output when 

com?ared to that same limb activated alone. 

Since these early studies, bilateral inhibition has 

been repeatedly observed in the musculature of both the ar~s 

and legs. However, the neural basis of this phenomenon has 

yet to be determined. The question remains as to whether 

this bilateral defici't is a result of alterations in the 

central drive descending to the involved musculature, or a 

result of peripheral afferent feedback. 

Contradictory data are present in the literature on 

the effects of training on bilateral inhibition. Coyle et 

ale (1981) showed no change in the degree of bilateral force 

deficit as a result of bilateral training. Conversely, Rube 

et ale (1980) noted a decrease in bilateral inhibition with 

both unilateral and bilateral training. 



The purpose of the first-aim study was to examine 

the extent of bilateral inhibition in subjects with 

different training backgrounds. There were two different 

tasks required: (1) unilateral and bilateral, isometric, 
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extensor torques about the knee joint, and (2) independent 

and simultaneous, isometrj~ flexor torques about the left 

elbow joint, and isometric extensor torques about the right 

knee joint. It was hypothesized that the subjects who had 

engaged in bilateral knee-extension training (weightlifters) 

would exhibit less bilateral inhibition on the 

knee-extension task than either the cyclists or the 

untrained subjects. It was further hypothesized that none 

of the groups would exhibit bilateral inhibition on arm-leg 

tasks. 

r-1ethods 

Subjects 

Eighteen male subjects between the ages of 19 and 39 

years participated in the study (see Table 1 for subject 

characteristics). They were assigned to three groups of six 

subjects each, based on the following criteria. The 

weight1ifter group had performed maximal, bilateral, 

knee-extension exercises in their training for a minimum of 

one year prior to participation in the study. The cyclist 

group consisted of subjects who had been competitive bicycle 

racers for a minimum of one year prior to the investigation. 



TABLE 1: SUBJECT CHARACTERISTICS for the FIRST AIM STUDY 

UNTRAINED 

CYCLISTS 

WEIGHTUFTERS 

AGE 
(years) 

29.0 ± 3.2t. 

33.1 ± 6.6f> 

22.7 ± 3.0 

HEIGHT 
(cm) 

175.7 ± 4.9 

178.2 ± 5.4 

177.6 ± 4.6 

WEIGHT 
(N) 

663.6 ± 48.9* 

696.3 ± 63.4f> 

814.5 ± 35.5 

STRENGTI-f ,'\ 

(N) 

430.3 ± 55.2* 

462.5 ± 67.2t. 

652.2 ± 154.2 

lithe max/mum unilateral force exerted by the right leg during the isometric 
knse-e)(tension tasl< 

&significantly different (p < 0.05) from WEIGHTLIFTERS 

all values are mean ± standard deviation 
UNTRAINED were subjects who had never engaged in weightlifting or cycling 
as part of their training 
CYCLISTS were subjects who were all compatitive cyclists for local racing teams; 
their training was reciprocal in nature--extension of one leg was accompanied by 
simultaneous flexion of the other leg 
WEIGHTlIFTERS were subjects who had engaged in weightlifting exercises that 
included bilateral extensions about the knee joint, for a minimum of one year 
prior to the study 

V1 
V1 



In addition, they did not lift weights as part of their 

training. The third group of subjects was untrained, and 

had never engaged in weightlifting nor competitive cycling. 

Apparatus 
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The subjects were positioned on a special bench 

designed for isometric forces to be exerted in the 

directions of right and left knee-extension, and left-elbow 

flexion. The subjects were secured to the bench in a supine 

position by both hip and shoulder belts. Maximal, 

isometric, extensor torque about the knee joint was 

performed at a knee angle of 1.9 rad with each ankle secured 

to an individual load cell by a padded strap. Maximal i 

isometric flexor torque about the left elbow joint was 

performed at an elbow angle of 1.6 rad with the wrist 

secured to a load cell by a padded strap. For the 

elbow-flexion task, the hand was positioned midway between 

pronation and supination. 

~easure~ents 

Force. Isometric force measurements were recorded 

at the left and right ankles, and the left wrist by means of 

load cells (Baldwin SR-4) capable of measuring up to 2670 N. 

The load cells were mounted perp0nd~cular to the involved 

limb. The output from the load cells passed through a 

transducer coupler (Coulbourn Instruments S72-25) and was 

concurrently displayed on a storage oscilloscope (Tektronix 
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5111A) and recorded on FM tape (Honeywell 7600, bandwidth = 

o to 5000 Hz). 

Electromyography. Measurements of EMG activity were 

recorded using bipolar, surface electrodes (8 mm in 

diameter) from vastus lateralis, biceps femoris, biceps 

brachii, and triceps brachii. The EMG signals were 

amplified (Coulbourn Instruments isolated bioa~plifier 

S75-C5) and si~ultaneously displayed on a storage 

oscilloscope and recorded on FM tape. 

Experi~ental Protocol 

The experimental protocol involved a total of 21 

trials for each subject. Three attemrts were given at each 

of the knee-extension and elbow-flexion tasks, and two 

atte~pts were given for each of the knee-flexion tasks. 

Warm-up. Each subject was given three warm-up 

trials for each of the three above-mentioned tasks. The 

subjects were instructed that the first warm-up trial was to 

be an easy effort at approximately 25% of maximum force. 

~he second warm-up trial was near 50% of maximu~ force, and 

the third was at approximately 90% of maximum force. The 

percenta~es were estimated by the subjects as a means to 

standardize the warm-up procedure. 

Instructions. For all trials subsequent to the 

three warm-up efforts, the subjects were instructed to 

produce the maximum force possible. Each maximal trial was 
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performed on a countdown given verbally by the investigator. 

The commands were: 3 - 2 - 1 - MARK - GO - 1 - 2 - 3, each 

occurring at 1 s intervals. On the command MARK, a 

timemarker was recorded on the F~1 tape. The subjects were 

instructed to begin force exertion on the command GO, and 

build to maximum in a ramp-like fashion while the 

investigator counted to three (3 s). Maximal force output 

was to be held at a plateau until the three-count was 

completed, at which time the subject could relax. Subjects 

were given three attempts at each task, and instructed that 

only the greatest force value for each task would be used. 

Arm-leg Trials. The initial six trials involved a 

single, maximal, isometric, flexor torgue about the left 

elbow joint, followed after a 30 s rest period by 

simultaneous flexion about the left elbow joint and 

extension about the right knee joint. This sequence of two 

trials was repeated three times. 

Unilateral-Bilateral Knee-Extension Trials. Trials 

7 throu0h 15 consisted of maximal, isometric, extensor 

torques about the knee joint in the following sequence: 

bilateral, left unilateral, right unilateral. Each trial 

was separated by a 30 s rest period, and the sequence of 

three trials was repeated three times. 

Knee Flexion. The final six trials in the 

experimental protocol involved maximal, isometric, flexor 

torques about the knee joint. This sequence of three trials 
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was the sa~e as described above for the knee-extension 

trials with the exception that only two atte~pts were given 

at each combination. Force measurements were not recorded 

for these trials due to limitations in the experimental 

apparatus. The purpose of these trials was to obtain 

measurements of maxi~al EP.G activity in the knee-flexor 

muscles which could be used as a reference against which to 

quantify antagonist (knee-flexor) activity recorded during . 

the knee-extension trials. 

Data Analysis 

Force. The signal recorded from the load cells onto 

Fr~ tape '-las replayed, and the maxi~um amplitude of the force 

plateau was measured with a waveform digitizer (Tektronix 

5010). The force records did not contain a dynamic 

overshoot due to the ramp-like increase in force required by 

the experi~ental protocol. 

Electromyography. For data-analysis purposes, the 

recorded EMG signals were replayed throulJh an "averager" 

(Coulbourn Instruments S76-01) with a time constant of 5~C 

ms, and the maximum amplitude for each trial was measured 

with a waveform digitizer. 

Bilateral Performance Index. A bilateral 

.performance index (BPI) was calculated for both force and 

EMG utilizing the values obtained from the trial with the 



greatest force. The BPI was calculated as follows: 

BPI (%)= (100 x bilateral ) - 100 6 

r. unll. + 1. unil. 

where r. unil. refers to the right unilateral condition, and 

1. unil. refers to the left unilateral condition. 

Deviation of the BPI from zero indicates a 

difference between the unilateral and bilateral 

performances. A BPI > 0% indicates that the bilateral 

performance was greater than the sum of the two unilateral 

performances. A BPI < 0% indicates that the bilateral 

pe~formance was less than the comhined unilateral values. 

statistics. statistical significance was set at the 

p < 0.05 level of confidence for all statistical analyses. 

Results 

Arm-leg Trials' 

Force. T-tests revealed that there were no 

significant differences in any of the three groups between 

the unilateral and bilateral force values for either the 

elbow-flexion or the knee-extension tasks (see Table 2). 

The force recorded for isometric flexor torgue about the 

elbow joint in the untrained group was 204.7 ~ 27.1 N versus 

197.0 + 35.9 N when the leg was si~ultaneously activated. 

The differences found in the cyclists (236.9 ~ 23.@ N versus 

229.1 + 29.3 N) and weightlifters (320.1 ± 29.6 N versus 

3@@.1 + 2102 N) were also not significant. Similarly, no 



TABLE 2: ARM AND LEG FORCE WHEN ACTIVATED ALONE AND WITH THE OTHER LIMB 

UNTRAINED 

CYCLISTS 

V\fEIGHTlIFTERS 

ARM FORCE 
(N) 

AlONE WITH LEG 

204.7 ± 27.1* 197.0 ± 35.9* 

236.9 ± 23.0* 229.1 ± 29.3· 

320.1 ± 29.6 300.1 ± 21.2 

lEG FORCE 
(N) 

AlOl\'E WITH ARM 

430.3 ± 55.2- 407.0 ± 55.7* 

462.5 ± 67.2* 459.1 ± 39.8-

652.2 ± 154.2 597.8 ± 140.0 

ARM-LEG BPI/\ 

(%) 

- 4.5 ± 6.3 

- 0.8 ± 10.9 

- 6.5 ± 9.0 

/\ The Bilateral Perfnrmance Index (BPI) for arm-lag force was calculated as follows: 
BPI (C/o) = [100 X (arm force with leg + leg force with arm) I (arm force alone + lag force alone» - 100 

• significantly different (p < 0.05) from WEIGHTLIFTERS 

all values are mean ± standard deviation 

UNTRAINED were subjects who had naver engaged in \"Isightlifting or cycling as part of their training 
CYCLISTS were subjects who were all competitive cyclists for local racing teams; their training was 
reciprocal in nature--8xtension of one leg was accompanied by simultaneous flexion of the other leg 
WEIGHTlIFTERS were subjects who had engaged in weightlifting exercises that included bilateral 
extensions about the knee joint. for a minimum of one year prior to the study 

0-.... 
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significant differences were found in the force output of 

the right leg when activated alone, versus when the arm was 

simultaneously activated, for any of the three groups. The 

differences in the means were 23.3, 3.4, and 54.4 N for the 

untrained, cyclists, and weightlifters, respectively. As 

would be expected based on their strength training, the 

weightlifters had force values significantly greater than 

those of both the untrained subjects and the cyclists for 

all of the required tasks. 

There were a wide range of BPI values when 

calculated from the arm-leg forces. The low was -17% and 

the high was +19%. As would be expected from the above 

results, analysis of variance revealed that there was no 

significant difference bet~Jeen any of the three groups baser. 

on their BPI. The untrained group had an arm-leg BPI as 

calculated for force of -4.5 + 6.3%. The value for the 

cyclists was -0.8 + 10.9%, and for the weightlifters the BPI 

was -6.5 + 9.0%. 

