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When a muscle is used to displace a load, the change in length experienced by the muscle depends on 

the relative magnitudes of the muscle torque and the opposing load torque about the joint.  When the 

muscle and load torques are equal, for example, the net torque about the joint is zero and the muscle 

performs an isometric contraction.  When the magnitude of the muscle torque is greater than the load 

torque, the load will be lifted as the muscle performs a shortening contraction.  In contrast, when the 

magnitude of the load torque is greater than the muscle torque, the load will be lowered as the muscle 

performs a lengthening contraction.   If the task is to lower a load with a prescribed trajectory, the 

muscle torque must be controlled precisely so that it is slightly less than the load torque throughout the 

entire movement.   

 

Historically, research on differences between shortening and lengthening contractions has focused on the 

mechanical properties of muscle and on the adaptive capabilities of the neuromuscular system (Enoka, 

1996).  The classic force-velocity relation of muscle, for example, indicates that the maximum force a 

muscle can exert at a given contraction velocity is quite different for shortening and lengthening 

contractions (Flitney & Hirst, 1978; Hill, 1938; Katz, 1939) and that EMG amplitude is lower during 

lengthening contractions at comparable forces (Bigland & Lippold, 1954).  Similarly, the strength gain 

achieved after several weeks of physical training is specific to the type of contraction performed in the 

training program (Higbie et al., 1996; Hortobagyi et al., 1996; Hortobagyi et al., 1997).  Furthermore, 

the use of lengthening contractions appears to result in greater muscle damage and soreness compared 

with other types of contractions (Chleboun et al., 1998; Malm et al., 1999; McHugh et al., 1999; 

Proske & Morgan, 2001; Whitehead et al., 1998).  
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Accumulating evidence suggests that control strategies used by the nervous system differ across the 

contraction types.  Such findings include the inability of subjects to maximally activate a muscle during a 

voluntary lengthening contraction (Aagaard et al., 2000; Webber & Kriellaars, 1997; Westing et al., 

1990) and differences in the magnitude of evoked potentials between shortening and lengthening 

contractions (Abbruzzese et al., 1994; Nardone & Schieppati, 1988; Sekiguchi et al., 2001).  

Furthermore, there is an apparent greater resistance to fatigue during voluntary but not during artificially 

evoked lengthening contractions (Binder-Macleod & Lee, 1996; Tesch et al., 1990), greater 

synchronization of motor unit discharge during lengthening contractions (Semmler et al., 2001), and 

increased cortical potentials as measured by electroencephalography during lengthening contractions 

(Fang et al., 2001).  The most controversial of these observations, however, has been reports of 

differences in the recruitment order of motor units during lengthening compared with shortening 

contractions (Howell et al., 1995; Nakazawa et al., 1993; Nardone et al., 1989; Nardone & 

Schieppati, 1988; c.f. Bawa & Jones, 1999; Christova & Kossev, 2000; Kossev & Christova, 1998; 

Sogaard et al., 1996). 

 

Because the ability to perform a steady contraction can be influenced by the discharge behavior of 

motor units (Laidlaw et al., 2000; Taylor et al., 2000), we have compared the steadiness of shortening 

and lengthening contractions.  Steadiness is measured as the fluctuations of force or acceleration in the 

time domain but can also be expressed in the frequency domain; selected bandwidths within the 

frequency domain are quantified as tremor (McAuley & Marsden, 2000).  The functional significance of 

steadiness is that it influences the ability of an individual to exert a precise force and to perform 
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consistent movement trajectories.  Although the steadiness of isometric and shortening contractions has 

been studied for over a century (Fullerton & Cattell, 1892), the steadiness of lengthening contractions 

has received much less attention.  The purpose of this chapter is to examine factors that contribute to 

differences in steadiness between shortening and lengthening contractions.  

 

Lengthening Contractions Are Less Steady Within and Across Trials  

Several different experimental tasks have been used to compare steadiness of shortening and 

lengthening contractions (Figure 1).  Such tasks have included matching velocity or force templates, 

movements at various speeds, and movements with different types of loads (e.g., inertial, isokinetic).   

