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When amuscleis used to displace aload, 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 equa, 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 alengthening contraction.  If the task isto lower aload with a prescribed trgectory, the
muscle torque must be controlled precisdy so that it is dightly less than the load torque throughout the

entire movement.

Higtoricaly, research on differences between shortening and lengthening contractions has focused on the
mechanica properties of muscle and on the adaptive capabilities of the neuromuscular system (Enoka,
1996). Theclassic force-velocity reation of muscle, for example, indicates that the maximum force a
muscle can exert a a given contraction velocity is quite different for shortening and lengthening
contractions (Flitney & Hirgt, 1978; Hill, 1938; Katz, 1939) and that EMG amplitudeis lower during
lengthening contractions a comparable forces (Bigland & Lippold, 1954). Smilarly, the strength gain
achieved after saverd weeks of physica training is specific to the type of contraction performed in the
training program (Higbie et d., 1996; Hortobagyi et a., 1996; Hortobagyi et d., 1997). Furthermore,
the use of lengthening contractions appears to result in grester muscle damage and soreness compared
with other types of contractions (Chleboun et d., 1998; Mam et a., 1999; McHugh et d., 1999;

Proske & Morgan, 2001; Whitehead et a., 1998).
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Accumulating evidence suggests that control strategies used by the nervous system differ acrossthe
contraction types. Such findings include the inahility of subjects to maximally activete amuscle during a
voluntary lengthening contraction (Aagaard et d., 2000; Webber & Kridlaars, 1997; Westing et d.,
1990) and differences in the magnitude of evoked potentias between shortening and lengthening
contractions (Abbruzzese et d., 1994; Nardone & Schieppati, 1988; Sekiguchi et al., 2001).
Furthermore, there is an apparent greater resistance to fatigue during voluntary but not during artificialy
evoked lengthening contractions (Binder-Macleod & Lee, 1996; Tesch et a., 1990), greater
synchronization of motor unit discharge during lengthening contractions (Semmler et d., 2001), and
increased cortical potentials as measured by dectroencepha ography during lengthening contractions
(Fang et d., 2001). The most controversia of these observations, however, has been reports of
differencesin the recruitment order of motor units during lengthening compared with shortening
contractions (Howell et al., 1995; Nakazawa et a., 1993; Nardone et a., 1989; Nardone &
Schieppati, 1988; c.f. Bawa & Jones, 1999; Christova & Kossev, 2000; Kossev & Christova, 1998;

Sogaard et a., 1996).

Because the ability to perform a steady contraction can be influenced by the discharge behavior of
motor units (Laidlaw et d., 2000; Taylor et d., 2000), we have compared the steadiness of shortening
and lengthening contractions. Steadiness is measured as the fluctuations of force or acceeration in the
time domain but can aso be expressed in the frequency domain; selected bandwidths within the
frequency domain are quantified as tremor (McAuley & Marsden, 2000). The functiona significance of

deadinessisthat it influences the ability of an individua to exert a precise force and to perform



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

cons stent movement trgjectories. 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 atention. The purpose of this chapter is to examine factors that contribute to

differences in steadiness between shortening and lengthening contractions.

L engthening Contractions Are L ess Steady Within and Across Trials
Severd different experimentd 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., inertid, isokinetic).