Electromyograryhy. As can be seen in Table 3, the 

E ll.'''' 
j hJ recorded during isometric flexor torque about the elbow 

joint in the untrained group was 1.25 ~ ~.23 mV versus 1.14 

~ 0.35 when the leg was simultaneously activated. The EMG 

values, in the arm alone condition, for the cyclists (l.Se + 

0.32 mV versus 1.48 + 0.35 mV) and the weightlifters (1.61 + 

0.20 mV versus 1.62 + 0.19 mV) were als6 not significantly 



TABLE 3: ARM AND LEG EMG WHEN ACTIVATED ALONE AND WITH THE OTHER LIMB 

UNTRAINED 

CYCLISTS 

VVEIGHTIJFTERS 

ARMEMG 
(mV) 

ALONE 

1.25 ± 0.23· 

1.50 ± 0.32 

1.61 ± 0.20 

---

WfTHLEG 

1.14 ± 0.35" 

1.48 ± 0.35 

1.62 ± 0.19 

AlONE 

LEGEIV.G 
(mV) 

0.37 ± 0.05" 

0.61 ± 0.19 

0.56 ± 0.09 

WITH ARM 

0.37 ± 0.09 

0.59 ± 0.16 

0.51 ± 0.06 

--

A Tha Bilateral Perfcnnancs Index (BPQ for arm-leg EWoG was calculated as follo .... ;9: 

ARM-LEG BPI A 

(%) 

- 7.8 ± 11.3 

- 1.3 ± 10.0 

- 1.7 ± 4.2 

BPI (%) <II [100 X (arm EMG wflh lag + lag ElVoG with arm) I (arm EMG alone + Jeg E~'iG alone)] -100 

"significantly different (p < 0.05) from WEIGHTLIFTERS 

aO values are maan ± standard deviation 

UNTRAINED wera subjects who had never eng~ed In waighttriting or cycling as part of their training 
CYCliSTS ware subjects who " .... ere all compat~iv9 cyclists for local racing teams; their training ,(JaS 

reciprocal in nature-extension of one Isg was accompanied by simultaneous flexion of the other leg 
WEIGHTlIFTERS were subjects who had engaged in wsightlifting exercises the included bilateral 
extensions about the knee joint, for a minimum of one year prior to the study 

Q\ 

W 
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different. Results of the arm-leg EMG values paralleled 

those of force with no significant differences existing in 

any group between the unilateral and bilateral EMG values of 

a given limb. The BPI values as calculated for EMG in the 

arm-leg task were also not significantly different among the 

three groupso 

unilateral-Bilateral Knee-Extension Trials 

Force. The unilateral and bilateral leg force 

values are reported in Table 40 The weightlifters had force 

values significanly greater than both the untrained grou~ 

and the cyclists on all of the leg-extension tasks in both 

the left and right legs. In addition, the BPI for force was 

calculated for each of the three groups. The results showed 

that the weightlifters had a BPI (~ean ~ SD) of +7.r. + 5.0%, 

and analysis of variance showed that this value was 

significantly greater (9 ~ C.35) than that of either the 

cyclists (-4.0 + 6.3%) or the untrained subjects (-9.7 ~ 

5.2%; Fig 1). T~e values for the cyclists and untrained 

subjects were not significantly different. In addition, all 

of the weightlifters had a RPI > r , and all of the untraine~ 

subjects had a BPI < c. 

r.lectro~yograr~Y. The unilateral and bilateral leg 

EMC values are reported in Table 5. The calculated values 

of the BPI for EMG were similar to those for force. Again 

the BPI for the weightlifters (+10.5 + 7.3%) was 



UNTRAINED 

CYCliSTS 

WEfGH11IffiRS 

TABLE 4: UNILATERAL AND BILATERAL LEG FORCE 

LEFT LEG FORCE 
(N) 

UNILATERAL BILATERAL 

456.6 ± 53.0· 407.8 ±, 84.9* 

514.2 ± 72.9* 495.4 ± 96.7" 

665.1 ± 121.4 711.7 ± 156.0 

RIGHT LEG FORCE 
(N) 

UNILATERAL BILATERAL 

430.3 ± 55.2" 389.3 ± 48.3· 

462.5 ± 67.2" 440.3 ± 61.4· 

652.2 ± 154.2 702.1 ± 165.7 

/\ Tha Bilataral Parformanca "Indax (BPI) for force was calculatad as follows: 

FORCEBP//\ 
(%) 

- 9.7 ± 5.2" 

- 4.0 ± 6.3* 

+ 7.0 ± 5.0 

BPI (%.) = [100 X (Iaft bilataral force + right bilateral forca) I (left unilateral force + right 
unilateral force)) - 100 

"significantly different (p < 0.05) from WEIGHTlIFTERS 

all values are mean ± standard deviation 

UNTRAINED were subjects who had never engaged in welghtlifting or cycling as part of their training 
CYCLISTS were subjects who were all competitiva cyclists for local racing teams; their training was 
reciprocal in nature--extension of one leg was accompanied by simullanaous flexion of the other leg 
WEIGHTUFTERSwere subjects who had engaged in weightlifting exercises that included bilateral 
e::~ansions about the knea joint for a minimum of ona year prior to tha study 

(j\ 
\.n 



Figure lA and B. Examples of Force and E~G Records from the 
First Aim Study. 'I'he force and r.~iG records are from a 
single untrained subject. The top tracings are force 
records measured at the left ankle during maximal, isometric 
extension about the knee joint. The lower tracings are EMr 
records from the left vastus lateralis muscle during the 
same task. A. Force and E~G records from the left leg 
during maxi~al, isometric, bilateral extension about the 
knee joint. The subject began force exertion on the commann 
~O, ann built to maximu~ ~uring a count given by t~e 
investigutor. B. The same subject during maximal, 
isometric, unilateral extension ahout the left knee joint. 
The subject had a 13% deficit in peak force output in the 
left leg during the bilateral effort (A) as co~,are~ to the 
unilateral effort (n). This is consistent with the conce?t 
of hilateral inhibition. 'I'here was an acco~panying 28% 
deficit in the "averaged" E~~G activity during the hilateral 
(~) as compared to the unilateral condition (8). 
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Figure 1. Examples of Force and EHG Records from the First Aim Study 
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UNTRAINED 

CYCLISTS 

WEfGHTUFTERS 

TABLE 5: UNILATERAL AND BILATERAL LEG EMG 

LEFTLEGEMG 
(mV) 

UNILATERAL BILATERAL 

0.38 ± O.Oso 0.34 ± 0.08* 

0.51 ± 0.11 0.47 ± 0.10 

0.55 ± 0.12 0.59 ± 0.12 

RIGHT LEG EMG 
(mV) 

UNILATERAL BILATERAL 

0.37 ± 0.05· 0.35 ± O.OS· 

0.61 ± 0.19 0.56 ± 0.18· 

0.56 ± O.Og 0.64 ± O.OS 

1\ The Bilateral Performanca Index (BPI) for eIV:G was calculated as follows: 

EMG BPI " 
(%) 

- 7.7 ± 14.7* 

- 8.0 ± 7.0* 

+ 10.5 ± 7.3 

BPI (%) D [100 X (left bilateral EI\f.G + right bilateral EIv.G) I (Iaft unilateral EMG + right unilateral EMG)J -100 

"significantly different (p < 0.05) from WEIGHTlIFTERS 

all values are mean ± standard deviation 

UNTRAINED were subjects who had naver engaged In walghtlifting or cycling as part of their training 
CYCLISTS were subjects who were all compstitive cyclists for local racing teams; their training was 
H~ciprocal in nature--e~tension of one leg was accompanied by simultaneous flexion of the other leg 
WEIGHTLIFTERS were subjects who had engaged in weightlifting exercises that included bilateral 
olttensions about the knee joint for a minimum of one year prior to the study 

0\ 
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significantly greater (p ~ 0.05) than either the cyclists 

(-8.G + 7.~%) or the untrained subjects (-7.7 ~ 14.7%). No 

significant difference existed between the cyclists and the 

untrained subjects. 

Fatigue 

Sufficient rest was given between trials so that 

fatigue was not a factor. This is substantiated by the fact 

that the maximum force for a given task could occur on any 

of the three attempts. Some subjects attained the maximum 

value on the initial trial, some on the second, and some on 

the third. In fact, the most common occurrence was a 

third-attempt maximu~, indicating that fatigue did not play 

a major role. 

Variablity of Maximum Efforts 

The variance associated with the three maximal 

trials for each task was examined across the three groups. 

There was no difference in the variance for any of the three 

groups on any of the required tasks, with one exception. 

The weightlifter group exhibited a greater variance (p < 

C.C5) on the bilateral leg-extension task. This greater 

variance was a result of increasing bilateral force values 

on each of the three trials. It appears that the 

weightlifters were able to adapt their experience in 

performing bilateral extensions about the knee joint to the 

specific apparatus used for this investigation. In the 
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course of only three trials, they were able to significantly 

increase their bilateral performance. It is noteworthy that 

this trial-to-trial increase did not occur with the 

weightlifters' unilateral trials. 

Cucontraction 

Information on the cocontraction of bicers femoris 

during extension about the knee joint is reported in Table 

6. Cocontraction occurred in both the ipsilateral and 

contralateral biceps femoris muscles during simultaneous 

activation of the muscles of knee extension. Cocontraction 

in the contralateral biceps femoris occurred in onl~ 6.9% of 

the trials when all of the groups are combined. 

Cocontraction of the ipsilateral biceps femoris occurred in 

only 5.6% of all trials. The mean percentage of maximum and 

range of cocontraction values are reported for each group. 

The incidences of cocontraction were quite variable and 

typically occurred only once or less per subject. 

Discussion 

Bilateral inhibition has been shown to be a reliable 

phenomenon in both the upper and lower extremeties. Papers 

on the topic have consistently demonstrated a deficit in 

force and EMG activity for a given limh on maximal bilateral 

versus unilateral tasks. The documentation of a positive 

BPI in this investigation was an unexpected discovery. Only 

twice in the previous literature have similar findings been 



TABLE 6: COCONTRACTION OF BICEPS FEMORIS DURING ISOMETRIC 
EXTENSION ABOUT THE KNEE JOINT FOR THE FIRST AIM STUDY 

UNTRAINED 

CYCLISTS 

WEIGHlUFTERS 

-

CONTRALATERAL BICEPS FEMORIS 

t\l'lJMBER 
(%) 

8.3 

4.2 

8.3 

MEAN±SD 
(%) 1\ 

61.3 ± 54.3 

6.0 ± 0.0 

36.5 ± 33.6 

RANGE 
(%) 

20 - 137 

a 
6 

5 - 68 

IPSILATERAL BICEPS FEMORIS 

NUMBER 
(%) 

2.1 

8.3 

6.3 

MEAN±SD 
(%) 1\ 

5.0 ± 0.0 

11.0 ± 7.0 

64.3 ± 67.3 

fW..'GE 
(C/o) 

5 

8 - 19 

23 - 142 
- -_ .. ----

A data are expressed as a percentage of the maximum EMG during isometric flexion about the 
knee joint, and are the maan of all trials in which coconlraction was present 

a - data point missing 

UNTRAINED were subjects who had never engaged in waightlifting or cycling as part of their training 
CYCLISTS were subjects who wera all competitive cyclists for local racing teams; their training was 
rociprocal in nature--extension of one lag was accompanied by simultaneous flexion of the other leg 
WEIGHTLIFTERS ware subjects who had engaged in waightlifting exercises that included bilateral 
extensions about the knee joint for a minimum of ona year prior to the study 

....., 
o 



presented, and on both occasions there were limitations 

apparent in the reports. 

