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TOP ICAL REVIEW

Neural control of shortening and lengthening contractions:
influence of task constraints
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Although the performance capabilities of muscle differ during shortening and lengthening
contractions, realization of these differences during functional tasks depends on the
characteristics of the activation signal discharged from the spinal cord. Fundamentally, the
control strategy must differ during the two anisometric contractions due to the lesser force that
each motor unit exerts during a shortening contraction and the greater difficulty associated
with decreasing force to match a prescribed trajectory during a lengthening contraction. The
activation characteristics of motor units during submaximal contractions depend on the details
of the task being performed. Indexes of the strategy encoded in the descending command, such
as coactivation of antagonist muscles and motor unit synchronization, indicate differences in
cortical output for the two types of anisometric contractions. Furthermore, the augmented
feedback from peripheral sensory receptors during lengthening contractions appears to be
suppressed by centrally and peripherally mediated presynaptic inhibition of Ia afferents, which
may also explain the depression of voluntary activation that occurs during maximal lengthening
contractions. Although modulation of the activation during shortening and lengthening
contractions involves both supraspinal and spinal mechanisms, the association with differences
in performance cannot be determined without more careful attention to the details of the task.

(Received 30 July 2008; accepted after revision 8 October 2008; first published online 9 October 2008)
Corresponding author J. Duchateau: Laboratory of Applied Biology, Université Libre de Bruxelles, Route de Lennik,
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Although the performance capacity of muscle differs for
shortening and lengthening contractions (Katz, 1939;
Edman, 1988; Morgan et al. 2000), the realization of this
potential depends on the characteristics of the activation
signal discharged from the spinal cord. The purpose of
this topical review is to compare the activation signals
for shortening and lengthening contractions and to
indicate how the differences influence performance during
submaximal and maximal contractions. The review
discusses why there should be a difference in the control
strategies used by the nervous system for these two types of
contractions, describes the findings on motor unit activity
and the underlying adjustments in synaptic input to the
motor neurone pool during submaximal contractions,
and compares the activation signals during maximal
contractions.

Control strategies

The functional distinction between shortening and
lengthening contractions is simply whether the muscle

fibres shorten or lengthen as the activated muscle exerts
a force against a load. Knowing when fibres shorten or
lengthen during a contraction, however, is not trivial.
Because muscle comprises an in-series arrangement of
contractile proteins and connective tissue between its
attachments to the skeleton, changes in whole muscle
length may not correspond to changes in muscle fibre
length. Accordingly, measurements with ultrasonography
have indicated that some actions can involve an increase in
whole muscle length with no change in muscle fibre length
(Ishikawa et al. 2005; Kawakami & Fukunaga, 2006). This
review focuses on the neural control of contractions that
involve either a shortening or a lengthening of the muscle
fibres.

Whereas shortening contractions are used solely to
displace a load, lengthening contractions can be used
either to resist an imposed load or to control the
displacement of a load. One distinction between the two
lengthening-contraction behaviours is the extent to which
the activation signal is modulated during the action. The
intensity of the activation signal changes minimally when
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Figure 1. Examples of shortening and lengthening contractions
A, a subject performed maximal shortening and lengthening
contractions with the dorsiflexor muscles against a torque motor. The
range of motion for the two isokinetic actions was 30 deg and the
angular velocity 50 deg s−1. Both contractions were preceded by a
maximal isometric contraction, which enabled the motivated subjects
to achieve the same EMG amplitude during the two contractions
(Baudry et al. 2007). The vertical dotted lines indicate the beginning
and the end of the movement in each condition. The amplitude of the
surface EMG recordings for tibialis anterior was slightly less (∼10%)
when the muscle resisted the torque motor during the lengthening
contraction than during the shortening contraction. The torque
produced by the dorsiflexor muscles was greater during the
lengthening contraction and changed in opposite directions during
the shortening and lengthening contractions. Data provided by Dr
Stéphane Baudry. B, a subject lifted and lowered an inertial load that
was 15% of the maximal load with a hand muscle (first dorsal
interosseus). The figure shows an 8 s lengthening contraction
(adduction of the finger) to lower the load and a 7 s shortening
contraction (abduction of the finger) to lift the load at a target velocity
of 0.03 rad−1 over a 0.18 rad (∼10 deg) range of motion. Each
contraction was preceded by a 0.5 s isometric contraction. The traces
(top to bottom) indicate the rectified surface EMG for first dorsal
interosseus, acceleration of the index finger in the plane
(abduction–adduction) of the movement, and the displacement about