The findings of experiments with inertid loads indicate that when subjects attempt to match a constant-
veocity template with light loads, the performance is less steady during lengthening contractions
compared with shortening contractions (Burnett et a., 2000; Graves et d., 2000; Laidlaw et d., 2000;
Tracy et a., 2002). In these studies, the shortening contractions typically preceded the lengthening
contractions and the movement speed was dow (<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 d., 2001). To diminate the potentia 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 arandom order. Each contraction was performed separately
and was aways preceded by an isometric contraction (Christou et a., 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 declinesin
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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 dso varies acrosstrids. Trid-to-trid 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 & Newdl, 1993; Christou & Carlton, 2001). Two such studies have examined tria-
to-trid variahility of the knee extensor muscles during shortening and lengthening contractions performed
on an isokinetic dynamometer (Christou & Carlton, 1999; Christou & Carlton, 2002). Thefirst study
examined the trid-to-trid variability of shortening and lengthening contractions performed by young
individuas over arange of absolute target forces (50-250 N), whereas the second study compared the
performance of young and old individuas to relative target forces (20-90% MV C). The two studies
found thet the trid-to-trid variahility in pesk force, force-time integra, and tempora characteristics of
the movement was greater during lengthening contractions compared with shortening contractions
(Figure 1C). A smilar result was observed when subjects performed constant-vel ocity contractions

while lifting and lowering an inertid load with the firgt dorsal interosseus muscle (Christou et a., 2001).

With the exception of one study, current evidence indicates that lengthening contractions are not only
less steady than shortening contractions within atria but dso are more varigble acrosstrias. Although
these findings are consistent across various experimental tasks, the differences between shortening and

lengthening contractions agppear to be greater with light loads and during rapid tasks.
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Old Adults Are L ess Steady During L engthening Contractions

Severd dudiesindicate that the ability of old adults to perform a steedy isometric contraction is
impaired (Burnett et a., 2000; Keen et d., 1994; Laidlaw et d., 2000; Laidlaw et d., 1999; Semmler
et a., 2000b; Tracy and Enoka, 2002). Some of these studies have examined the effect of age on the
geadiness of shortening and lengthening contractions. Findings from these studies suggest thet the ability
of old individuds 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
d., 2000) and accderation (Burnett et d., 2000) of the index finger than young adults when lowering
light inertid loads with the first dorsd interosseus muscle (Figure 2A). Similarly, fluctuationsin
acceleration while lowering light loads with the elbow flexor muscles were greater for old adults
compared with young adults, especidly during lengthening contractions (Graves et d., 2000) (Figure

2B).

Not al studies, however, have found that the steadiness of lengthening contractionsis reduced in old
adults. For example, smilar fluctuations were observed in accel eration and displacement for the elbow
flexor (Tracy et d., 2002) and knee extensor (Tracy & Enoka, 2002; Tracy et a., 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 dl.,
2000; Graves et d., 2000; Laidlaw et ., 2000), old adults are at least as Steady as young adults when
lifting heavier loads (Burnett et d., 2000; Graves et d., 2000) (Figure 2). Furthermore, when the
lengthening contractions preceded shortening contractions, steediness was similar for the young and old

subjects (Laidlaw et d., 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 lessin old adults (Christou et d., 2001).
Nonetheless, the relative increase in the standard deviation of acceleration with speed is greater for old
adults during lengthening contractions. These findings indicate thet 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
consgtently more variable, especidly during lengthening contractions. For example, when active old
adults perform congtant-ve ocity contractions while lifting or lowering loads with the first dorsal
interosseus muscle, they exhibit greater trid-to-trid variability compared with young adults during
lengthening contractions (Christou et d., 2001). Similarly, old adults demondirate greeter trid-to-trid
variability than young adults when they reproduce a force-time parabola (20-90% MV C) with the knee
extensor muscles (Christou & Carlton, 2002). Thisvariability, 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 variahility in force from trid-to-trid,
furthermore, is impaired especidly during lengthening contractions. Clearly, the steadiness of
lengthening contractions performed by old adults is influenced by such factors as physica activity,