The work of Secher (1975) has strongly influenced 

the area of training effects on bilateral inhibition. 
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Secher examined isometric rowing strength in experiencen ano 

inexperienced oarsmen. In the course of the investigation, 

strength was measured in the direction of extension in hoth 

one and two legs. The task involved si~ultaneous extension 

about the hip, knee, and ankle joints. It was found that as 

a group the elite, international-class rowers showed 

bilateral facilitation on the leg-extension task, while the 

less experienced groups demonstrated a bilateral force 

deficit. Many authors have used this data to conclude that 

bilateral inhibition can be altered ~vith training, but none, 

including Secher, have discussed the i~plications of the 

bilateral facilitation exhibiten hy the international-class 

rowers. 

However, there are several problems in inferring the 

effects of training on bilateral inhibition from Secher's 

(1975) data. In fact; all three groups in this 

investigation could be classified as highly trained. 

Subjects in group I were Oly~pic or ~orld Cha~pionships golJ 

and hronze medalists. Group II subjects were Danish 

champions, and those in Grou!.l III were senior "A" and "B" 

rowers. Co~rared to untrained people these subjects woul~ 

all be classified as highly trained. In addition, this was 
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not a longitudinal training studYi but rather a descriptive, 

cross-sectional analysis based on only three maximal 

contractions. The data do not allow for conclusions 

regarding the effects of training on bilateral inhibition as 

all three groups were trained, and their degree of training 

was not reported. The subjects were grouped based on 

performance and not necessarily the amount of training they 

had undergone. The possibility exists that the performance 

of the elite group was superior due to inherent differences 

in the ability to activate two li~bs which were present 

prior to training. When the data for all three groups are 

combined there is a oeficit in force during the bilateral 

task. 

The only work actually designed to investigate the 

effects of training on bilateral inhibition was that of Rube 

et ale (1980). Unfortunately this work was only presented 

in the form of a short note with no individual data or 

statistics. They examined the effects of both hahituation 

ana training on bilateral inhibition. Three test periods, 

each five weeks apart, were used to determine the effects of 

habituation and training on the ratio of bilateral 

leg-extension strength to the sum of the two unilateral 

strengths. The initial-trial index was 82% and the second 

was 97%. These results imply that the habituation occurring 

from the initial to the second testing session led to a 

decrease in the degree of bilateral inhibition. However, it 



should be noted that the greater ratio in the second 

determination was the result of not only an increase in 

bilateral strength, but also an unaccount~~le decrease in 

the one-leg values. The fact that the one-leg force values 

decreased casts serious doubt on the validity of this 

finding. 
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For training, Rube et ale (1980) assigned their 

subjects to one control and two training groups. One group 

trained with 150 repetitions of maximal, isometric 

contractions using the left and right legs separately for 18 

sessions per leg. Another group trained bilaterally with 

maximal, iso~etric contractions for 18 sessions. Both 

training groups increaseO their two-leg maximum strength by 

55% and their one-leg maximu~ strength by 4?%. This 

resulted in an increased bilateral to unilateral index of 

101%. Unfortunately, no individual data or statistics are 

available in this short note. However, it appears fro~ the 

few data presented that both unilateral and bilateral 

training with maxi~al, isometric contractions were 

successful in overcoming bilateral inhibition. 

Based on the shortcomings associated with these 

previous findings (Secher, 1975; Rube et al., 1980), and the 

otherwise consistent documentation of bilateral inhibition, 

a positive BPI score was not anticipated for any subjects in 

our investigation. Consequently, the documentation of 

bilateral facilitation (BPI> 0 %) has far-reaching 
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implications. Previous hypotheses have been based on the 

notion that a deficit in force for a given limb during 

bilateral as compared to unilateral efforts must be a result 

of inhibitory neural mechanis~s. The fact that all subjects 

in the weightlifter group of this investigation had a BPI > 

o % raises questions about these inhibitory hypotheses. 

Removal of inhibition could only result in e~ual bilateral 

and unilateral force values (?PI = r %) for a given li~b, 

not a greater bilateral value (~PI > 0 ~). Our observations 

of a BPI > a % necessitate a reevaluation of the theories of 

bilateral inhibition. It is therefore necessary to consider 

the relative importance of both mechanical and neural 

factors as they relate to unilateral-bilateral force 

differences. 

Mechanical Factors 

It could be argued that mechanical or postural 

factors may playa role in the difference seen between the 

force output in unilateral versus bilateral contractions. 

Subjects ~ay simply call additional musculature into action 

during the unilateral task, resulting in higher force 

output. This question was addressed in two carefully 

controlled investigations by Ohtsuki (1981b i 1983). 

In the initial investigation (Ohtsuki, 1981b), the 

forearms of the subjects were i~mobilized by plaster casts. 

In this paradigm, only two extrinsic finger-flexor muscles 
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couJ.d contribute force to the required finger-flexion task. 

For both hands, simultaneous bilateral exertion reduced the 

peak strength attainable during the five-second, maxi~a1 

effort. In addition, the raw and integrated E~G activity 

was also reduced during the two-handed efforts. Ohtsuki 

proposed either a division of attention or proprioceptive 

reciprocal inhibition to explain the observed phenomenon. 

The first is presumably mediated in supraspinal centers, an~ 

the later by a peripheral, afferent mechanis~. 

The E::G data from our investigation further 

substantiates neural rather than mechanical factors 

underlying unilateral-bilateral force differences. The PPI 

values for E~G mirror those for force, with the 

weightlifters (+10.5 ! 7.3%) being significantly greater 

than both the cyclists (-B.C + 7.0%) and the untrained 

subjects (-7.7! l4.7~). 

~echanical or postural factors alone cannot fully 

account for the differences seen in the ability to ~axi~ally 

activate a given limb during a bilateral versus a unilateral 

task. Therefore, interactions within the nervous syste~ are 

implicated. It appears that this phenomenon may result from 

interactions in two major areas: alterations in the central 

drive descending from supraspinal centers, or as a result of 

afferent feedback from involved musculature. 
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Central Neural Factors 

Reaction-time literature gives an indication of 

central interactions that influence bilateral performance. 

It appears that interhemispheric com~unication is involved 

in elongated bilateral reaction ti~es (Gazzaniga and Sperry, 

1966)e Interhemispheric interaction is also i~plicated in 

the slowing and synchrony seen in two-hand rhythmic 

movements (Wyke, 1969, 1970; Cohen, 1970, 1971). Although 

these tasks require only submaximal force levels it is 

possible that a similar mechanis~ may be involved during 

maxi~al bilateral tasks. It would see~ reasonable to 

postulate that com~unication between cerebral he~ispheres 

may influence the central command signal, ano result in the 

EMG and force differences observed during maximal, bilateral 

contractions. Ohtsuki (1981a) proposed that mutual efferent 

inhibition could account for the differences observed 

between unilateral and bilateral, knee-extension, reaction 

times. This proposed inhibition of efferent drive might 

result as well from interhemispheric com~unication. 

Several authors (Henry and smith, 1961; Ohtsuki, 

1981bi Vandervoort et al., 1984) have suggested that 

bilateral inhibition may result fro~ a division of attention 

during bilateral tasks. The assumption is that this would 

interfere in some manner with the descending central drive 

to the involved musculature. 
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cocontraction of antagonist musculature could also 

account for a oecrease in force output. If the level of 

antagonist activity was higher during bilateral trials as 

compareo to unilateral trials, a bilateral deficit in force 

could result. This was not the case. Ten of the 13 

subjects had no antagonist activity during any experi~ental 

trials, and yet many of the~ exhibited a bilateral ~eficit 

in force while others de~onstrated bilateral facilitation. 

Therefore, cocontraction cannot be solely responsible for 

either the bilateral deficits or bilateral facilitations 

observed in this study. 

7he work of Requin et ale (1977) and Bonnet et ale 

(1981) indicated that preparation for muscular contraction 

could l1ave an effect on spinal reflex pathways. It is 

possible that in pre9aration for maximal bilateral efforts 

reflex pathways may be primed for afferent infor~ation 

processing resulting from subsequent contractions. In 

addition, preparation may alter the state of the nervous 

system at the spinal-cord level so that si~ilar descencing 

command signals may result in different levels of force 

output. 

Peripheral Keural ~actors 

Sources of Afferentation. It has been shown that 

perturbations to one limb can inhibit the contralateral limb 

during maximal, bilateral contractions (Lagasse, 1974). 
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Lagasse proposed that the inhibitory effect seen in his wor~ 

was mediated by ~uscle-spindle afferents activated by 

stretching the test limh. This evidence is consistent with 

the idea that during bilateral tasks, afferent activity froIT 

each of the active limbs may have an inhibitory effect upon 

the other, resulting in a bilateral deficit. 

Sabatino et ale (1987) also demonstraten that 

activity in one li~b can alter the response mediated vai 

reflex pathways in the contralateral li~b. This work 

provines futher substantiation that afferent feedback fro~ 

one li~b has the capability of affecting force output in the 

contralateral limb. 

Another afferent stimulus that could im?act on 

unilateral~bilateral efforts is pain. Pain experienced 

the subjects during ~axi~al force exertion may limit 

b" J 

performance. If this is the case, then higher pain input 

during bilateral activations could result in a bilateral 

force deficit. Great care was taken in this study to 

sufficiently pad the straps securing the ankles to the loaa 

cells so that pain was not a factor. Subjects com~ented 

that the straps were very comfortable, and that pain was not 

a factor during the trials. 

Effects of Afferentation. Double reciprocal 

inhibition and cross education are two seemingly opposing 

neural factors that could impact upon unilateral-bilateral 

force differences. With double reciprocal inhibition, 
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excitatory influences to one liffib can be inhibitory to 

homologous musculature on the opposite side of the body. 

This phenomenon is exhibited during the flexion-withdrawal, 

crossed-extension reflex. 

In contrast, it has been demonstrated that 

unilateral strength training can increase the force-exerting 

ca~acity of the contralateral limh (~ellebrandt et al., 

1947; Panin et al., 1961; Hellebrandt and Houtz, 1950; 

Coleman, 1966; Komi et al., 1978; Lewis et al., 1984; Ikai 

and Fukunaga, 1970; Moritani an~ DeVries, 1979; Parker, 

1985; Cafarelli and Cannon, 1986). For example, Lewis et 

ale (1984) demonstrated that this cross-education effect 

could be accomplished without electrical activity in the 

contralateral, untrained limh during any of the training 

sessions. This contralateral facilitation could impact on 

unilateral-bilateral force differences based on the training 

background of the involved subjects. 

Central Versus Peripheral ~eural Factors 

The results of this investigation can help to shea 

light on the question of the relative importance of central 

versus peripheral neural factors in unilateral-bilateral 

force differences. T:1e suhject groups were chosen because 

of the nature of their training as compared to the untrained 

subjects. Both the cyclists and weightlifters had engaged 

in training that required simultaneous activation of both 



legs. However, the cyclists performed reciprocal 

flexion-extension movements, whereas the weightlifters 

performed concurrent, bilateral extension movements. 

Presu~ably, both of these groups were trained to send high 

levels of central drive to both legs si~ultaneously. 
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If afferent-based double reciprocal inhibition was 

the primary factor in bilateral deficits, one would expect 

the cyclists to exhibit a greater bilateral deficit than 

either the weightlifters or the untrained subjects. 7he 

nature of their training is such that extension of one leg 

is accompanied by concom~itant flexion of the contralateral 

leg. This type of training would be expected to enhance 

existing double reciprocal-inhibition reflexes. If these 

reflexes were the pri~ary mechanism of bilateral inhibition 

the cyclists would be expected to demonstrate a larger than 

normal bilateral deficit~ 

Conversely, if the contralateral facilitation seen 

with cross education was a dominant factor, then the 

cyclists would be expected to perform more like the 

weightlifters than the untrained subjects. However, this 

proposal is complicated by the fact that cyclists do not 

have a passive contralateral leg as has been the case in 

previous documentation of cross education. In fact, during 

extension of one knee joint they are actively flexing the 

contralateral knee joint. Based solely on a cross-education 

effect, it would be expected that as a result of their 
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unilateral knee-extension maneuvers the cyclists would 

increase their ability to maximally activate the opposing 

leg. If this training effect took place in each leg, in 

spite of activation of the knee-flexor muscles, the cyclists 

could demonstrate an enhanced ability to activate two limbs 

simultaneously. 