resisting an imposed load, in contrast to the amount that
it can vary when a load is being displaced. Examples
of lengthening contractions that are used to resist an
imposed load include maximal isokinetic actions and the
braking of rapid movements. Isokinetic actions require
muscles to perform work against a torque motor that
maintains a constant angular velocity of the limb over
a specified range of motion (Kawakami & Fukunaga,
2006). When performing maximal isokinetic actions at
moderate-to-fast speeds, there is little modulation in
EMG amplitude and, presumably, the underlying amount
of motor unit activity (Fig. 1A). Maximal lengthening
contractions against a torque motor therefore require an
individual to resist the lengthening action imposed by
the torque motor by sustaining high levels of motor unit
activity over the prescribed range of motion.

Similarly, rapid movements that involve either stopping
the movement at a specific location or reversing the
direction of displacement are realized with minimal
modulation of the activation signal during the lengthening
contraction (Corcos et al. 1989; Garland et al. 1996;
d’Avella et al. 2006). A classic example of such an action
is the stretch-shorten cycle. The stretch-shorten cycle is a
common feature of many movements and comprises an
initial increase in whole muscle length that is followed
immediately by a shortening of the muscle, such as occurs
with the leg extensor muscles in the stance phase of
running (Nicol et al. 2006). The stretch-shorten cycle
can increase the amount of positive work performed and
power produced by the muscle during the shortening
contraction by enabling a preceding increase in muscle
length (Cavagna & Citterio, 1974; Kawakami et al. 2002).
However, the stretch is so rapid that the intensity of the
activation signal must be established prior to the action.

Lengthening contractions that involve modulation
of the activation signal (Fig. 1B) are accomplished by
controlling the number of motor units that are activated
and the rate at which the recruited motor units discharge
action potentials. When the task involves varying muscle
force to match an intended profile, the control strategy
must accommodate the different rise and decay times of
the forces generated by the activated motor units (Nardone
& Schieppati, 1988). For example, a gradual increase
in force during an isometric contraction requires that
the activation of the motor units be aligned so that the
summed rise times match the desired trajectory (Fig. 2).
Conversely, a targeted decrease in force requires that the
decay times be matched, which involves predicting the
time course of the contractile events that define the decay

the metacarpophalangeal joint. Note the gradual decrease in EMG
amplitude and the greater fluctuations in acceleration during the
lengthening contraction compared with the shortening contraction.
Adapted from Christou et al. (2003); used with permission.
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rate. Thus, the increase and decrease in force during an
isometric contraction require different control strategies,
which contributes to the greater difficulty that some
individuals experience when decreasing force during an
isometric contraction (Semmler et al. 2002; Kimura et al.
2003).

The different control strategies required for increasing
and decreasing force during an isometric contraction are
further compounded by the influence of load compliance
and changes in muscle length during anisometric contra-
ctions (Gottlieb, 1996; Christou & Carlton, 2002). When
an individual performs an isometric contraction and
exerts a force against a rigid restraint, for example, the
inputs received by the motor neurones differ from when
the same muscle force is used to support an inertial load
(Akazawa et al. 1983; Hulliger et al. 1985; Doemges &
Rack, 1992; Buchanan & Lloyd, 1995; De Serres et al.
2002). The control strategy is further complicated when
the task involves a movement (Burnett et al. 2000; Christou
& Carlton, 2002; Christou et al. 2003), as indicated by
an increase in the gain of the stretch reflex (Doemges
& Rack, 1992) and greater coherence at 6–12 Hz in the
discharge of action potentials by pairs of motor units
(Kakuda et al. 1999). Despite the increase in the gain of
the stretch reflex and augmented feedback from muscle
spindles (Burke et al. 1978), the amplitude of the stretch
reflex is depressed during movement and especially when
the task involves lengthening contractions, which suggests
the involvement of central pathways to control the inflow
of sensory information from the periphery (Nakazawa
et al. 1997, 1998; Bawa & Sinkjær, 1999).