 

The findings of experiments with inertial loads indicate that when subjects attempt to match a constant-

velocity template with light loads, the performance is less steady during lengthening contractions 

compared with shortening contractions (Burnett et al., 2000; Graves et al., 2000; Laidlaw et al., 2000; 

Tracy et al., 2002).  In these studies, the shortening contractions typically preceded the lengthening 

contractions and the movement speed was slow (<0.5 rad/s).  When the order of the contractions was 

reversed, however, no differences in steadiness were found between shortening and lengthening 

contractions (Laidlaw et al., 2001).  To eliminate the potential order effect and examine the influence of 

movement speed on steadiness, we compared the steadiness of shortening and lengthening contractions 

that were performed at various speeds in a random order.  Each contraction was performed separately 

and was always preceded by an isometric contraction (Christou et al., 2001).  We found that the 

steadiness of a contraction decreased with movement speed and that lengthening contractions produced 

greater fluctuations in acceleration compared with shortening contractions.  Furthermore, the declines in 
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steadiness with movement speed were greater for the lengthening contractions compared with 

shortening contractions.  

 

The focus of the above studies was the fluctuations of acceleration within each trial.  However, motor 

output also varies across trials.  Trial-to-trial variability is often assessed from rapid contractions (~200 

ms) that are performed repetitively, in which the subjects attempt to match a prescribed force-time 

parabola (Carlton & Newell, 1993; Christou & Carlton, 2001).  Two such studies have examined trial-

to-trial variability of the knee extensor muscles during shortening and lengthening contractions performed 

on an isokinetic dynamometer (Christou & Carlton, 1999; Christou & Carlton, 2002).  The first study 

examined the trial-to-trial variability of shortening and lengthening contractions performed by young 

individuals over a range of absolute target forces (50-250 N), whereas the second study compared the 

performance of young and old individuals to relative target forces (20-90% MVC).  The two studies 

found that the trial-to-trial variability in peak force, force-time integral, and temporal characteristics of 

the movement was greater during lengthening contractions compared with shortening contractions 

(Figure 1C).  A similar result was observed when subjects performed constant-velocity contractions 

while lifting and lowering an inertial load with the first dorsal interosseus muscle (Christou et al., 2001).   

 

With the exception of one study, current evidence indicates that lengthening contractions are not only 

less steady than shortening contractions within a trial but also are more variable across trials.  Although 

these findings are consistent across various experimental tasks, the differences between shortening and 

lengthening contractions appear to be greater with light loads and during rapid tasks.   
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Old Adults Are Less Steady During Lengthening Contractions  

Several studies indicate that the ability of old adults to perform a steady isometric contraction is 

impaired (Burnett et al., 2000; Keen et al., 1994; Laidlaw et al., 2000; Laidlaw et al., 1999; Semmler 

et al., 2000b; Tracy and Enoka, 2002).  Some of these studies have examined the effect of age on the 

steadiness of shortening and lengthening contractions.  Findings from these studies suggest that the ability 

of old individuals to perform steady lengthening contractions declines to a greater extent than that for 

shortening contractions.  For example, old adults exhibit greater fluctuations in displacement (Laidlaw et 

al., 2000) and acceleration (Burnett et al., 2000) of the index finger than young adults when lowering 

light inertial loads with the first dorsal interosseus muscle (Figure 2A).  Similarly, fluctuations in 

acceleration while lowering light loads with the elbow flexor muscles were greater for old adults 

compared with young adults, especially during lengthening contractions (Graves et al., 2000) (Figure 

2B).   

 

Not all studies, however, have found that the steadiness of lengthening contractions is reduced in old 

adults.  For example, similar fluctuations were observed in acceleration and displacement for the elbow 

flexor (Tracy et al., 2002) and knee extensor (Tracy & Enoka, 2002; Tracy et al., 2002) muscles of 

young and old adults.  Although old adults produce less steady movements while lifting and lowering 

light loads (<15% maximum) with the first dorsal interosseus and elbow flexor muscles (Burnett et al., 

2000; Graves et al., 2000; Laidlaw et al., 2000), old adults are at least as steady as young adults when 

lifting heavier loads (Burnett et al., 2000; Graves et al., 2000) (Figure 2).  Furthermore, when the 

lengthening contractions preceded shortening contractions, steadiness was similar for the young and old 

subjects (Laidlaw et al., 2001).  In addition, when active old adults are compared with young adults at 
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various movement speeds during separate lengthening and shortening contractions that are preceded by 

an isometric contraction, the fluctuations in acceleration are less in old adults (Christou et al., 2001).  