The results indicate that the cyclists are 

significantly different from the weightlifters, but not the 

untrained subjects, in their BPI. Therefore, it seems 

unlikely that double reciprocal inhibition is the mechanis~ 

by which bilateral force deficits occur. The BPI of -~.~ 

+ 6.3% for the cyclists indicates that the trend for this 

group is closer to bilateral-unilateral equality when 

compared to the -9.7 + 5.2% value of the untrained subjects. 

In fact, 2 of 6 cyclists had a BPI> 0%. As discussed 

above, a lower BPI would have been expected if double 

reciprocal inhibition was the pri~ary factor. Rather, this 

evidence is consistent with the cross-education facilitation 

that has been docu~ented in the literature. The 

cross-education influence did not appear to be as strong for 

the cyclists as for the weightlifters. Perhaps the nature 

of the cyclists training enhanced both inhibitory double 

reciprocal inhibition and excitatory cross education 

influences. 

The data from the arm-leg task indicate that 

division of attention is not primarily responsible for 



bilateral force deficits. This novel task required much 

more attention than bilateral knee extension, and yet no 

difference existed in the force output of a given limb 

between the one-limb and two-limb task for any of the 

groups. 
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However, it is not possible to exclude other central 

interactions to account for bot~ bilateral deficits an~ 

facilitation as seen in our knee-extension tasks. 

Interactions between cerebral hemispheres has been 

implicated in bilateral reaction-time deficits (Gazzaniga 

and Sperry, 1966). Our data do indicate that for these 

interhemispheric interactions to be of importance the task 

must re~uire activation of homologous musculature on 

opposite body sides. When non-ho~ologous musculature on 

opposite sides of the body is simultaneously actived there 

is no bilateral deficit. This is substantiated hy the 

arm-leg data from this investigation in which neither a 

deficit nor facilitation existed. However, the fact that 

unilateral-bilateral force differences exist in the 

knee-extension task (homologous musculature) means that 

interhemispheric interactions cannot be ruled out as a 

potential factor when the same musculature is activated on 

opposite sides of the body. In addition, it is unclear what 

effects preparation for maximal efforts may have on 

subse~uent force output. Preparation may influence afferent 



information processing, or even the state of the central 

nervous system at the spinal-cord levelD 
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7he findings of this study are consistent with the 

proposal that excitatory influences, resulting fro~ training 

the contralateral li~h, are manifested when there are 

maxi~al, bilateral exertions of force. This is consist~r.t 

with past data on cross education as well as t~e results of 

this investigation. T~is hy~othesis accounts for the 

a~?arent inability of the weightlifters to maxi~ally 

activate a single lim~ during unilateral efforts. ~he 

observed bilateral facilitation can be explained by the 

presence of excitatory input, arisinQ as a result of 

activation of the contralateral limb, that is not cbservable 

during unilateral efforts because the contralateral limb is 

inactive. 



CHAPTEP. 6 

SECOND AI~ STUDY: THE EFFECTS OF U~ILATERAL AN~ 
BILATERAL STRENGTH TRAI~ING ON THB ~AXIMAL 

FORCB OUTPUT OF OI~E VERSUS ThTO LHmS 

Introduction 

It has been found that during maximal, bilateral 

activation of ho~ologous ~usculature there is a deficit in 

both force an~ E~G w~en co~pared to unilateral activation of 

the same musculature (Coyle et al., 1981~ Henry and S~ith, 

19n1~ Kroll, 1965~ Ohtsuki, 1981b, 19'33; Secher, 1975; 

Secher et al., 197n, 1978; Vandervoort et al., 1984; Van 

Soest et al., 1985). This phenomenon has been referrec to 

as bilateral inhibition. The effect of unilateral and 

bilateral strength training on t~is observered bilateral 

deficit is unclear. 

The work of Secher (1975) has dominated the 

literature on the effects of training on bilateral 

inhibition. Secher exa~ineG isometric rowing strensth in 

trained oarsmen, and found that elite, international-class 

rowers showed no bilateral deficit for a leg-extension task. 

v:any authors have used these data to conclude that the 

degree of bilateral inhibition can be altered with training. 

However, the work of Secher (1975) was not a longitudinal 

training study, but rather a cross-sectional report. By 

84 
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conventional criteria, all three groups were in fact highly 

trained, and yet only one group showed an absence of 

bilateral inhibition. When the data for all three grou~s 

are combinen, there was a deficit in force during the 

bilateral task when compared to the su~ of that exerted in 

the two unilateral tasks. 

The only work actually designed to investigate the 

effects of training on bilateral inhibition was that of Rube 

et ale (1980). Unfortunately, this work was only presented 

in the form of a short note with no individual data or 

statistics. The authors examined the effects of both 

hubituation and training on the quotient of bilateral 

leg-extension strength and the sum of the two unilateral 

strengths. The quotient during the initial testing session 

was C.82 compared to 0.97 during the second session. These 

results imply that the habituation occurring from the 

initial to the second testing session led to a decrease in 

the degree of bilateral inhibition. However, it should be 

noted that the greater quotient in the secone testing 

session was due to the combination of an expected increase 

in bilateral strength and an unexplainahle decrease in the 

one-legged values. This decrease in the one-legged values 

casts doubt on the validity of these findings. Rube et ale 

used three groups of subjects. The control group did not 

train, the second group trained unilaterally, and the third 

group trained bilaterally. Both training groups increased 



their bilateral leg-extension strength by 55% and their 

unilateral leg-extension strength by 4~%, resulting in a 

final bilateral to unilateral quotient of 1.01. 

86 

Contrary to the change in bilateral inhibition shown 

by Rube et ale (1980) as a result of bilateral training, 

Coyle et ale (1981) did not observe such training effects 

with maximal, bilateral, isokinetic, knee-extension training 

at different velocities. Although all training was 

performed with two legs si~ultaneously, the i~~rovements in 

peak torque exerted bilaterally were not significantly 

different from the i~?rovements seen unilaterally. 

Therefore, the bilateral to unilateral ratio was unchanged. 

These discrepancies indicate that the effects of 

unilateral ana bilateral strength training on the degree of 

bilateral inhibition are still unclear. The purpose of this 

investigation was to further examine these effects. It was 

hypothesized that only bilateral, isometric, strength 

training would decrease the extent of bilateral inhibition. 

It was expected that the difference between the effects of 

unilateral and bilateral strength training would help to 

clarify the neural factors underlying bilateral inhibition. 

Wethods 

Subjects 

Lig~teen male subjects between the ages of 19 and 34 

years participated in the study (see Table 7 for sUhject 



TABLE 7: SUBJECT CHARACTERISTICS for the SECOND AIM STUDY 

CONTROLS 

UNILATERAL 

BILATERAL 

AGE 
(years) 

22.8 ± 5.2 

22.3 ± 3.7 

22.7 ± 4.3 

HEIGHT 
(em) 

185.6 ± 5.4 

179.8 ± 2.9* 

180.1 ± 2.0(> 

PRETEST 
WEIGHT(N) 

756.5 ± 62.6 

726.4 ± 84.0 

764.7 ± 72.8 

·significantly different (p < 0.05) from CONTROLS 

all values are mean ± standard deviation 

POSTIEST 
WEIGHT(N) 

754.9 ± 75.4 

731.7 ± 79.4 

759.8 ± 74.9 

CONTROLS were subjects who did no training during the course of the study 
UNILATERAL were subjects who exerted maximal, isometric, unilateral,extensor 
torques about the knee joint as their training during the course of the study 
BILATERAL were subjects who exerted maximal, isometric, bilateral, extensor 
torques about the knee joint as their training during the course of the study 

co 
-..J 
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characteristics) 0 They were randomly assigned to three 

groups of six subjects each. None of the surjects had 

engaged in any weightlifting exercises for a minimum of one 

year prior to the beginning of the study. The unilateral 

group performed maximal, isometric efforts, in the direction 

of extension about the knee joint, one leg at a ti~e in 

their training. The bilateral group performe~ the same 

knee-extension task \vith both legs being activated 

simultaneously on all trials ouring their training. The 

control group did not train during the course of the study. 

Apparatus 

The subjects were positioned on a special bench 

desi~ned for exerting iso~etric forces in the direction of 

both unilateral and bilateral extension about the knee 

joint. They were secured in a supine position by both hip 

and shoulder belts. Maxi~al, isometric, extensor torques 

about the knee joint were performed at a knee angle of I.? 

rad with each ankle secured to an individual load cell by 3 

padded strap. All testing and training sessions were 

performed on the same experimental apparatus. 

Measurements 

Force. Isometric force measurements were recorded 

at the left and right ankles by ~eans of load cells (Baldwin 

SR-4) with a capacity of 267A N. The load cells were 

mounted perpendicular to the involved limb. The output fro~ 



the load cells passed through a transducer coupler 

(Coulbourn Instru~ents S72-25) and was simultaneously 

displayed on a storage oscilloscope (Tektronix 5111A) and 

recorded on FM tape (Honeywell 760C, bandwith = C to sorn 

Hz) • 
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Electro~yography. Measurements of EMG activity were 

recorded using bipolar surface electrooes (8 m~ in diameter) 

from vastus lateralis and bice~s fe~oris muscles in each 

leg. The EMG signals were a~9lified (Coulbourn Instru~ents 

isolated bioa~~lifier 575-05) and simultaneously displayed 

on a storage oscilloscope and recorde~ on F~ ta~e. 

F.x~erimental Protocol 

The subjects participated in identical testing 

procedures both before and after the training sessions. 

Each test consisted of six different tasks , and a total of 

15 trials. Three attempts were given for each of the riJht 

unilateral, left unilateral, and bilateral knee-extension 

tasks. Two atte~pts were given for each of the right 

unilateral, left unilateral, and bilateral knee-flexion 

tasks. 

pretraining Test. Each subject was given three 

warm-u~ trials in the direction of extension and three 

warm-up trials in the direction of flexion for each leg. 

The first warm-ur was an easy effort at approximately 25% of 

maximum force. The second warm-u9 was near 50% of maximum 
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force, and the third was at approxi~ately 90% of maxi~ur 

force. For all trials subsequent to the three warm-up 

efforts, the subjects were instructed to produce the rnaximu;r. 

force possible. 

Each maxi~al trial was peiformed on a countdown 

given verbally by the investigator. The com~ands were: 3-

2 -1 - ~ARK - GO - 1 - 2 - 3, and they occurred at 1 s 

intervals. On the com~and ~ARK, a timemarker was recorded 

on the Ft1 tape. The subjects were instructed to begin force 

exertion on the command CO, and build to maximu~ in a 

ramp-like fashion while the investigator counted to three (3 

s). Maximal force output was held at a plateau until the 

count of three, at which time the subject could relax. 

Subjects were instructed that only the greatest force value 

would he used for each of the re1uired tasks. 

Trials 1 through 9 consisted of single maxi~al 

extensions about the knee joint in the following sequence: 

bilateral, left unilateral, right unilateral. Each trial 

was separated by a 30 s rest period. This sequence was 

repeated three times, giving the subject three chances at 

each required task. 