Taken together, these studies establish that differences
in the descending input and peripheral afferent
feedback to the motor neurone pool during shortening
and lengthening contractions must be managed by the
nervous system to accommodate the constraints associated
with the required force profile for each task.

Submaximal contractions

Two factors confound the association between motor unit
activity and muscle force during anisometric contrac-
tions. First, the greater intrinsic force capacity of the
muscle fibres during lengthening contractions (Katz, 1939;
Edman, 1988; Morgan et al. 2000) means that less motor
unit activity is required to achieve a specific absolute
force compared with that needed during a shortening
contraction. Second, muscle torque must be greater than
the load torque during shortening contractions, whereas
it is required to be less than the load torque during
lengthening contractions. As a consequence of these
attributes, less motor unit activity is required to displace
a submaximal load with a lengthening contraction than
with a shortening contraction (Figs 1B and 3).

Motor unit activity. A critical question in this field
is whether submaximal lengthening contractions are
controlled by a scaled-down version of the activation signal
used for shortening contractions, or do they require a
unique activation signal? In general, activation of the few

Figure 2. Simulated motor unit activity to produce an increase
and decrease in isometric force
Computer simulation of the motor unit forces required to match a
template that comprised a gradual increase in force, a brief sustained
force at 2% MVC force, and a gradual decrease in force. The model of
motor unit recruitment and rate coding for the isometric contraction
was similar to the one reported by Barry et al. (2007). The force
template was approximated with ramp increases and decreases in an
excitation signal that recruited and derecruited 54 motor units during
the task. The timing of action potential discharges by four
representative motor units (1, 14, 28, and 42) that were active during
the ramp-up and ramp-down phases are indicated as tick marks in the
lower traces. The mean discharge rate of these four motor units was
7.37 pulses s−1 during the ramp increase in force and 7.17 pulses s−1

during the ramp decrease in force, and the corresponding coefficients
of variation for interspike interval were 29.9% and 22.4%,
respectively. In contrast to the similar rate coding characteristics during
the two phases of the task, the derecruitment of motor units during
the ramp decrease in force was more variable than the recruitment
during the ramp increase in force; the mean ± S.D. difference in the
force at which consecutive motor units were recruited was
0.038 ± 0.053% MVC force compared with 0.031 ± 0.207% MVC
force when the motor units were derecruited. The standard deviation
of the force about the ramp change in force (detrended force) was
13.9 a.u. during the ramp increase in force and 22.4 a.u. during the
decrease. Generated by Mark Jesunathadas.
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hundred motor neurones that innervate an average muscle
depends on the interaction between the net synaptic input
they receive and the distribution of intrinsic properties
across the population of motor neurones (Heckman
& Enoka, 2004). Because the net synaptic input does
differ during shortening and lengthening contractions,
the possibility exists for a qualitative difference in the
activation signal during the two anisometric contractions.

The contributions of a motor unit to muscle force are
characterized by the force at which it is recruited and
the range over which it can vary discharge rate during a
voluntary contraction. Although the recruitment order of
motor units is quite consistent during voluntary contrac-
tions, it can be altered when muscle is activated with
electrical stimulation (Feiereisen et al. 1997), when sensory
feedback is manipulated (Stephens et al. 1978), and when
a muscle contributes to multiple functions (van Zuylen
et al. 1988). Although the results have been equivocal,
some studies have also found that the recruitment order
of motor units differs during shortening and lengthening
contractions (Nardone et al. 1989; Howell et al. 1995),
which would require that the synaptic inputs to the
motor neurone pool, either from descending or peripheral
sources, differ during the two anisometric contractions.