Nonetheless, the relative increase in the standard deviation of acceleration with speed is greater for old 

adults during lengthening contractions.  These findings indicate that differences in the steadiness of 

lengthening contractions between young and old adults vary with the muscle group used, the type of task 

performed, and the speed of the movement. 

 

When old adults are asked to perform the same contraction repetitively, however, their performance is 

consistently more variable, especially during lengthening contractions.  For example, when active old 

adults perform constant-velocity contractions while lifting or lowering loads with the first dorsal 

interosseus muscle, they exhibit greater trial-to-trial variability compared with young adults during 

lengthening contractions (Christou et al., 2001).  Similarly, old adults demonstrate greater trial-to-trial 

variability than young adults when they reproduce a force-time parabola (20-90% MVC) with the knee 

extensor muscles (Christou & Carlton, 2002).  This variability, which is most evident during lengthening 

contractions, is the result of an impaired ability to reproduce the timing characteristics of the contraction 

(Figure 3). 

 

Findings from the various studies presented suggest that the ability of old adults to perform steady 

lengthening contractions declines only with light loads.  The variability in force from trial-to-trial, 

furthermore, is impaired especially during lengthening contractions.  Clearly, the steadiness of 

lengthening contractions performed by old adults is influenced by such factors as physical activity, 

experimental task, and the load lifted.  
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Steadiness of lengthening contractions varies with muscle group 

A series of studies in different muscle groups suggest that the difference in steadiness between 

shortening and lengthening contractions is dependent on the muscle group studied.  For example, 

fluctuations in displacement during contractions of the first dorsal interosseus muscle were greater while 

lowering loads compared with lifting loads that ranged from 2.5 to 10% of maximum (Laidlaw et al., 

2000).  A similar finding was observed for the fluctuations in acceleration while lowering loads with the 

first dorsal interosseus muscle (Burnett et al., 2000).  In these two studies, the differences in steadiness 

between shortening and lengthening contractions were attributable to the greater fluctuations during 

lengthening contractions in old adults compared with young adults.  Nevertheless, subsequent findings 

suggest that the lengthening contractions with the first dorsal interosseus also appear to be less steady in 

young adults compared with their shortening contractions (Christou et al., 2001; Semmler et al., 2001). 

 Comparable results were also found while lifting and lowering loads (10 and 15% of maximum) with 

the elbow flexor muscles (Graves et al., 2000).  In contrast, fluctuations in displacement were similar 

during shortening and lengthening contractions of the knee extensor muscles with loads that ranged from 

5 to 50% of maximum (Tracy & Enoka, 2002).   

 

Although the experimental design and methods were similar in these separate studies on hand, arm, and 

leg muscles, the studies used different subject cohorts.  Accordingly, subtle differences in the 

characteristics of the subject samples might at least partially explain differences observed between the 

studies.  To minimize this confounding influence, we have measured fluctuations in acceleration during 

shortening and lengthening contractions of the first dorsal interosseus, elbow flexor, and knee extensor 
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muscles in the same individuals (Tracy et al., 2002).  A preliminary analysis of these data provides 

further evidence of differences among muscle groups.   

 

Lengthening contractions with light loads (5-10% of maximum) were less steady compared with 

shortening contractions for the first dorsal interosseus and the knee extensor muscles, but not with the 

elbow flexor muscles (Tracy et al., 2002) (Figure 4).  Furthermore, it appears that the first dorsal 

interosseus exhibits a greater difference between shortening and lengthening contractions with the lightest 

load (5% of maximum) compared with the elbow flexor and knee extensor muscles (Figure 4). 

 

Taken together, these findings suggest that differences in steadiness between shortening and lengthening 

contractions vary across muscle groups.  The differences between studies, therefore, appear to be 

confounded by differences in experimental design and the muscle examined.   

 

Neural Mechanisms  

Several features of the activation signal generated by the nervous system can influence the steadiness of 

lengthening contractions.  These include details of the motor output from the spinal cord, the 

organization of the descending command, and the integration of feedback from sensory receptors. 