The final six trials in the experimental protocol 

involved maximal, isometric, flexion about the knee joint. 

The sequence was the same as described above for the 

knee-extension task, with the exception that only two 

attempts were given at each combination. Force measurements 
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were not recorded for these trials due to limitations in the 

experimental apparatus. The purpose of these trials was to 

'obtain measurements of maximal EMG activity in the 

knee-flexor muscles which could be used as a reference 

against which to quantify antagonist (knee-flexor) activity 

seen during the knee-extension trials. 

Training. Each subject in both the unilateral an~ 

bilateral groups trained three times per week for three 

weeks. All training sessions were conducted on the sa~e 

experimental apparatus on which the pretraining and 

posttraining tests were performed. The trainins sessions 

consisted of three sets of ten repetitions of maximal, 

isometric, knee-extension maneuvers held for a three-secone 

count. A rest period of five seconds was given between 

repetitions, and a one minute rest was given between sets. 

The unilateral group performed all training trials 

with one leg at a ti~e in an alternating fashion. A 

three-second, maximal effort was performed by the right leg 

alone, followed after the rest period by a three-secon~, 

maximal effort with the left leg alone. This sesuence was 

repeated until each leg had performed a total of ten trials. 

The one-minute rest period was given after completion of the 

first set of ten repetitions per leg. Sets two and three 

were performea in the same mannner. 

The bilateral group performed all training trials 

with both legs being activated simultaneously. Ten 
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bilateral efforts were performen followed by the one-minute 

rest period. Sets two and three followed in the same 

manner. 

The investigator was present for all training 

sessions and careful explanation of the training ~rotoco1 

was given to each subject. Continuous encourage~ent was 

given throughout the training sessions to ensure that 

maximal force was being exerted on each trial. 

posttraining Test. Posttraining tests were 

identical to those perfor~ed prior to the training session. 

Data Analysis 

Force. The signal measured from the load cells and 

recorded on F~ ta?e was replayed, and the maxi~um a~plitude 

measured with a waveform ~igitizer (Tektronix 5D10). T~e 

force records did not contain a dynamic overshoot due to the 

ra~?-like increase in force re~uired by the experi~ental 

protocol. 

Electro~yograrhy. For data-analysis purposes, the 

recorded E~~G signals were replayed through an "averager" 

(Coulbourn Instruments S76-01) with a time constant of 53~ 

ms, and the maximum amplitude for each trial was measurer. 

with a waveform digitizer. 

Bilateral Perfor~ance Index. A bilateral 

performance index (BPI) was calculated for both force and 
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EMG utilizing the values obtained from the trial with the 

greatest force. The BPI was calculated as follows: 

~PI (%)= (HHJ x bilateral ) - HHJ, 
r. unil. + 1. unil 

where r. unil. represents the right unilateral condition, 

and 1. unil. represents the left unilateral condition. 

Deviation of the BPI fro~ zero indicates a 

difference between the unilateral and bilateral 

perforIT:ances. A BPI > 0% indicates that the bilateral 

performance was greater than the sum of the two unilateral 

performances. A BPI < 0% incicates that the bilateral 

performance was less than the combined unilateral values. 

statistics. Statistical significance was set at the 

D < 0.05 level of confidence for all statistical analyses. 

Results 

Force 

Both unilateral and bilateral training increased the 

force-exerting capacity of the subjects on the resuireo 

knee-extension tasks (Table 8, Fig. 2). Significant 

strength increases were see~ pre- to posttraining in both 

the left and right legs during both the unilateral and 

bilateral tasks. These increases were documented in both 

the unilateral training group and the bilateral training 

group. However, the relationship between the ability to 



UNILATERAL 
FORCE (N) 

LEFT 

RIGHT 

BILATERAL 
FORCE (N) 

LEFT 

RIGHT 

BPI (%) 

TABLE 8: PRETRAINING VERSUS POSTTRAINING UNILATERAL AND BILATERAL 
FORCE VALUES FOR THE THREE GROUPS OF THE SECOND AIM STUDY 

CONTROL UNILATERAL BILATERAL 

PRETRA(,\JING POSTTRAINING ?RETRAINING POSTTRAINING ?RETRAINING POSTTAAINING 

799.3 ± 75.8 807.1 ± 75.2 670.7 ± 120.0 799.3 ± 16S.9" nS.1 ± 147.3 897.0 ± 165.9" 

879.8 ± 152.8 890.7 ± 87.8 708.7 ± 100.2 875.1 ± 156.S" 7S2.0 ± 192.3 949.5 ± 188.4' 

798.2 ± 68.0 798.2 ± 44.5 659.6 ± 119.5 810.4 ± 171.9" 726.1 ± 11'.S 945.8 ± 164.2" 

854.1 ± 143.5 869.6 ± 72.8 711.0 ± 121.0 892.9 ± 159.S" 762.0 ± 167.1 980.5 ± 194.0" 

-1.5±2.1 - 1.7 ± 4.8 - 0.8 ± 6.9 + 1.8 ± 4.3 - 3.7 ± 6.9 + 4.3 ± 4.4"/\ 

-

" significanlly diHerellt (p < 0.05) from pretest value 

/\ s!gnirlc!!ntly different (p < 0.05) from CONTROL group pasllest valU<) 

The Bilateral Performance Indax (BPI) was calculated as follows: 
BPI (%) .. (100 X (left bilataral force + right bilateral force) I (Ief! unilateral force + right unUateral force» - 100 

CONTROLS were subjgcts who did no training during tho ooursa of tha study 
UNILATERAl were subjects t"lho exerted maximal, Isometric, unilateral, extensor 
torques about the knee joint as their !raining durIng Ule course of tho study 
BILATERAL t"lere subjects vmo exerted maximal, Isometric, bilateral, extensor 
torques about the knee joint as thefr training during the course of the study 

all values are mean ± standard devlallon 

\D 
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Figure 2A an~~. Exa~ples of Force and BMG Pecords from the 
Second Aim Study. The force an~ E~G records are from a 
single subject prior to and follo\/ing a three-week training 
program. The top tracing are force records measured at the 
left ankle during maximal, isometric extension ahout the 
knee joint. The lower tracings are P~G records from the 
left vastus lateralis muscle ~uring the same task. ~. 
Force and F~G records fro~ the left leg during ~axi~al, 
iso~etric, unilateral extension about the knee joint prior 
to the training sessions. Thp subject began force exertion 
on the cox~and GO, and built to ~aximu~ durin~ a count given 
by the investigator. P. The same subject during maxi~al, 
iso~etric, unilateral extension about the knee joint 
following the 3 wee~ training session. The subject trained 
3 tiMes per week for 3 weeks on the sa~e apparatus on which 
the testin~ was rerformec. Eac, training session involved 3 
sets of 10 repetitions of maximal, unilateral, extensions 
about the knee joint with each leg. In the posttraing test 
(~) the peak force output ha~ increase~ 14% when co~pared to 
the pretraining test (A). There was an accompanying 38% 
increase in the "average~" I'~·~C activity during the 
posttraining (3) as compareG to the rretraining test (A). 
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Figure 2. Examples of Force and EMG Records from the Second Aim Study 
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maxi~ally activate one versus two legs was affected by the 

type of training in which the subjects engaged. 
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A DPI score was calculated for each group based on 

the tests performed both prior to, and following the 

training sessions. Analysis of variance revealed that there 

were no statistical differences (p > 0.05) a~ong the BPI's 

of the three groups prior to the training. The control 

group BPI (~ean + S.D.) was -1.5 + 2.1%, the unilateral 

group was -0.8 + 6.9%, and the bilateral group was -3.7 + 

6.9%. Following the training sessions, the only 

statistically significant difference (p ~ 0.05) in the BPI 

was between the control group (-1.7 + ~.8%) and the 

bilateral group (+4.2 + 4.4%). The posttraining BPI for the 

unilateral group was +1.8 + 4.4~. 

Paired t-tests revealed that the BPI for force die 

not differ statistically posttraining as compared to 

pretrainins for either the control or unilateral group. 

However, the bilateral group did show a statistically 

significant (p ~ 0.05) increase in the BPI following the 

training protocol (-3.7 + 6.9% versus +4.2 + 4 0 4%). 

There was no difference in the variability on the 

three maximum trials for each task among any of the three 

groups. 
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Electromyography 

There were no statistically significant differences 

in the BPI as calculated for EMG between any of the groups 

in either the pretraining or posttraining tests (see Table 

9). The BPI's for the control group before and after 

training were +14.3 + 7.1% and +2.3 + 15.4%, respectively. 

Pre- and posstraining BPI's for the unilateral group were 

+7.8 + 14.2% and +9.3 ~ 10.5%, and for the bilateral group 

they were +~.3 + 17.3% and 15.7 + 11.1%. Similarly, there 

were no significant pre- to posttraining changes in EMG for 

any of the three groups. It should be noted that both the 

unilaterally and bilaterally trained groups had larger EMC 

values for all of the required tasks on the posttraining 

tests as co~pared to the ?retraining tests. These increases 

were not statistically significant due to the large standard 

deviations. 

Cocontraction 

The data on concontraction of biceps femoris during 

maximal extension about the knee joint is presented for thG 

pretests and posttests in Tahles 10 and 11. As was seen in 

the First Aim Study, incidences of concontraction were quite 

variable, and did not appear to exhibit any consistent 

pattern of occurrence. There was no difference in the 

degree of cocontraction in the pretraining versus the 

posttraining tests. 



UNn..ATERAl 
8'J:G (mY) 

LEFT 

RIGHT 

B/LATERAl 
Er1.G (mY) 

LEFT 

RrGHT 

BPI (%)" I 

TABLE 9: PRETRAINING VERSUS POSTIRAINING UNILATERAL AND BILATERAl 
EMG VALUES FOR THE THREE GROUPS OF THE SECOND AIM STUDY 

CONTROl UNILATERAl BILATERAl 

PRETEST POSTIEST PRETEST POSTIEST PRETEST POSTTEST 

0.45 ± 0.12 0.50 ± 0.16 O.SO ± 0.21 0.57 ± 0.22 0.51 ± 0.09 0.65 ± 0.25 

0.60 ± 0.17 0.71 ± 0.29 0.57 ± 0.20 0.68 ± .033 0.55 ± 0.21 0.67 ± 0.32 

0.52 ± 0.12 0.50 ± 0.21 0.54 ± 0.25 0.59 ± 0.21 0.51 ± 0.05 0.69 ± '''.26 

0.68 ± 0.21 0.74 ± 0.31 0.68 ± 0.28 o.n ± 0.38 0.53 ± 0.14 0.84 ± 0.44 

+ 14.3 ± 7.1 + 2.3 ± 15.4 + 7.8 ± 14.2 + 9.3 ± 10.5 + 0.3 ± 17.3 + 15.7 ± 11.1 
----- -- -

• Tho Bilateral Performance Indax (BPI) for EMG Wag al!culated as follows: 
BPI (%) - (100 )( (Iaft bilateral EMG + right bllalaral EM G) I (Iaft unr..atarol EMG + right unflateral EMG» - 100 

CONTROLS \',aro subj9cts Ij./ho dld no traInIng during the course of lila study 
UNILATERAl were subjects who exerted maximal, Isometric, unilateral, extensor 
torques about tho lutee joInt as their traIning during the course o! th'" study 
BILATERAL ware subjacts who Gl(erted malClmal, Isometric, bilateral, oxtensor 
torques eOOut the knee Joint as their trainIng during the COUl'SS 01 the study 

all values are mean ± standard dsviation 
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TABLE 10: PRETRAiNING COCONTRACTION OF THE BICEPS FEMORIS 
DURING ISOMETRIC EXTENSION ABOUT THE KNEE JOINT 

CONTROL 

UNILATERAL 

BILATERAL 

CONTRALATERAL BICEPS FElViORIS IPSILATERAL BICEPS FEMORIS 

NUMBER MEAN ± SO RANGE NUMBER MEAN ± SO RANGE 
(%) (%)* (%) (%) (%)* (%) 

8.3 28.3 ± 29.7 6 - 70 18.8 19.9 ± 9.7 5 - 36 

14.6 33.0 ± 18.9 5 - 59 10.4 42.8 ± 17.4 27 - 72 

6.3 32.3 ± 13.3 17 - 41 10.4 7.2 ± 3.1 4 - 12 

- - - --- -------

o data are expressed as a percentage of the maximum EMG during Isometric flexion about the 
knee joint, and are the mean of all trials in which cocontraction was present 

CONTROLS were subjects who did no training during the course of the study 
UNILATERAL ware subjects who exerted maximal, isometric, unilateral, extensor 
torques about the knse joint as their training during the course of the study 
BILATERAL were subjects who exerted maximal, isometric, bilateral, extensor 
torques about the knee joint as: their training during the course of the study 

, 
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TABLE 11: POSTIRAINING CO CONTRACTION OF THE BICEPS FEMORIS 
DURING ISOMETRIC EXTENSION ABOUT THE KNEE JOINT 

CONTROL 

UNILATERAL 

BILATERAL 

CONTRAlATERAL BICEPS FEMORIS IPSILATERAL BICEPS FEMORIS 

I\IUlVJ3ER 
(%) 

.2.1 

10.4 

6.3 

-- --

MEAN±SD 
(%). 