A seminal study on recruitment order during
lengthening contractions recorded the discharge of single
motor units in soleus, lateral gastrocnemius and medial
gastrocnemius as seated subjects performed isometric and
anisometric contractions with the plantarflexor muscles
(Nardone et al. 1989). The anisometric contractions

Figure 3. Influence of movement velocity on acceleration and
EMG during shortening and lengthening contractions
Index finger acceleration and the average rectified EMG for first dorsal
interosseus during lengthening and shortening contractions. Values
are means ± S.E.M. of the standard deviation (S.D.) for six targeted
velocities. The S.D. of acceleration during the three fastest lengthening
contractions was significantly greater (∗) than that during the three
fastest shortening contractions. EMG amplitude during the shortening
contractions was greater than that during the lengthening
contractions. Reproduced from Christou et al. (2003) with permission.

involved lifting and lowering an inertial load to match
a prescribed trajectory. In contrast to the strategy used to
increase and decrease torque during the isometric contrac-
tions, the distribution of EMG activity across the involved
muscles changed when lifting and lowering the load with
shortening and lengthening contractions, respectively
(Fig. 4A). The change in strategy indicated that the
lengthening contraction was not simply the converse of
the shortening contraction (Nardone & Schieppati, 1988).

From a sample of 99 motor units, Nardone et al.
(1989) found that 15% of the units in soleus and
50% of the units in the two gastrocnemii were
recruited only during lengthening contractions (Fig. 4B).
These motor units invariably had a high recruitment
threshold during an isometric contraction. When the task
involved a shortening–isometric-lengthening sequence
of contractions, the recruitment of these units during
the lengthening contraction was accompanied by the
derecruitment of other units that were active during
the shortening and isometric contractions (Fig. 4B).
Significantly, the selective recruitment of high-threshold
motor units during the lengthening contraction only
occurred when dictated by the target angular velocity.
Nardone et al. (1989) proposed that the more rapid
relaxation of the force for the high-threshold motor units
enabled the subjects to match the torque to the prescribed
trajectory more accurately during faster lengthening
contractions. They suggested that such a change in strategy
might be accomplished by a selective reduction in net
excitation to low-threshold motor units so that the desired
decrease in force can be achieved more readily.

Other studies that have examined recruitment order
during anisometric contractions, however, have found no
difference between shortening and lengthening contra-
ctions either when lifting an inertial load (Garland et al.
1996; Søgaard et al. 1996; Laidlaw et al. 2000; Stotz &
Bawa, 2001) or pushing against a torque motor (Stotz
& Bawa, 2001; Pasquet et al. 2006). These findings
indicate that recruitment order does not consistently vary
during lengthening contractions, especially when the task
does not require matching the displacement to a target
trajectory. The evidence seems to suggest therefore that
the recruitment order of motor units is usually similar
during shortening and lengthening contractions but that it
may vary when the task requires the individual to perform
a relatively fast lengthening contraction that matches a
prescribed trajectory (Nardone et al. 1989).

The influence of the task requirements on the
recruitment of motor units during anisometric
contractions also extends to the modulation of discharge
rate. Because the net muscle torque must exceed the load
torque during shortening contractions and be less than
the load torque during lengthening contractions, motor
units are derecruited and discharge rate decreases when
lowering an inertial load with a lengthening contraction
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(Laidlaw et al. 2000; Stotz & Bawa, 2001; Del Valle
& Thomas, 2005; Pasquet et al. 2006). The discharge
characteristics of motor units during shortening and
lengthening contractions that involve resisting a torque
motor again depend on the task requirements. When
individuals performed slow shortening and lengthening
contractions with a similar change in fascicle length in
tibialis anterior (Fig. 5), for example, the shortening
contraction was characterized by greater modulation of

Figure 4. Activation of the triceps surae muscles during isometric and anisometric contractions
The subject matched the rate of change in torque during the isometric contractions and the rate of change
in ankle angle during the anisometric contractions. A, the shortening contraction and the increase in torque
during the isometric contraction involved a comparable increase in soleus EMG, but a minor difference in the
involvement of other muscles. In contrast, the distribution of EMG activity during the lengthening contraction
differed from that observed when decreasing force during the isometric contraction. Furthermore, subjects used
various strategies during the lengthening contraction, as indicated by the two columns on the right. Reproduced
from Nardone & Schieppati (1988). B, motor units in lateral gastrocnemius (top trace) within the recording volume
of the electrode were selectively recruited during slow lengthening contractions and during a fast shortening
contraction. Reproduced from Nardone et al. (1989).

discharge rate than during the lengthening contraction
and the recruitment of additional motor units that were
derecruited during the lengthening contraction (Pasquet
et al. 2006).