 

Recent interest in the neural control of lengthening contractions was heightened by the observation 

(Nardone et al., 1989) that the recruitment order of motor units may deviate from that prescribed by the 

Size Principle (Henneman, 1957).   Nardone et al. (1989) found that high-threshold motor units were 

selectively activated during lengthening contractions with the triceps surae muscles.  Furthermore, when 
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motor unit activity was recorded from the first dorsal interosseus while lifting and lowering a load, 

Howell et al. (1995) found that three high threshold motor units out of 21 recorded were selectively 

recruited during lengthening contractions.  In contrast, a number of studies have failed to find evidence 

of selective activation of high-threshold motor units during lengthening contractions (Bawa & Jones, 

1999; Christova & Kossev, 2000; Kossev & Christova, 1998; Laidlaw et al., 2000; Sogaard et al., 

1996).  These results suggest that although recruitment order may be disrupted during lengthening 

contractions, the most common strategy is not to alter the recruitment order (Enoka & Fuglevand, 

2001). 

Nonetheless, muscle activity can shift from slow to fast muscles during lengthening contractions. Such 

findings were observed in the triceps surae muscles when shortening contractions involved greater 

activation of the soleus muscle (80% type I muscle fibers) and lengthening contractions involved greater 

activation of the gastrocnemius muscle (50 % type II muscle fibers) (Nardone & Schieppati, 1988).  

Selective activation of muscles during lengthening contractions has also been observed during 

movements produced by the elbow flexor muscles (Nakazawa et al., 1993).  The relative activation of 

the brachioradialis muscle changed through the range of motion during lengthening contractions but not 

during shortening contractions.  Altered distribution among synergist muscles during lengthening 

contractions, therefore, may potentially influence the steadiness of a movement. 

 

The most consistent difference in motor output between shortening and lengthening contractions is the 

amplitude of muscle activation.  A number of studies have found that the EMG amplitude is significantly 

less during lengthening contractions compared with shortening contractions with similar muscle torques 

(Bawa & Jones, 1999; Burnett et al., 2000; Christou et al., 2001; Howell et al., 1995; Kossev & 
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Christova, 1998; Laidlaw et al., 2000; Nardone & Schieppati, 1988; Sogaard et al., 1996).  The 

differences in EMG activity during voluntary movements become greater with movement speed 

(Christou et al., 2001; Kossev & Christova, 1998; Westing et al., 1991).  Similarly, reduced levels of 

activation are observed in experiments where motor evoked potentials and H-reflexes are elicited during 

shortening and lengthening contractions (Abbruzzese et al., 1994; Nardone et al., 1989; Sekiguchi et 

al., 2001).  This reduction in EMG amplitude during lengthening contractions is at least partially due to a 

decrease in discharge rate of the motor units (Kossev & Christova, 1998; Laidlaw et al., 2000; 

Sogaard et al., 1996).  For example, motor units discharge at lower frequencies during lengthening 

contractions with low loads (<10% of maximum) in the first dorsal interosseus and biceps brachii 

muscles (Howell et al., 1995; Sogaard et al., 1996) and with moderate loads (50% of maximum) in the 

triceps brachii (Kossev & Christova, 1998).  At lower discharge rates, the contractions of individual 

motor units will be less fused and will cause greater fluctuations in muscle force during low-force 

contractions (Fuglevand et al., 1993).  Furthermore, the discharge rate of motor units is more variable 

during eccentric contractions (Laidlaw et al., 2000), which computer simulations indicate can cause 

greater fluctuations in force (Taylor et al., 2000).  

 

The discharge of action potentials by motor units may also become more correlated during lengthening 

contractions.  The summation of twitch forces that result from this synchronous discharge of motor units 

can potentially contribute to the observed differences in steadiness between shortening and lengthening 

contractions (Semmler, 2002).  For example, when the level of motor unit synchronization was varied 

while keeping all other factors constant, the steadiness of a computer-simulated contraction declined 

with increases in the level of synchronous discharge (Yao et al., 2000).  Experimental evidence also 
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provides support for this finding.  Synchronous discharge was quantified in pairs of motor units during 

isometric, shortening, and lengthening contractions with the first dorsal interosseus muscle (Semmler et 

al., 2001; Semmler et al., 2000a).  Lengthening contractions were less steady and exhibited higher 

levels of synchronization compared with shortening contractions.  Furthermore, the synchronization of 

motor unit discharge was correlated with the steadiness of isometric and anisometric contractions.   