experimentd task, and the load lifted.
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Steadiness of lengthening contractions varies with muscle group
A series of gudiesin different muscle groups suggest that the difference in steadiness between
shortening and lengthening contractions is dependent on the muscle group sudied. For example,
fluctuations in digplacement during contractions of the first dorsa interosseus muscle were grester while
lowering loads compared with lifting loads that ranged from 2.5 to 10% of maximum (Laidlaw et d.,
2000). A damilar finding was observed for the fluctuations in accel eration while lowering loads with the
first dorsd interosseus muscle (Burnett et d., 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. Nevertheess, subsequent findings
suggest that the lengthening contractions with the first dorsal interosseus also gppear to be less steady in
young adults compared with their shortening contractions (Christou et a., 2001; Semmler et d., 2001).
Comparable results were aso found while lifting and lowering loads (10 and 15% of maximum) with
the elbow flexor muscles (Graves et d., 2000). In contragt, fluctuations in displacement were Smilar
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 experimenta design and methods were smilar in these separate studies on hand, arm, and
leg muscles, the studies used different subject cohorts. Accordingly, subtle differencesin the
characterigtics of the subject samples might at least partidly explain differences observed between the
gudies. To minimize this confounding influence, we have measured fluctuetions in acceleration during

shortening and lengthening contractions of the first dorsa interosseus, elbow flexor, and knee extensor
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musclesin the same individuds (Tracy et d., 2002). A preliminary andyss of these data provides

further evidence of differences among muscle groups.

Lengthening contractions with light loads (5-10% of maximum) were less seady compared with
shortening contractions for the first dorsa interosseus and the knee extensor muscles, but not with the
elbow flexor muscles (Tracy et d., 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
Severd features of the activation sgnd generated by the nervous system can influence the steadiness of
lengthening contractions. These include detalls of the motor output from the spind cord, the

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

Recent interest in the neura 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 a. (1989) found that high-threshold motor units were

sdectively activated during lengthening contractions with the triceps surae muscles. Furthermore, when



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

motor unit activity was recorded from the first dorsd interosseus while lifting and lowering aload,
Howell et d. (1995) found that three high threshold motor units out of 21 recorded were sdectively
recruited during lengthening contractions. In cortrast, a number of studies have failed to find evidence
of sdective activation of high-threshold motor units during lengthening contractions (Bawa & Jones,
1999; Christova & Kossev, 2000; Kossev & Christova, 1998; Laidlaw et a., 2000; Sogaard et dl.,
1996). These results suggest that athough recruitment order may be disrupted during lengthening
contractions, the most common strategy is not to dter the recruitment order (Enoka & Fuglevand,
2001).

Nonethdess, muscle activity can shift from dow 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 || muscle fibers) (Nardone & Schieppati, 1938).
Sdective activation of muscles during lengthening contractions has aso been observed during
movements produced by the elbow flexor muscles (Nakazawa et d., 1993). The reative activation of
the brachioradiais muscle changed through the range of motion during lengthening contractions but not
during shortening contractions. Altered digtribution among synergist muscles during lengthening

contractions, therefore, may potentidly influence the steadiness of a movemen.

The most consstent difference in motor output between shortening and lengthening contractionsis 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 Smilar muscle torques

(Bawa & Jones, 1999; Burnett et a., 2000; Christou et al., 2001; Howdll et d., 1995; Kossev &
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Christova, 1998; Laidlaw et d., 2000; Nardone & Schieppati, 1988; Sogaard et d., 1996). The
differencesin EMG activity during voluntary movements become greater with movement speed
(Chrigtou et al., 2001; Kossev & Christova, 1998; Wedting et d., 1991). Similarly, reduced levels of
activation are observed in experiments where motor evoked potentials and H-reflexes are dicited during
shortening and lengthening contractions (Abbruzzese et d., 1994; Nardone et d., 1989; Sekiguchi et
d., 2001). Thisreduction in EMG amplitude during lengthening contractionsis a least partidly dueto a
decrease in discharge rate of the motor units (Kossev & Christova, 1998; Laidlaw et d., 2000;

Sogaard et d., 1996). For example, motor units discharge a lower frequencies during lengthening
contractions with low loads (<10% of maximum) in the first dorsa interosseus and biceps brachii
muscles (Howell et d., 1995; Sogaard et d., 1996) and with moderate loads (50% of maximum) in the
triceps brachii (Kossev & Christova, 1998). At lower discharge rates, the contractions of individud
motor units will be less fused and will cause greeter fluctuations in muscle force during low-force
contractions (Fuglevand et d., 1993). Furthermore, the discharge rate of motor unitsis more varigble
during eccentric contractions (Laidlaw et d., 2000), which computer Smulations indicate can cause

greater fluctuationsin force (Taylor et ., 2000).