Adjustments in synaptic input. The differences in
motor unit recruitment and discharge characteristics
during shortening and lengthening contractions require
modulation of either the descending command or the
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sensory feedback to the motor neurone pool (Nielsen,
2004). A consistent finding in studies on the neural control
of anisometric contractions is the reduced amplitude of
responses evoked by supraspinal and peripheral input
during lengthening contractions. The reduction has
been observed for motor evoked potentials elicited by
transcranial magnetic and electrical stimulation
(Abbruzzese et al. 1994; Sekiguchi et al. 2003b),
Hoffmann (H) reflexes (Romanò & Schieppati, 1987;
Abbruzzese et al. 1994; Nordlund et al. 2002; Duclay
& Martin, 2005), and stretch reflexes (Nakazawa et al.
1997) when EMG was matched in both contraction
types. Because transcranial electrical stimulation is
likely to activate the axons of cortical neurones whereas
transcranial magnetic stimulations activates the neurones
transynaptically (Rothwell, 1997), the decrease in the
amplitude of the responses evoked by both supraspinal
and peripheral (H reflex) stimuli during lengthening
contractions has been attributed to spinal mechanisms
(Abbruzzese et al. 1994).
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Figure 5. Modulation of discharge rate during anisometric contractions
The discharge and recruitment patterns of two motor units (MU1 and MU2) in tibialis anterior during an initial
isometric contraction and subsequent shortening (A) and lengthening (B) contractions. The vertical dotted lines
indicate the beginning and the end of each movement. The traces indicate angular ankle displacement (a), rectified
surface (b) and intramuscular (c) EMG of the tibialis anterior, and instantaneous discharge rate of MU1 (d) and
MU2 (e). MU2 was recruited during the shortening contraction at an ankle angle of 1 deg dorsiflexion and
derecruited during the lengthening contraction at a more extended ankle joint angle (8 deg plantarflexion). At
the transition from the initial isometric contraction to the anisometric contraction, there was either a transient
decrease (shortening contraction) or increase (lengthening contraction) in discharge rate due to an unloading
reflex or stretch reflex, respectively (d and e). Subsequently, there was greater modulation of discharge rate for
both motor units during the shortening contraction than during the lengthening contraction. Reproduced from
Pasquet et al. (2006) with permission.

Some evidence, however, suggests that cortical output
differs during shortening and lengthening contractions.
Despite a smaller EMG during lengthening contractions,
for example, the amplitude of the movement-related
cortical potential derived from the electroencephalogram
was greater during a lengthening contraction than a
shortening contraction when subjects lowered and raised,
respectively, an inertial load (10% of body weight) to
match a prescribed trajectory with the elbow flexor
muscles (Fang et al. 2001). A similar difference was
also evident during maximal isokinetic actions as the
amplitude and distribution of the planning-and-execution
component of the movement-related cortical potential was
greater for maximal lengthening contractions when the
elbow flexor muscles pushed against a torque motor (Fang
et al. 2004). The relative difference in the cortical potential
between the shortening and lengthening contrac-
tions with the elbow flexor muscles was greater for the
maximal contractions compared with the submaximal
ones. Although movement-related cortical potentials
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provide a relatively crude measure of the output from
the brain, the changes suggest that the brain is more
involved in the preparation, planning and execution
of the movement and with the processing of sensory
input during lengthening contractions compared with
shortening contractions.