 

Because motor unit synchronization is an index of the strength of common input to motor neurons 

(Semmler, 2002), the descending command may differ during lengthening contractions.  Several studies 

support this possibility.  For example, responses evoked in the biceps brachii by magnetic and electrical 

stimulation of the motor cortex were reduced while lowering compared with lifting a load (Abbruzzese 

et al., 1994).  Furthermore, differences in motor evoked potentials between shortening and lengthening 

contractions have been observed during various intensities of electrical stimulation of the motor cortex 

(Sekiguchi et al., 2001).  Specifically, the plateau value and maximum slope of the sigmoidal curve that 

characterizes the relation of evoked potential size with intensity of stimulation were lower for lengthening 

contractions.  In addition, movement-related cortical potentials, as measured by 

electroencephalography, were greater during lengthening contractions compared with shortening 

contractions (Fang et al., 2001).  These findings indicate that a constant excitatory input to the motor 

cortex during the two types of contractions results in a reduced output for lengthening contractions, 

whereas when the output is the same between the two contractions the cortical input is greater for 

lengthening contractions. 

 

In addition to differences in the motor output from the spinal cord and the descending command, 
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lengthening contractions appear to involve qualitative differences in the integrations of sensory feedback. 

 For example, data from both primates (Schieber & Thatch, 1985) and humans (Burke et al., 1978) 

show that muscle spindle afferents discharge at a higher rate and for a longer duration during lengthening 

contractions.  Furthermore, the sign of the short-latency response to a cutaneous stimulus is reversed 

during lengthening contractions compared with shortening contractions (Haridas et al., 2000).  One 

potential explanation for these differences in reflex responses is that the role of sensory feedback is 

more critical during lengthening compared with shortening contractions.  Experimental evidence 

suggests, for example, that when the contribution of sensory feedback to the control of a movement is 

limited, such as occurs in rapid movements, there is a further reduction in the steadiness of lengthening 

contractions (Christou et al., 2001).   

 

In summary, the motor output from the spinal cord to muscle differs during lengthening compared with 

shortening contractions.  These differences, which include the recruitment of fewer motor units, a lower 

and more variable discharge rate, and a greater amount of motor unit synchronization, likely contribute 

to the differences in steadiness between shortening and lengthening contractions.  Variation in the motor 

output is a consequence of differences in the net input received by the motor neurons, due to changes in 

both the descending drive and the integration of sensory feedback.   
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Figure Legends 

Figure 1.  Representative data for shortening and lengthening contractions as performed in three 

different tasks.  Panels A and B show position (top trace) and acceleration (bottom trace) during 

shortening and lengthening contractions performed in a fixed (A) or a randomized order (B).  Panel C 

shows representative force data (top) from a single trial in which a subject attempted to match a force-

time parabola during repetitive rapid contractions on an isokinetic dynamometer.  The variability of 

impulse (force-time integral) around the mean for 40 separate contractions is shown at the bottom of 

Panel C.  

 

Figure 2.  Standard deviation (SD) of acceleration was greater for old individuals during slow 

lengthening contractions with light loads for the first dorsal interosseus (A) and elbow flexor muscles 

(B). 

 

Figure 3.  Between-trial variability (coefficient of variation, CV) for the force-time curve integral 

(impulse, A) and the time to peak force (B) during shortening and lengthening contractions with the knee 

extensor muscles.  Old adults exhibited greater variability for impulse and time to peak force during 

lengthening contractions. 

 

Figure 4.  Standard deviation (SD) of acceleration during lengthening contractions expressed as a 

percentage of the value obtained for the shortening contractions performed with the first dorsal 

interosseus (FDI), elbow flexor, and knee extensor muscles.  Values greater than 100% indicate a less 

steady performance during the lengthening contractions.  The difference between lengthening and 
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shortening contractions appears to be greater for the first dorsal interosseus and knee extensor muscles 

compared with the elbow flexor muscles.  For all three muscles, lengthening contractions appear to be 

less steady with light loads and steadier with heavy loads, compared with shortening contractions.   



The Steadiness of Lengthening Contractions           
Christou, Tracy, and Enoka  12/10/01 
  

 15

References 

Aagaard P., Simonsen E.B., Andersen J.L., Magnusson S.P., Halkjaer-Kristensen J. and Dyhre-

Poulsen P. (2000).  Neural inhibition during maximal eccentric and concentric quadriceps contraction: 

Effects of resistance training. J Appl Physiol 89: 2249-2257. 

Abbruzzese G., Morena M., Spadavecchia L. and Schieppati M., (1994).  Response of arm flexor 

muscles to magnetic and electrical brain stimulation during shortening and lengthening tasks in man. J 

Physiol 481: 499-507. 