21.0 ± 0.0 

59.3 ± 23.2 

55.5 ± 41.7 

RANGE 
(%) 

21 

31 - 87 

26 - 85 

NUMBER 
(%) 

12.5 

22.9 

14.6 

MEAN±SD 
(%). 

36.0 ± 21.0 

53.2 ± 41.3 

31.5 ± 20.5 

.~. -- -

RANGE 
(%) 

14 - 60 

9 - 148 

17 - 46 

.. data are expressed as a percentage of the maximum EMG during isometric flexion about the 
knee joint, and are the mean of all trials in which cocontraction was present 

CONTROLS were subjects who did no training during the course of the study 
UNILATERAL were subjects who exerted maximal, isometric, unilateral, extensor 
torques about the knee joint as their training during the course of the study 
BILATERAL were subjects who exerted maximal, isometric, bilateral, extensor 
torques about the knee joint as their training during the course of the study 

..... 
o 
o 
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Discussion 

Previous work in this laboratory (First Aim Study) 

demonstrated that subjects who train 'vith maximal, 

isometric, bilateral, extensions about the knee joint can 

have a positive BPI. This indicates that the force exerted 

by a given limb is actually greater during bilateral efforts 

than when that same li~b is activated alone. In contrast, 

prior work by other investigators on this topic has 

consistently docu~ented bilateral force deficits. The 

results of this training study substantiate previous 

findings fro~ this laboratory of bilateral facilitation (SPI 

> C%) 0 This work also demonstrates that subjects can, as a 

result of training, progress from a negative to a positive 

BPI. 

This progression from a negative to a positive BPI 

su~ports the concept that BPI scores are a continuum based 

on the type of activity in which the subject is engaged. 

This finding has substantial implications for the proposed 

mechanisms underlying unilateral-bilateral force 

differences. Previous hypotheses have been based on the 

notion that a deficit in force for a given limb during 

bilateral as compared to unilateral efforts must be a result 

of inhibitory neural mechanisms. The terminology "bilateral 

inhibition" has been used to describe this phenomenon. 

Based on the continuum of negative (-17%) to positive (+11%) 

BPI scores seen in this investigation, it seems that if 
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inhibitory mechanis~s prevail when a subject has a negative 

BPI, then excitatory factors ~ust do~inate when a positive 

BPI exists. ?herefore, it apDears that that terminology an~ 

concept of bilateral inhibition needs to be further 

expanded. 

The finding that only bilateral training lee to an 

increase in the DPI is also consistent with previous 

findings fro~ this laboratory. Keightlifters were shown to 

have a signifcantly greater BPI than either cyclists or 

untrained subjects (First Aim Study). The weightlifters 

would correspond to the bilateral training group in this 

investigation based on their background of performing 

~axi~al, bilateral, knee-extension movements in their 

training. The cyclists would be similar to the unilateral 

training group of this study based on their training 

involving unilateral extension movements ahout the knee 

joint. In the First ~i~ Study, weightlifters demonstrate~ a 

positive BPI and were significantly greater than either t~e 

cyclists or the untrained subjects. Si~ilar results e~ergec 

fro~ this investigation. Only the bilaterally trained group 

increased their BPI pre- to posttraining, and in aodition, 

their posttraining BPI was positive. 

These findings indicate that the weightlifters 

tested previously were not merely preselected into lifting 

weights based on their ability to activate two limbs 

simultaneously. Rather, they probably developed this 
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ability as a result of their training programs. This is 

consistent with the specificity-of-training concept that has 

been repeatedly docu~ented in exercise physiology (for 

reviews see Clausen, 1977; McCafferty and Horvath, 1977). 

It is interesting, however, that unilateral training 

does not decrease the BPI. Specificity of training woulrl 

suggest that unilateral strength training should lead to an 

enhanced ability to activate one leg at a time. The results 

of this study do not substantiate such a hypothesis. 

BPI scores of the unilateral group did not decrease, 

The 

rl . an, .. In 

fact, the trend was toward an increase. This upward trend 

is further substantiated by the work of Rube et a1. (198~) 

who showed that unilateral training increased the ability to 

maximally activate two legs simultaneously by 55%, whereas 

the one-legged maximu~ increased only 40%. It a~pears that 

additional factors, above anr. beyond the previously proposec 

inhibitory ones, must be considered to account for both the 

effects of unilateral training and the documentation of 

bilateral facilitation. 

In the investigation of Rube et a1. (198C), the 

subjects were assigned to three groups. The control grou~ 

did no training. The second group trained with 150 

repetitions of maximal, isometric, extensor torques about 

the knee joint using the left and right legs separately for 

18 sessions per leg. The third group trained bilaterally 

with maxi~a1, isometric, extensor torques about the knee 
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joint for 18 sessions. 30th training groups increased their 

two-leg maximum by 55% and their one-leg maximum by 40%. 

This resulted in an increased bilateral to unilateral 

quotient of 101%. This work is the only docu~entation of 

bilateral facilitation in an investigation actually aesigned 

to explore unilateral-hilateral force differences. 

Unfortunately, no individual data or statistics are 

aVRilable in this short note. However, it a~pears fro~ the 

few data presented that hoth unilateral and bilateral 

training with maxi~al, iso~etric contractions were 

successful in overco~ing bilateral inhibition. 

It is interesting that discussion of bilateral 

facilitation is missing in the literature. Previous 

investigators have chosen to dicuss inhibitory mechanis~s 

lea~ing to a bilateral force deficit. This is 

un~erstandable from the standpoint that papers on the 

subject have consistently documented a bilateral force 

deficit. On the surface, it a~?ears that inhibitory factors 

reSUlting in a bilateral deficit, and the docu~entation of 

bilateral facilitation are incompatible. Training, that Ion 

to the removal of bilateral inhibition, could only result in 

unilateral-bilateral equality. Therefore, either the 

inhibitory theories are incorrect, or there are additional 

excitatory factors that emerge as a result of training. 

Cross-education research can give insight into how 

both unilateral and bilateral training could increase 
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bilateral force output to a greater extent than unilateral 

force output. It has been demonstrated that unilateral 

strength training can increase the force-exerting capacity 

of the contralateral limb (Hellebrandt et al., 1947; Panin 

et al., 1961; Hellebrandt and Houtz, 1950; Coleman, 1966; 

Komi et al., 1978; Lewis et al., 1934; Ikai and Fukunaga, 

1970; Moritani and DeVries, 1979; Parker, 1985; Cafarelli 

and Cannon, 1986). This contralateral facilitation could 

i~pact on unilateral-bilateral force differences based on 

the training background of the involved subjects. 

Based on this information, it can be assumed that 

the unilaterally trained subjects experienced cross 

education of the contralateral limb during their training. 

This influence accounts for the fact that the subjects mace 

improvement on not only the unilateral task, but the 

bilateral one as well. This proposal is substantiated by 

the fact that their BPI did not change pre- to posttraining. 

The contralateral enhancement of cross education 

manifests itself only during bilateral efforts. This is 

confirmed by the data from the bilaterally trained subjects 

who actually demonstrated a positive BPI after the training 

regime. This positive BPI could also be described as an 

apparent inability of the bilaterally trained subjects to 

maximally activate their limbs during unilateral efforts. 

However, it is more likely that additional facilitatory 

factors are present during the bilateral task, rather than 
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unilateral inhibition. The observed bilateral facilitation 

can be explained by the presence of excitatory input, 

arising as a result of activation of the contralateral limb, 

that is not observable during unilateral efforts because the 

contralateral limb is inactive. This proposal is consistent 

with both cross education and the results of this training 

study. 

The pretraining versus posttraining E~jG data do not 

demonstrate the same training effect as seen with the force 

data. Although both the unilateral group and the bilateral 

group increased their EMG values on the posttraining test as 

compared to the pretraining test, the increases were not 

statistically significant. The large standard deviations 

were responsible for the nonsignificant findings. It was 

difficult to duplicate electrode place~ent and skin 

conditions on the pretraining and posttraining tests. This 

difference in EMG recording conditions could account for the 

lack of significant findings. In addition, the wide range 

of E~~C values within a given group further co~plicates t~e 

interpretation of the results. It seems quite likely that 

these factors may have combined to mask a training effect, 

if in fact one was present. 



CHAPTER 7 

THIRD AIM STUDY: THE EFFECTS OF CONTRALATERAL ELECTPICAL 
STI~ULATION ON MAXI~AL FORCE OUTPUT 

Introduction 

It has been found by previous investigators that 

during maximal, bilateral activation of homologous 

musculature there is a deficit in both force and EMG when 

compared to unilateral activation of the same musculature 

(Coyle et al., 1981; Henry and Smith, 1961; Kroll, 1965; 

Ohtsuki, 1981b, 1983; Se~her, 1975; Secher et al., 1976, 

1978; Vandervoort et al., 1984; Van Soest et al., 1985). 

This pheno~enon has been referred to as bilateral 

inhibition. Recent work in this laboratory (First and 

Second Aim Studies) has shown'that hilateral inhibition is 

not present in all subjects, and in fact, bilateral 

facilitation can be found in subjects who have engaged in 

bilateral strength training. 

The neural factors that contribute to differences in 

the ability to maximally activate one versus two limbs 

remain elusive. However, it appears that this pheno~enon 

may result from interactions in two major areas: 

alterations within the central nervous system, or as a 

W7 
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result of afferent feedback from involved musculature. The 

differences in force output seen during maxi~al, bilateral 

contractions is a result of interactions in one or both of 

these areas. 

Reaction-time literature gives an indication of 

central interactions that influence bilateral performance. 

It appears that interhemispheric communication is involved 

in elongated bilateral reaction times (Gazzaniga and Sperry, 

1966). Interhemispheric interaction is also implicated in 

the slowing and synchrony seen in two-hand rhythmic 

movements (Wyke, 1969, 1970; Cohen, 197@, 1971). Although 

these tasks only require submaximal force levels it is 

possible that a similar mechanism may be involved during 

maxirr.al bilateral efforts. It would seem reasonable to 

postulate that com~unication between cerebral hemispheres 

may influence the central corr-mand signal and result in 

differences in bilateral and unilateral force output for a 

given limb. 