The shift in cortical activity during the two types of
anisometric contractions may contribute to the differences
that have been observed in indexes of the strategy encoded
in the descending command, such as coactivation of the
antagonist muscle and motor unit synchronization. For
example, Sekiguchi et al. 2003a) evoked H reflexes in
soleus as subjects slowly lifted and lowered an inertial
load with the dorsiflexor muscles to match a target
trajectory. Stimulus intensity was varied across trials to
determine the recruitment curves for the H reflex and
M wave (direct motor response) during the shortening
and lengthening contractions. The slope of the ascending
phase of the recruitment curve for the H reflex relative
to the corresponding slope for the M wave, which is an
index of the responsiveness of the motor neurone pool to
input from Ia afferents, was greater during the lengthening
contractions relative to the shortening contractions,
despite similar background EMGs. Because the excitability
of the motor neurone pool innervating the antagonist
muscle is depressed by reciprocal inhibition from the
agonist muscle during these actions (Crone & Nielsen,
1994; Pyndt et al. 2003), the greater responsiveness during
the lengthening contractions may be due to a lower
reciprocal inhibition from the agonist to the antagonist
muscles than occurs during shortening contractions.
However, Pasquet et al. (2006) did not observe any
difference in coactivation when individuals performed
slow shortening and lengthening contractions with the
dorsiflexor muscles against a torque motor.

Consistent with the influence of targeted displacements
of inertial loads on H reflexes during anisometric contrac-
tions, Semmler et al. (2002) found that the level of
motor unit synchronization was greater during slow
lengthening contractions compared with slow shortening
contractions when subjects lifted and lowered an inertial
load (∼5% MVC force) to match a target trajectory
with the first dorsal interosseus muscle. The strength of
synchronization was 50% greater during the lengthening
contractions and the amount of low-frequency (2–12 Hz)
motor unit coherence was less during the shortening
contractions. These findings indicate that the relative
amount of common input to the motor neurone pool
from descending pathways differs during shortening and
lengthening contractions.

In parallel with the change in descending input
to the motor neurone pool during shortening and
lengthening contractions, there are also changes in sensory
feedback from the periphery. Notably, there is an increase
in the amount of feedback from muscle spindles during

lengthening contractions (Burke et al. 1978; Hulliger et al.
1985). Despite the augmented feedback from Ia afferents,
however, the amplitude of both the H reflex and the stretch
reflex is depressed during lengthening contractions, even
when the EMG level is matched during the two anisometric
contractions (Romanò & Schieppati, 1987). Therefore,
the attenuation of the motor neurone response to muscle
spindle input during lengthening contractions is mainly
attributed either to centrally and peripherally mediated
presynaptic inhibition of the Ia afferents (Romanò &
Schieppati, 1987; Pasquet et al. 2006) or to homosynaptic
postactivation depression (Hultborn et al. 1996); the latter
mechanism, however, is less evident during a contraction
than at rest (Pinniger et al. 2001; Stein et al. 2007). In
contrast, Petersen et al. (2007) found that the probability
of discharge by single motor units in tibialis anterior
in response to electrical stimulation of the Ia afferents
did not change during shortening and lengthening
contractions, despite an increase in spindle discharge
during muscle lengthening when motor unit discharge rate
was kept constant. Because the probability of discharge
depends on both pre- and postsynaptic mechanisms, and
discharge rate was held constant, they concluded that
presynaptic inhibition did not differ during shortening
and lengthening contractions. However, the task used by
Petersen et al. (2007) involved maintaining a constant
discharge rate of an identified motor unit in tibialis
anterior while pushing against a torque motor, which
differs substantially from the modulation of discharge rate
that occurs when an individual displaces an inertial load
to match a prescribed trajectory.

Despite the observations that synaptic input delivered
to motor neurones can differ during shortening and
lengthening contractions, the lack of attention to the
association between the adjustments in synaptic input
and the task demands precludes an understanding of
how the changes in motor output are achieved. There
is no evidence, for example, on the adjustments that
might cause a change in the recruitment order of motor
units during lengthening contractions. Even when the
adjustments are probed during tasks that do involve
a change in strategy, however, the measurements often
provide limited insight on the function of the entire
motor unit pool. This difficulty is evident in the study
of Nardone & Schieppati (1988) on the strategies used
by individuals to lower an inertial load with plantarflexor
muscles (Fig. 4A). Although two distinct strategies for the
lengthening contractions were identified, all participants
experienced a similar depression of H-reflex amplitude
in soleus and lateral gastrocnemius despite a difference
in the relative EMG amplitude in these muscles. Because
the H reflex typically involves low-threshold motor units
and these units receive greater amounts of presynaptic
and recurrent inhibition (Pierrot-Deseilligny & Burke,
2005), the measurement was not sensitive enough to
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differences that might exist across all of the involved motor
units.