Bawa P., and Jones K.E. (1999).  Do lengthening contractions represent a case of reversal in 

recruitment order? Prog Brain Res 123: 215-220. 

Bigland B., and Lippold O.C.J. (1954).  The relation between force, velocity, and integrated electrical 

activity in human muscles. J Physiol 123: 214-224. 

Binder-Macleod S.A., and Lee S.C. (1996).  Catchlike property of human muscle during isovelocity 

movements. J Appl Physiol 80: 2051-2059. 

Burke D., Hagbarth K.E., and Lofstedt L. (1978).  Muscle spindle activity in man during shortening and 

lengthening contractions. J Physiol 277: 131-142. 

Burnett R.A., Laidlaw D.H., and Enoka R.M. (2000).  Coactivation of the antagonist muscle does not 

covary with steadiness in old adults. J Appl Physiol 89: 61-71. 

Carlton L.G., and Newell K.M. (1993).  Force variability and characteristics of force production. In: 

Force variability, edited by Newell K.M. and Cordo P. Champaign, IL: Human Kinetics, p. 128-132. 

Chleboun G.S., Howell J.N., Conatser R.R., and Giesey J.J. (1998).  Relationship between muscle 

swelling and stiffness after eccentric exercise. Med Sci Sports Exerc 30: 529-535. 

Christou E.A., and Carlton L.G. (1999).  Motor output variability during concentric and eccentric 



The Steadiness of Lengthening Contractions           
Christou, Tracy, and Enoka  12/10/01 
  

 16

contractions of the quadriceps femoris muscle group. Proceedings of the 23rd Annual Meeting of the 

American Society of Biomechanics, Pittsburg, PA, p. 129-130. 

Christou E.A., and Carlton L.G. (2002).  Age and contraction type influence motor output variability in 

rapid discrete tasks. J Appl Physiol.  In press. 

Christou E.A., and Carlton L.G. (2001).  Old adults exhibit greater motor output variability than young 

adults only during rapid discrete isometric contractions. J Gerontol A Biol Sci Med Sci 56: B524-

B532. 

Christou E.A., Shinohara M., and Enoka R.M. (2001). The changes in EMG and steadiness with 

variation in movement speed differ for concentric and eccentric contractions. Proceedings of the 25th 

Annual Meeting of the American Society of Biomechanics, San Diego, CA., p. 333-334. 

Christova P., and Kossev A. (2000).  Human motor unit activity during concentric and eccentric 

movements. Electromyogr Clin Neurophysiol 40: 331-338. 

Enoka R.M. (1996).  Eccentric contractions require unique activation strategies by the nervous system. 

 J Appl Physiol 81: 2339-2346. 

Enoka R.M. & Fuglevand A.J. (2001).  Motor unit physiology: Some unresolved issues. Muscle Nerve 

24: 4-17. 

Fang Y., Siemionow V., Sahgal V., Xiong F., and Yue G.H. (2001).  Greater movement-related 

cortical potential during human eccentric versus concentric muscle contractions. J Neurophysiol 86: 

1764-1772. 

Flitney F.W., and Hirst D.G. (1978).  Cross-bridge detachment and sarcomere "give" during stretch of 

active frog's muscle. J Physiol 276: 449-465. 

Fuglevand A.J., Winter D.A., and Patla A.E. (1993).  Models of recruitment and rate coding 



The Steadiness of Lengthening Contractions           
Christou, Tracy, and Enoka  12/10/01 
  

 17

organization in motor-unit pools. J Neurophysiol 70: 2470-2488. 

Fullerton G.S., and Cattell J.M. (1892). On the perception of small differences. (philosophical 

monograph series no. 2).  Philadelphia, PA.: University of Pennsylvania Press. 

Graves A.E., Kornatz K.W., and Enoka R.M. (2000).  Older adults use a unique strategy to lift intertial 

loads with the elbow flexor muscles.  J Neurophysiol 83: 2030-2039. 

Haridas C., Zehr E.P., Sugajima Y., and Gillies E. (2000).  Differential control of cutaneous reflexes 

during lengthening and shortening contractions of the human triceps surae. Society for Neuroscience 

Abstracts 26: 1232. 

Henneman E. (1957).  Relation between size of neurons and their susceptibility to discharge. Science 

126: 1345-1347. 