Other findings indicate that peripheral, afferent 

feedback can influence force output. The work of Lagasse 

(1974) indicates that perturbations to one limh can inhihit 

the contralateral limb during maximal, bilateral 

contractions. He proposed that the inhibitory effect seen 

in his work was mediated by muscle-spindle afferents 

activated by stretching the test limb. This evidence is 

consistent with the idea that afferent activity from each of 



the active limbs may have an inhibitory effect upon the 

other, resulting in a bilateral deficit. 
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Cohen (1970) investigated both central and afferent 

roles in the inhibitory effects seen during bimanual 

activity. His findings supported the hypothesis that 

interlirnb interactions were mediated by interference with 

the generation of the central commands at their supraspinal 

origin. However, this work involved subrnaxirnal, rhyth~ic 

contractions and the findings cannot necessarily be 

generalized to maximal, bilateral contractions. 

Requin et ale (1977) and Bonnet et ale (1981) have 

de~onstrated that preparation for muscular contraction can 

have an effect upon spinal reflex pathways. It is possible 

that in preparation for maxi~al, bilateral contractions, 

reflex Dathways may be pri~ed for afferent information 

processing resulting from the subsequent contractions. In 

addition, preparation may alter the state of the nervous 

system at the spinal-cord level so that si~ilar descending 

command signals result in varying levels of muscular 

activation. 

There seems to be sufficient evidence to justify 

hypotheses based on both central nervous system 

modifications and peripheral, afferent feedback to account 

for the phenomenon of bilateral versus unilateral 

differences in force output. This investigation was 

designed to examine the response to an afferent perturbation 
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in subjects who demonstrate a bilateral deficit in force 

output, versus those who demonstrate bilateral facilitation. 

We have investigated the effect of contralateral electrical 

sti~ulation on the maximal force output of the knee-extensor 

muscles during isometric efforts. The results will supply 

evidence to indicate whether afferent input from one li~b is 

capable of influencing the force output of the contralateral 

limb. It was hypothesized that the two groups would differ 

in their ability to maxi~ally activate the contralateral 

limb during electrical stimulation. Based on the previously 

observed differences in their ability to maxi~ally activate 

one versus two li~bs, it was predicted that the 

bilateral-facilitation group would exhibit greater 

facilitation of force output during the contralateral 

electrical stimulation. 

Methods 

Subjects 

Twelve male subjects between the ages of 19 and 34 

years participated in the study (see Table 12 for subject 

characteristics). They were selected and assigned to one of 

two groups based on their performance on unilateral versus 

bilateral, maximal, isometric, knee-extension tasks in a 

previous investigation. All subjects in the first group had 

a positive bilateral performance index (BPI) as calculated 

for force (mean ~ +608 + 403%), and all subjects in the 



TABLE 12: SUBJECT CHARACTERISTICS for the THIRD AIM STUDY 

POSITIVE BPI 

NEGATIVE BPI 

AGE 

(years) 
HEIGHT 

(em) 

WEIGHT 

(N) 

STRENGTH/\ 

(N) 
I 
I 

23.3 ± 3.9 179.3 ± 5.1 755.4 ± 92.3 994.4 ± 289.3 I 

.... 

27.0 ± 4.5 174.4 ± 5.9 658.4 ± 52.66 658.8 ± 132.06 

1\ the maximum unilateral force exerted by thEl right leg during the isometric 
knee-extension task 

·significantly different (p < 0.05) from POSITIVE BPI group 

all valuas are mean ± standard deviation 

POSITIVE BPI were subjects who had a positive Bilateral Performance Index 
NEGATIVE BPI ware subjects who had a negative Bilateral Performance Index 

The Bilateral Performance Index (BPI) was calculated as follows: 
BPI (%) = [100 X (right bilateral leg force + left bilateral leg force) I 

(right unilateral leg force + left unilateral leg force)) - 100 

i 

...... 

...... ...... 
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second group had a negative force BPI (~ean = -10.0 ~ 5.2%). 

A t-test revealed that the two groups were statistically 

different (p ~ 0.05). The BPI was calculated as follows: 

BPI (%)= (HW x bilateral ) - lClO, 
r. unil. + 1. unil. 

where r. unil. represents the right unilateral condition, 

and 1. unil. represents the left unilateral condition. 

Apparatus 

The subjects were positioned on a special bench 

designed for the performance of both unilateral and 

bilateral knee-extension tasks. They were secured in a 

supine position by both hip and shoulder belts. Maxi~al, 

isometric, extensor torques about the knee joint were 

performed at a knee angle of 1.9 rad with each ankle secured 

to an individual load cell by a padded stra~. 

Electrical stimulation of the extensor muscles that 

act ahout the right knee joint was accomplished with the use 

of a Medtronic Multiflex Model 3105, neuromuscular 

stimulator. The unit produced a 2500 ~z sine wave modulate1 

at 5r bursts per secone with a 50% duty cycle. The 

intensity could be modulated from 0 to lr@ rnA RMS. The 

adjustable ramp time was set for a 2 s increase in 

intensity, and the peak intensity was maintained for 3 s on 

each trial. Four stimulation electrodes (785 X 15.5 c~) 

were coated with conducting gel, and strapped over the 
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surface of the right quadriceps femoris muscle group with 

large velcro straps. 

Measurements 

Force. Isometric force measurements were ~ade at 

the left and right ankles by means of load cells (Bald\vin 

SR-4) with a 2670 N capacity, ~ounted perpendicular to the 

involved limb. The output fro~ the load cells passed 

through a transducer coupler (Coulhourn Instruments S72-25) 

and was simultaneously displayed on a storage oscilloscope

(Tektronix 5ll1A) and recorded on FM tape (Honeywell 760C; 

band\ddth = (J to 5000 Hz). 

Electromyography. Measurements of EMC activity were 

obtained using bipolar surface electrodes (8 m~ in diameter) 

from vastus lateralis anc bice~s femoris muscles of the left 

leg only. E~G ~easurements could not be obtained from the 

ri~ht leg due to the high-frequency electrical stimulation 

of that limb. The E~G signals were a~plified (Coulbourn 

Instru~ents isolated bioa~?lifier S75-e5) and simultaneously 

displayed on a storage oscilloscope and recorded on FM tape. 

Experimental Protocol 

Each subject was given three warm-up trials in the 

direction of extension, and three in the direction of 

flexion, for each lego The first warm-up was instructed to 

be an easy effort at approximately 25% of maximum force 

output. The second warm-up was near 50% of mahimu~ force, 



114 

and the third was at approximately 90% of maximum force. 

The percentages were estimated by the subjects as a means to 

standardize the warm-up procedure. For all trials 

subsequent to the three warm-ups, the subjects were 

instructed to produce the maxi~um force possible. 

Each maximal trial without electrical sti~ulation 

was performed following a count given verbally by the 

investigator. The commands were: 3 - 2 - I - ~ARK - GO - I 

- 2 - 3, and occurred at I s intervals. On the comma~d 

MARK, a time marker was recorded on the FM tape for use as a 

trigger signal to the waveform digitizer in subsequent data 

analysis. The subjects were instructed to begin force 

exertion on the command GO, and build to maximum in a 

ramp-like fashion while the investigator counted to three (3 

s). ~axi~al force output was to be held at a plateau until 

the three~count was completed, at which time the subject 

could relax. The maximal efforts performed during 

electrical stimulation were begun at the onset of the 

two-second, ramp-like increase in the stimulation intensity 

(at which time the investigator gave the command, GO), and 

held during the subsequent three-second duration of the peak 

electrical stimulation. Subjects were given three atte~pts 

at each task in the protocol, and instructed that only the 

greatest of the three force values would be used. 

The initial three trials of the experimental 

protocol consisted of maximal, isometric, extensor torque 
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about the right knee joint. Each of these trials was 

separated by a 30 s rest period. After the first three 

trials, the subjects were introduced to the electrical 

stimulation procedure. Stimulation was started at a very 

low level of intensity to allow the subject to become 

accustomed to the sensation. The intensity of the 

electrical stimulation was gradually increased to the 

maximum-tolerance level of each subject. This process was 

normally accomplished in five to six trials. 

After the maximum-tolerance level of the subject was 

determined, trial number four was recorded. For this trial, 

the subject re~ained relaxed and the force exerted at the 

right ankle as a result of the electrical stimulation was 

recorded. Trials 5 through 10 alternated as follows: 

unilateral extension about the left knee joint, followed 

after a 30 s rest period by extension about the left knee 

joint with simultaneous electrical stimulation of the right 

knee-extensor muscles. 

Data Analysis 

Force. The signal recorded from the load cells onto 

the FM tape was replayed, and the maximum amplitude measured 

with a waveform digitizer (Tektronix 5D10). The force 

records did not contain a dynamic overshoot due to the 

ramp-like increase in force required by the experimental 

protocol. 
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Electromyography. For data-analysis purposes, the 

recorded Er-'G signa I s were repl ayed thr ough an OIaverager" 

(Coulbourn Instruments S76-C1) with a ti~e constant of 50r 

ms, and the maxi~um amplitude for each trial was measured 

with a waveform digitizer. 

statistics. Statistical significance was set at the 

p < 0.e5 level of confidence for all statistical analyses. 

Results 

~he results of this investigation are reported in -

Table 13. The subjects were grouped prior to the 

investigation based on their ~PI for force. All 

positive-group subjects had a positive BPI score and all 

negative-group subjects had a negative ~PI score. The B?I 

scores of the positive group (+6.8 + 4.3%) were 

significantly greater than those of the negative group 

(-10.0 ~ 5.2%). Although they were assigned based on force 

3PI scores, the groups were also statistically different 

basen on their P,PI for EMG (+0.2 + 9.2% versus -lC.7 + 

14.2~) • 

All subjects, in both groups, de~onstrateo a 

facilitation in left knee-extension force during electrical 

stimulation of the right leg, above that exerted during the 

left unilateral knee-extension task (Figure 3) However, the 

degree of facilitation 'vas different between the two groups. 

The positive group showed a 16.5 ~ 7.5% increase which was 



TABLE 13: BILATERAL PERFORMANCE INDICES AND FORCE DATA 
RESULTING FROM ELECTRICAL STIMULATION 

POSITIVE BPI 

NEGATIVE BPI 

FORCE BPI 

(Ofc») 

+6.8 ± 4.3 

10.0 ± 5.2tt 

EMGBPI 
(%) 

+6.2 ± 9.2 

10.7 ± 14.2tt 

FACILITATION 
(0/0) 

+16.5 ± 7.5 

+5.7 ± 3.4tt 

·significantly different (p < 0.05) from POSITIVE BPI group 

ELICITED FORCE 
(0/0) 

56.3 ± 15.1 

42.8 ± 11.4 

I 

I 

i 

i 

the FACILITATION column is the force exerted by the left leg during contralateral 
electrical stimulation and is expressed as a pgrcent increase above the maximal 
force exerted without electrical stimulation 

the ELICITED FORCE column is the percent of maximal voluntary force that was 
elicited by electrical stimulation alone in the right leg 

POSITIVE BPI were subjects who had a positive Bilateral Performance Index 
NEGATIVE BPI ware subjects who had a negative Bilateral Performance Index 

The Bilateral Performance !ndex (BPI) was calculated as follows: 
BPI (%) = [100 X (right bilateral + left bilateral ) I (right unilateral + 

left unilateral)) - 100 

all values are mean ± standard deviation 

...... 