Although the synaptic input received by the motor
neurone pool can differ during shortening and

Figure 6. Examples of the depression in muscle activation
during lengthening contractions
A, as subjects performed maximal isometric and anisometric
contractions with the knee extensors, three electric stimuli (200 μs
pulses at 300 Hz; 162 ± 26 mA) were applied to the femoral nerve
and the evoked torque was measured. When normalized to the torque
produced during maximal isometric contractions, the voluntary (◦)
and evoked (•) torques were similar during maximal shortening
contractions (60 deg s−1) but the evoked torque was significantly
greater than the voluntary torque during the maximal lengthening
contraction. The difference in the two torques during the lengthening
contractions suggests that the voluntary activation was less than
adequate. Data from Beltman et al. (2004) used with permission.
B, the torque produced during maximal (�) and submaximal (◦)
lengthening contractions with the plantarflexor muscles (mainly
soleus) was similar to the torque achieved during isometric
contractions. In contrast, electrical stimulation of the muscles to
produce an isometric torque of 30% MVC force resulted in a
significant increase in torque when a torque motor lengthened the
activated muscles (•) at three slow velocities. Thus, the greater relative
torque during the evoked contractions suggests that the level of
activation was depressed during the voluntary lengthening
contractions. Data from Pinniger et al. (2000) reproduced with kind
permission from Springer Science+Business Media: European Journal
of Applied Physiology, Tension regulation during lengthening and
shortening actions of the human soleus muscle, vol. 375, 2000,
p. 379, Pinniger GJ, Steele JR, Thorstensson A & Cresswell AG, Fig. 4.

lengthening contractions, there is a lack of information
about the specificity of the adjustments that produce
the observed changes in motor output during the two
anisometric contractions.

Maximal contractions

In the performance of maximal shortening and
lengthening contractions, the debate has focused on
whether or not the voluntary activation is sufficient to
elicit the maximal force capacity of the muscle. Whereas
the peak force that can be evoked from isolated fibres
and whole muscle is 50–80% greater when lengthening
contractions are performed on the plateau or descending
limb of the length–tension relation than during isometric
contractions (Katz, 1939; Edman, 1988; Morgan et al.
2000), the peak muscle force achieved during maximal
voluntary contractions is usually either similar during the
two anisometric contractions or only modestly greater
(< 40%) during lengthening contractions compared
with slow shortening contractions (Westing et al. 1991;
Amiridis et al. 1996; Kellis & Baltzopoulos, 1998; Aagaard
et al. 2000; Seger & Thorstensson, 2000; Pasquet et al. 2000;
Babault et al. 2001; Klass et al. 2005).

The discrepancy in the relative forces during the
evoked and voluntary protocols is often ascribed to an
activation signal that cannot realize the force capacity
of muscle during maximal lengthening contractions.
When individuals perform maximal isokinetic actions,
for example, EMG amplitude is often greater during
shortening contractions than during lengthening contrac-
tions (Tesch et al. 1990; Westing et al. 1991; Amiridis et al.
1996; Kellis & Baltzopoulos, 1998; Aagaard et al. 2000;
Komi et al. 2000) and voluntary activation is depressed
during lengthening contractions (Amiridis et al. 1996;
Babault et al. 2001; Beltman et al. 2004). Consistent with
this deficit, Beltman et al. (2004) reported a voluntary
activation level of 79 ± 8% during a maximal lengthening
contraction with quadriceps femoris compared with a
level of 92 ± 3% during a maximal shortening contraction
(Fig. 6A). Furthermore, the distribution of the ratio of
phosphocreatine to creatine in muscle fibres obtained
from vastus lateralis was shifted less after 10 maximal
lengthening contractions compared with 10 maximal
shortening contractions, which is consistent with a
lower activation of the muscle during the lengthening
contractions.