Higbie E.J., Cureton K.J., Warren G.L. III, and Prior B.M. (1996).  Effects of concentric and eccentric 

training on muscle strength, cross- sectional area, and neural activation. J Appl Physiol 81: 2173-2181. 

Hill A.V. (1938).  The heat of shortening and the dynamic constants of muscle. Proc Royal Soc 

London B 126: 136-195. 

Hortobagyi T., Hill J.P., Houmard J.A., Fraser D.D., Lambert N.J., and Israel R.G. (1996).  Adaptive 

responses to muscle lengthening and shortening in humans. J Appl Physiol 80: 765-772. 

Hortobagyi T., Lambert N.J., and Hill J.P. (1997).  Greater cross education following training with 

muscle lengthening than shortening. Med Sci Sports Exerc 29: 107-112. 

Howell J.N., Fuglevand A.J., Walsh M.L., and Bigland-Ritchie B. (1995).  Motor unit activity during 

isometric and concentric-eccentric contractions of the human first dorsal interosseus muscle. J 

Neurophysiol 74: 901-904. 

Katz B. (1939).  The relation between force and speed in muscular contraction. J Physiol 96: 45-64. 



The Steadiness of Lengthening Contractions           
Christou, Tracy, and Enoka  12/10/01 
  

 18

Keen D.A., Yue G.H., and Enoka R.M. (1994).  Training-related enhancement in the control of motor 

output in elderly humans. J Appl Physiol 77: 2648-2658. 

Kossev A., and Christova P. (1998).  Discharge pattern of human motor units during dynamic 

concentric and eccentric contractions. Electroencephalogr Clin Neurophysiol 109: 245-255. 

Laidlaw D.H., Bilodeau M., and Enoka R.M. (2000).  Steadiness is reduced and motor unit discharge 

is more variable in old adults. Muscle Nerve 23: 600-612. 

Laidlaw D.H., Hunter S.K., and Enoka R.M. (2001).  Slow eccentric contractions are not always less 

steady than concentric contractions for old adults. Proceedings of the 25th Annual Meeting of the 

American Society of Biomechanics, San Diego, CA., p. 311-312. 

Laidlaw D.H., Kornatz K.W., Keen D.A., Suzuki S., and Enoka R.M. (1999).  Strength training 

improves the steadiness of slow lengthening contractions performed by old adults. J Appl Physiol 87: 

1786-1795. 

Malm C., Lenkei R., and Sjodin B. (1999).  Effects of eccentric exercise on the immune system in men. 

 J Appl Physiol 86: 461-468. 

McAuley J.H., and Marsden C.D. (2000).  Physiological and pathological tremors and rhythmic central 

motor control. Brain 123: 1545-1567. 

McHugh M.P., Connolly D.A., Eston R.G., and Gleim G.W. (1999).  Exercise-induced muscle damage 

and potential mechanisms for the repeated bout effect. Sports Med 27: 157-170. 

Nakazawa K., Kawakami Y., Fukunaga T., Yano H. and  Miyashita M. (1993).  Differences in 

activation patterns in elbow flexor muscles during isometric, concentric and eccentric contractions. Eur 

J Appl Physiol 66: 214-220. 

Nardone A., Romano C., and Schieppati M. (1989).  Selective recruitment of high-threshold human 



The Steadiness of Lengthening Contractions           
Christou, Tracy, and Enoka  12/10/01 
  

 19

motor units during voluntary isotonic lengthening of active muscles. J Physiol 409: 451-471. 

Nardone A., and Schieppati M. (1988).  Shift of activity from slow to fast muscle during voluntary 

lengthening contractions of the triceps surae muscles in humans. J Physiol 395: 363-381. 

Proske U., and Morgan D.L. (2001). Muscle damage from eccentric exercise: mechanism, mechanical 

signs, adaptation and clinical application. J Physiol 537: 333-34. 

Schieber M.H., and Thach W.T., Jr. (1985).  Trained slow tracking II. Bidirectional discharge patterns 

of cerebellar nuclear, motor cortex, and spindle afferent neurons. J Neurophysiol 54: 1228-1270.   

Sekiguchi H., Kimura T., Yamanaka K., and Nakazawa K. (2001).  Lower excitability of the 

corticospinal tract to transcranial magnetic stimulation during lengthening contractions in human elbow 

flexors. Neurosci Lett 312: 83-86. 