...... 
" 



Figure 3A and B. Examples of Force and E~G Records fro~ the 
Third Aim Study. The force and EMG records are from a 
single subject with and without concurrent electrical 
stimulation of contralateral homologous musculature. The 
top tracings are force recorns measured at the left ankle 
during ~aximal, isometric extension about the knee joint. 
The lower tracings are F.~G records from the vastus lateralis 
muscle during the same task. A. Force and EMG records fro~ 
the left leg during maximal, unilateral, isometric extension 
about the knee joint. The subject began force exertion on 
the command GO, ann built to maximum during a count given by 
the investigator. B. The same subject during maximal, 
isometric extension about the left knee joint with 
simultaneous electrical sti~ulation of the quadriceps 
femoris muscle group in the contralateral leg at 40% of 
maxi~u~. The pea~ force output of the left leg during the 
electrical stimulation (~) increased 17% when compared to 
the unilateral effort (A). The~e was a corresponding 29% 
increase in the "averaged" rl'-~r. activity during the 
sti1"'11ated (p.) versus unilateral P\) condition. 
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significantly greater than the 5.7 + 3.4% increase exhibited 

by the negative group. 

A voluntary maximuw force was determined for 

extension about the right knee joint for each subject at the 

beginning of the test protocol. This value was then usen to 

determine the percentage of voluntary force elicite~ by 

electrical stimulation of that same limb (elicited force in 

percent = [force as a result of electrical stimulation / 

voluntary maximum force] x 100). The force elicited as a 

result of electrical stimulation of the right leg was not 

different ~etween the two groups. The elicited force for 

the positive group was 56.3 + 15.1% (range = 4U-77%) of 

voluntary ~aximu~, and the elicited force for the negative 

group was 42.8 + 11.4% (range = 33-62%) of voluntary 

maxi~um. In addition, there was no correlation (r = ~.51; ~ 

~ r.~5) between the eliciten force and the degree of 

facilitation achieved ouring ffiaximal activation of the left 

knee extensors with conco~~itant right-Ie] sti~ulation. 

~iscussion 

Differences in the ability to maximally activate one 

versus two limbs can result fro~ alterations in the central 

nervous syste~, or as a result of afferent feedback fro~ the 

involved musculature. Lagasse (1974) has shown that 

manipulation of one leg can decrease the force output of the 

contralateral leg during a maxi~al, bilateral, 
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knee-extension task. Lagasse proposed that this'inhihition 

was mediated by muscle-spindle afferents. Sabatino et al. 

(1987) also showed contralateral effects as a result of 

muscular activation in the opposing limb. Regardless 0: the 

source of peripheral feedback, it see~s reasonable to 

propose that afferent mechanis~s ~ay playa role in 

unilateral-bilateral force differences. The present stucy 

was desi0nea to further explore this afferent role. 

This investigation utilized a perturbation 

(electrical stimulation) to the peripheral musculature in an 

atte~pt to de~onstrate afferently mediated alterations in 

the force-exerting ca~acity of the contralateral limb. If 

afferent mechanis~s are of major i~?ortance in 

unilateral-bilateral force differences, it would be exrecte~ 

that the electrical sti~ulation would iTipact differently 

upon subjects with different unilateral-bilateral force 

relationships. We selected two groups 0: subjects, one with 

a positive BPI and one with a negative BPI. The results of 

this study confirm that the two groups differ in their 

response to contralateral electrical stimulation durins 

maxi~al efforts. The positive BPI subjects showed 

significantly greater facilitation as a result of the 

contralateral electrical sti~ulation. This finding hel?s to 

confir~ the role of afferent feedback in influencing the 

force output of the contralateral limb. 
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It has been de~onstrated that unilateral trainin~ of 

a given lirr.h can enhance the force-exerting capacity of t~e 

contralateral limb (Hellebrandt et al., 1947; Panin et al., 

1961; Hellebrandt and Houtz, 1950; Coleman, 1966; Ko~i et 

al." 1978; Lewis et al., 1984; Ikai and Fu~unaga, 1970; 

Moritani and DeVries, 1979; Parker, 1985; Cafarelli ann 

Cannnon, 1986). This inflence has been ter~ed cross 

education. tfuen past documentation of bilateral de~icits in 

force are considered, it appears that the two concepts of 

cross education and bilateral inhibition have heen regarded 

as Mutually exclusive. One is inhibitory and the other is 

excitatory. However, recent evidence from this la~or3tory 

(First and Second Aim Etudies) indicates that not all 

subjects exhibit a bilateral force deficit as previous 

investigations have suggeste~. In fact, subjects who have 

en]3ged in bilateral strength training can have greater 

force out2ut with a given limb during bilateral efforts 

co~~ared to unilateral efforts. This bilateral facilitation 

in force is consistent with the excitatory influences of 

cross education. High-force contractions in one li~b can 

enhance the force-exerting capacity of the contralateral 

li~b. Therefore, when maxi~al bilateral efforts are 

performed, each limb enhances the other, resulting in 

bilateral facilitation. tJhen only one limb is active, 3S in 

maximal unilateral efforts, the contralateral enhancement of 
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cross education is not manifested because the contralateral 

li~b is inactive. 

This cross-education effect can explain the positive 

BPI scores of all of our subjects in one group. However, it 

is still unclear whether the bilateral facilitation these 

subjects exhibited is a result of central (su~raspina1) 

pro9ra~~ing or a result of afferent feedback fro~ the 

opposing li~b. The fact that these positive BPI subjects 

differ in their response to the afferent perturbation of 

electrical sti~u1ation can help to answer this question. It 

appears that the greater facilitation of voluntary effort in 

the positive B?I group durin] contralateral electrical 

sti~u1ation is a cirect result of afferent infor~ation. The 

training hackground of these subjects has enabled the~ to 

utilize afferent fee~hack fro~ the contralateral limb to 

enhance the ~axi~a1 force output of the opposing limb. This 

was not possible to the same degree in the negative BPI 

subjects. 

The concept of afferent information contributing to 

cross-education effects is further suhstantiate~ by the work 

of Laugh~an et a1. (1983). Electrical stimulation of the 

quadriceps femoris muscle group in one leg not only led to a 

strength increase in the stimulatej leg, but also resulteG 

in a significant strength increase in the contralateral, 

inactive leg. This cross-education effect took place in the 
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absence of any central drive and therefore could only have 

resulted from afferent information from the stimulated limb. 

There is evidence that bilateral deficits in 

reaction time may result from communication occurring 

between cerebral hemispheres. 7his conclusion is based on 

the work of Gazzaniga and Sperry (1966), who showed that 

subjects who had undergone surgery to section the 

neocortical co~~isssures that connnected their two 

hemispheres did not have the slower bilateral reaction. ti~es 

seen in the normal subjects. This work suggests that 

bilateral deficits may result fro!1 =entral g supraspinal 

interactions. 

There seems to be sufficient evidence to propose 

that inhibitory factors i~~acting on unilateral-bilateral 

force differences may result from central nervous system 

interactions, while excitory influences may occur as a 

result of peripheral afferent feedback. This would explain 

the facilitation seen during contralateral electrical 

sti~ulation not only in the positive EPI group, but in the 

negative BPI group 3S well. The powerful afferent 

excitation of the 0lectrical stimulation was sufficient to 

induce a facilitation in force in the volutarily activated 

limb in both groups of subjects. The difference in the 

degree of facilitation seen in the two groups is a result of 

their training background. The positive BPI group had 

learned to utilize the excitatory feedback from the 
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contralateral limb to enhance force output in both limbs 

during maximal bilateral efforts. In the negative BPI 

group, the prevailing inhibitory influences led to a 

bilateral deficit in force during voluntary efforts. 

However, during the massive afferent input from the 

electrical stimulation, contralateral facilitation was seen 

in these subjects as well. 

~he electrical stimulation undoubtedly resulted in 

the activation of various cutaneous (and perhaps pain) 

afferents. This input would give rise to a 

crossed-extension reflex which would enhance the force 

output of the contralateral liIT.b. This reflex excitation 

could explain the facilitation in force output of the left 

leg seen during contralateral electrical stimulation in both 

groups. Khile crossed-extension influences could explain 

the facilitation seen in all subjects, the difference in the 

degree of facilitation is most likely a result of training. 

The afferent feedback resulting from the electrical 

stimulation in the present study was obviously of a 

different nature than that occurring during bilateral 

efforts. However, the intent of this investigation was not 

to mimic limb-to-limb feedback, but merely to demonstrate 

that afferent information is capable of influencing 

contralateral force output. In doing so, we have also 

challenged the concept of bilateral inhibition. Previous 

documentation of bilateral force deficits would have led to 
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a prediction that electrical sti~ulation should inhibit the 

force output of the contralateral limb. The difference in 

the nature of the afferent information returning from the 

stimulated limb does not allow for conclusions regarding the 

role of afferent information in contributing to bilateral 

force deficits. However, the findings of this investi0ation 

do support the concept of 1imb-to-limb afferent excitation 

resu1tins in bilateral facilitation. 



APPC1:DIX A 

SUBJECT'S CONSENT FOP~ 

You are being invited to participate in the 

above-titled research project. The purpose of this project 

is to describe the neural mechanisms underlying bilateral 

inhibition. Bilateral inhibition refers to the fact that 

when muscles on opposite sides of the body are ~axi~ally 

activated at the sa~e time, they cannot exert the force that 

they can when activated alone. You are being invited to 

participate because of the nature of your training 

background. We hope to have a total of 40 subjects 

participate in this investigation. 

If you agree to participate, you will be asked to 

perform the following: maxi~al, isometric extensions of 

both knee joints, and maximal, iso~etric flexion of the left 

elbow joint. This testing will be conducted in a single 

session of approximately one hour. Those participating in 

the training portion of the investigation will be asked to 

come to the lab 3 days per week for 3 weeks to perfor~ 18 

maximal knee extensions (per session) either bilaterally or 

unilaterally. At the conclusion of this training period a 

final testing session involving maximal, isometric knee 

extensions will be conducted. The electrical activity of 

126 
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the muscles being tested will be monitored by means of small 

electrodes taped to the surface of the skin. In addition, 

during one portion of the testing your left quadriceps 

muscles will be artificially activated by an electrical 

stimulation unit. This stimulation will consist of a three 

trials at 10, 20, ana 30% of your voluntary ~aximum. 

Your participation in this study may involve some risJ~. 

The stimulation procedure may cause so~e discomfort due to 

the artifical electrical stimulation of the involved 

muscles. However, the risks involved are minimal. In 

addition, the maxi~al contractions may give rise to ~uscle 

soreness that may persist for a few days. You will not be 

compensated for any lost wages or ti~e, or medical care, or 

hospitalization in the event of injury arising fro~ the 

research procedures. 

Those involved in the training portion of this study 

may benefit by increased knee-extension strength. The 

benefits to society include the documentation of the neural 

factors underlying bilateral inhibition, and the effects of 

training on this phenomenon. This information may be useful 

to those involved in unilateral and bilateral activities, 

and help to understand the nature of the training in which 

these individuals should engage. 

The information concerning your performance will be 

kept confidential and all data will be filed by code. Only 

those individuals directly involved with the testing (Ja~es 
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D. Howard and Roger M. Enoka) will have direct access to the 

data. Your name will not be used in the event of 

publication of study results. 

Your participation in this study will not cost you any 

money, nor will you receive payment for your participation. 

I have read this subject's consent form. The nature, 

de~ands, risks, and benefits of the project have been 

explained to me. I understand that I may ask questions and 

that I am free to withdraw from the project at any time 

without incurring ill will or affecting my medical care. I 

also understand that this consent form will be filed in an 

are~ designated by the Hu~an Subjects Co~mittee yTith access 

restricted to the principal investigator or authorizeo 

representatives of the particular department. A copy of 

this consent for~ will be given to ~e. 

Subject's signature Date 

Investigator's signature Date 
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