The adaptations elicited by physical training seem
to be consistent with a deficit in voluntary activation
during maximal lengthening contractions (Hortobágyi
et al. 1996a,b, 2001; Aagaard et al. 2000; Duclay et al.
2008). When Amiridis et al. (1996) compared the torque
produced during maximal lengthening contractions with
and without superimposed electrical stimulation, the peak
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torque achieved during the anisometric contractions with
the knee extensors increased for sedentary individuals
but not for elite athletes. Similarly, Aagaard et al. (2000)
found that 14 weeks of strength training the knee extensors
increased both the peak torque and EMG amplitude
during maximal isokinetic actions but EMG amplitude
increased to a greater extent during lengthening compared
with shortening contractions. Caution is necessary in
interpreting differences in EMG amplitude (Farina et al.
2004; Keenan et al. 2005), however, because the greatest
EMG amplitudes both before and after training occurred
during fast shortening contractions when muscle torque
was the least. Nonetheless, these results are usually
interpreted as an increased neural drive in the descending
corticospinal pathways during voluntary activation of the
muscle (Aagaard et al. 2002; Duclay et al. 2008).

A common explanation for the lesser voluntary
activation during maximal lengthening contractions
is the existence of a tension-limiting mechanism to
minimize possible damage to the muscle and its associated
connective tissues (Westing et al. 1991; Amiridis et al.
1996; Aagaard et al. 2000; Pinniger et al. 2000; Seger
& Thorstensson, 2000; Del Valle & Thomas, 2005).
Proponents of this protective strategy suggest that
inhibitory feedback from sensory receptors, especially
Golgi tendon organs, depresses the responsiveness of
the motor neurone pool to incoming descending inputs
(Westing et al. 1991; Aagaard et al. 2000). When
normalized to the corresponding isometric force, however,
the force–velocity relation during both maximal and
submaximal (30% MVC) lengthening contractions is
similar in the soleus muscle (Fig. 6B), which suggests
that the inhibition of the activation during lengthening
contraction may not be influenced by a tension-related
feedback mechanism. Furthermore, the depression in
EMG that occurs during a lengthening contraction
was established during a preceding maximal isometric
contraction prior to the change in muscle length (Grabiner
& Owings, 2002) and the muscle damage caused by
lengthening contractions depends on muscle length and
not muscle tension (Talbot & Morgan, 1998). At least
some of the reduction in activation during lengthening
contractions therefore must be produced by descending
signals, such as a decline in output from the motor cortex
or an increase in presynaptic inhibition of facilitation from
the periphery (Pinniger et al. 2000; Fang et al. 2001; Duclay
& Martin, 2005).

Taken together, the activation of muscle seems to be
depressed during maximal lengthening contractions, at
least when these contractions are performed by average
individuals on isokinetic dynamometers. How well this
observation generalizes to other tasks and the relative
significance of the candidate mechanisms remains to be
determined.

Conclusion

When a task involves submaximal contractions to either
lift an inertial load or push against an imposed load, the
amount of motor unit activity differs during shortening
and lengthening contractions. Due to the greater force
capacity of muscle during lengthening contractions,
fewer motor units are recruited and discharge rate is
lower during lengthening contractions compared with
shortening contractions. Although the synaptic input
delivered to the motor neurone pool by descending
pathways and peripheral afferents can differ during
shortening and lengthening contractions, too little
attention has been afforded the task demands to identify
the specific adjustments responsible for differences in
motor performance. Similarly, the mechanisms under-
lying the depression of voluntary activation that has been
observed in several muscles during maximal lengthening
contractions performed on an isokinetic dynamometer
are yet to be identified, and the extent to which
this observation generalizes to other tasks is unknown.
These comparisons indicate that there is a critical
need for studies that can explain differences in the
performance of shortening and lengthening contractions
in terms of the specific adjustments used by the nervous
system to control the activity of the involved motor
neurones.
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Hortobágyi T, Hill JP, Houmard JA, Fraser DD, Lambert NH &
Israel RG (1996b). Adaptative responses to muscle
lengthening and shortening in humans. J Appl Physiol 80,
765–772.

Howell JN, Fuglevand AJ, Walsh ML & 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.

Hulliger M, Nordh E & Vallbo ÅB (1985). Discharge in muscle
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