Semmler J.G.  (2002).  Motor unit synchronization and neuromuscular performance. Exerc Sports Sci 

Rev.  In press. 

Semmler J.G., Kornatz K.W., Kurn D.S., and Enoka R.M.  (2001).  Motor unit synchronization 

reduces the steadiness of anisometric contractions by a hand muscle. Society for Neuroscience 

Abstracts 27. 

Semmler J.G., Kutzscher D.V., Zhou S., and Enoka R.M. (2000a).   Motor unit synchronization is 

enhanced during slow shortening and lengthening contractions of the first dorsal interosseus muscle.  

Society for Neuroscience Abstracts 26: 463. 

Semmler J.G., Steege J.W., Kornatz K.W., and Enoka R.M. (2000b).  Motor-unit synchronization is 

not responsible for larger motor-unit forces in old adults. J Neurophysiol 84: 358-366. 

Sogaard K., Christensen H., Jensen B.R., Finsen L., and Sjogaard G.  (1996).  Motor control and 

kinetics during low level concentric and eccentric contractions in man. Electroencephalogr Clin 



The Steadiness of Lengthening Contractions           
Christou, Tracy, and Enoka  12/10/01 
  

 20

Neurophysiol 101: 453-460. 

Taylor A., Steege J., and Enoka R.M (2000).  Increased variability of motor unit discharge rate 

decreases the steadiness of simulated isometric contractions. The Physiologist 43: 321. 

Tesch P.A., Dudley G.A., Duvoisin M.R., Hather B.M., and Harris R.T. (1990).  Force and EMG 

signal patterns during repeated bouts of concentric or eccentric muscle actions. Acta Physiol Scand 

138: 263-271. 

Tracy B.L., and Enoka R.M.  (2002).  Older adults are less steady during submaximal isometric 

contractions with the knee extensor muscles.  J Appl Physiol.  In press. 

Tracy B.L., Mehoudar P.D., Ortega J.D., and Enoka R.M. (2002).  The steadiness of isometric 

contractions is similar between upper and lower extremity muscle groups. Med Sci Sports Exerc 

Suppl.  In press. 

Webber S., and Kriellaars D. (1997).  Neuromuscular factors contributing to in vivo eccentric moment 

generation. J Appl Physiol 83: 40-45. 

Westing S.H., Cresswell A.G., and Thorstensson A. (1991).  Muscle activation during maximal 

voluntary eccentric and concentric knee extension. Eur J Appl Physiol Occup Physiol 62: 104-108. 

Westing S.H., Seger J.Y., and Thorstensson A. (1990).  Effects of electrical stimulation on eccentric 

and concentric torque-velocity relationships during knee extension in man. Acta Physiol Scand 140: 

17-22. 

Whitehead N.P., Allen T.J., Morgan D.L., and Proske U. (1998).  Damage to human muscle from 

eccentric exercise after training with concentric exercise. J Physiol 512: 615-620. 

Yao W., Fuglevand R.J., and Enoka R.M. (2000).  Motor-unit synchronization increases EMG 

amplitude and decreases force steadiness of simulated contractions. J Neurophysiol 83: 441-452. 



5o

0.5 m/s2

1 s 1 s

Shortening Lengthening

100 N

300 ms

10 N.s

300 ms

5o

0.5 m/s2

Figure 1

A

B

C

1.5 s



Load (% 1 RM)
0 20 40 60 80

SD
 o

f A
cc

el
er

at
io

n 
(m

/s
2 )

0.05

0.10

0.15

0.20

0.25

0.30 Old-Shortening
Young-Shortening
Old-Lengthening
Young-Lengthening

0 10 20 30 40
0.05

0.10

0.15

0.20

0.25

0.30

SD
 o

f A
cc

el
er

at
io

n 
(m

/s
2 )

Load (% 1 RM)

Figure 2

A

B



Young Old

C
V 

of
 Im

pu
ls

e 
(%

)

0

5

10

15

20

25

30
Shortening
Lengthening

Young Old

C
V 

Ti
m

e 
to

 p
ea

k 
fo

rc
e 

(%
)

0

5

10

15

20

25

30

Figure 3

A

B



Load (% 1 RM)
5 10 30 50

SD
 o

f A
cc

el
er

at
io

n 
(%

) 

60

80

100

120

140

160

FDI
Elbow Flexors
Knee Extensors

Figure 4