The discharge of action potentias by motor units may aso become more corrdated during lengthening
contractions. The summation of twitch forces that result from this synchronous discharge of motor units
can potentialy 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 dl other factors constant, the steadiness of a computer-samulated contraction declined

with increasesin the level of synchronous discharge (Yao et d., 2000). Experimentd evidence dso

10
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provides support for thisfinding. Synchronous discharge was quantified in pairs of motor units during
isometric, shortening, and lengthening contractions with the first dorsal interosseus muscle (Semmler et
a., 2001; Semmler et d., 20008). 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. Severa studies
support this possibility. For example, responses evoked in the biceps brachii by magnetic and dectrica
gimulation of the motor cortex were reduced while lowering compared with lifting aload (Abbruzzese
etd., 1994). Furthermore, differencesin motor evoked potentials between shortening and lengthening
contractions have been observed during various intengties of dectrica stimulation of the motor cortex
(Sekiguchi et d., 2001). Specificaly, the plateau value and maximum dope of the sgmoidd curve that
characterizes the rdaion of evoked potentia size with intendity of stimulation were lower for lengthening
contractions. In addition, movement-related cortica potentias, as measured by

€lectroencepha ography, were greater during lengthening contractions compared with shortening
contractions (Fang et d., 2001). These findings indicate that a constant excitatory input to the motor
cortex during the two types of contractions results in areduced output for lengthening contractions,
whereas when the output is the same between the two contractions the cortica input is greater for

lengthening contractions.

In addition to differences in the motor output from the spina cord and the descending command,

11
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lengthening contractions gppear to involve quditative differencesin the integrations of sensory feedback.
For example, data from both primates (Schieber & Thatch, 1985) and humans (Burke et a., 1978)
show that muscle spindle afferents discharge at a higher rate and for alonger duration during lengthening
contractions. Furthermore, the sSign of the short-latency response to a cutaneous stimulusis reversed
during lengthening contractions compared with shortening contractions (Haridas et d., 2000). One
potentia explanation for these differencesin reflex responses is that the role of sensory feedback is
more critical during lengthening compared with shortening contractions. Experimenta evidence
suggests, for example, that when the contribution of sensory feedback to the control of amovement is
limited, such as occursin rgpid movements, there is afurther reduction in the steadiness of lengthening

contractions (Christou et a., 2001).

In summary, the motor output from the spina cord to muscle differs during lengthening compared with
shortening contractions. These differences, which include the recruitment of fewer motor units, alower
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. Variaion in the motor
output is a consequence of differencesin the net input recelved by the motor neurons, due to changesin

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

Figure 1. Representative datafor shortening and lengthening contractions as performed in three
different tasks. Panels A and B show position (top trace) and accel eration (bottom trace) during
shortening and lengthening contractions performed in afixed (A) or arandomized order (B). Pand C
shows representative force data (top) from asingle trid in which a subject attempted to match a force-
time parabola during repetitive rapid contractions on an isokinetic dynamometer. The variahility 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 individuas during dow

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

(B).

Figure 3. Between-trid variability (coefficient of variation, CV) for the force-time curve integrd
(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 pesk force during

lengthening contractions.

Figure 4. Standard deviation (SD) of acceleration during lengthening contractions expressed as a
percentage of the vaue obtained for the shortening contractions performed with the first dorsal
interosseus (FDI), elbow flexor, and knee extensor muscles. Vaues greater than 100% indicate aless

steady performance during the lengthening contractions. The difference between lengthening and

13
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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 dl three muscles, lengthening contractions gppear to be

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

14
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