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Nashed JY, Crevecoeur F, Scott SH. Influence of the behavioral
goal and environmental obstacles on rapid feedback responses. J
Neurophysiol 108: 999–1009, 2012. First published May 23, 2012;
doi:10.1152/jn.01089.2011.—The motor system must consider a va-
riety of environmental factors when executing voluntary motor ac-
tions, such as the shape of the goal or the possible presence of
intervening obstacles. It remains unknown whether rapid feedback
responses to mechanical perturbations also consider these factors. Our
first experiment quantified how feedback corrections were altered by
target shape, which was either a circular dot or a bar. Unperturbed
movements to each target were qualitatively similar on average but
with greater dispersion of end point positions when reaching to the
bar. On random trials, multijoint torque perturbations deviated the
hand left or right. When reaching to a circular target, perturbations
elicited corrective movements that were directed straight to the loca-
tion of the target. In contrast, corrective movements when reaching to
a bar were redirected to other locations along the bar axis. Our second
experiment quantified whether the presence of obstacles could inter-
fere with feedback corrections. We found that hand trajectories after
the perturbations were altered to avoid obstacles in the environment.
Importantly, changes in muscle activity reflecting the different target
shapes (bar vs. dot) or the presence of obstacles were observed in as
little as 70 ms. Such changes in motor responses were qualitatively
consistent with simulations based on optimal feedback control. Taken
together, these results highlight that long-latency motor responses
consider spatial properties of the goal and environment.

reaching; spatial targets; optimal feedback control

REACHING MOVEMENTS to grasp and interact with objects in the
environment must consider a variety of factors beyond the
object’s spatial location. For example, we can direct reaching
movements to pick up a stick anywhere along its length, and
we can easily reach around obstacles in our environment. It is
well known that features such as end goal shape, size, and
orientation can alter the kinematics of reaching (Lametti et al.
2007; Soechting 1984). Similarly, the presence of obstacles or
distracters in the environment can alter hand trajectories during
reaching (Chapman and Goodale 2008; Howard and Tipper
1997; Jackson et al. 1995; Lacquaniti et al. 1986). These results
demonstrate the inherent sophistication of the voluntary motor
system to plan and initiate motor actions. However, less is
known on whether online feedback corrections share this
sophistication.

Recent theories of voluntary motor control highlight the
importance and potential sophistication of feedback processes

during motor actions (Scott 2004; Todorov and Jordan 2002;
Todorov 2004). Correspondingly, behavioral studies have be-
gun to highlight considerable flexibility in the use of feedback
to guide movement (Knill et al. 2011; Liu and Todorov 2007;
Diedrichsen and Dowling 2009a; Diedrichsen and Gush 2009b;
Franklin and Wolpert 2008; Prablanc and Martin 1992). With
regard to properties of the spatial goal, Knill and colleagues
(2011) demonstrated that motor responses to small shifts in
visual feedback of hand motion during reaching varied for
rectangular targets oriented in different spatial directions. Sub-
jects corrected more for perturbations aligned with the narrow
dimension of the target compared with perturbations aligned
with the long dimension. Differences in hand motion based on
target shape were observable between 150 and 200 ms. How-
ever, even faster online corrections may be possible as this
study used visual shifts of hand position that did not engage
much faster feedback processes related to muscle afferents.
The fastest upper limb electromyographic (EMG) responses to
visual stimuli occur at !90 ms (Pruszynski et al. 2010),
whereas limb afferent feedback can influence motor output in
as little as 25 ms (Pierrot-Deseilligny and Burke 2005).

Muscle activity associated with feedback corrections to
mechanical perturbations, previously termed rapid motor re-
sponses, can be generally divided into two components: short-
latency responses (20–45 ms) and long-latency responses
(45–105 ms) (for a review, see Pruszynski and Scott 2012).
Short-latency responses are generated by the spinal cord and
can be modified only under limited conditions (Wolpaw 1983;
Wolf and Segal 1996; Christakos et al. 1983; Komiyama et al.
2000). In contrast, long-latency responses include a transcor-
tical feedback pathway and have been shown to be modified by
changes in task instruction (Rothwell et al. 1980; Pruszynski et
al. 2008; Lewis et al. 2006; Lee and Tatton 1982; Hammond
1956; Crago et al. 1976), stability (Nichols and Houk 1976;
Akazawa et al. 1983; Krutky et al. 2010), and joint dynamics
(Lacquaniti and Soechting 1984; Lacquaniti and Soechting
1986; Kurtzer et al. 2008; Kurtzer et al. 2009). Thus, these
studies highlight the ability of corrective responses to consider
the nominal goal and features of the motor periphery. We
hypothesize that, as observed in voluntary control, these cor-
rective responses will also consider more complex issues
related to the properties of the goal and environment as
voluntary control and transcortical feedback pathways involve
similar neural substrates (Scott 2004, 2008).

In this report, we explore whether rapid motor responses are
altered to account for spatial constraints associated with the
size of the end goal and the presence of obstacles in the
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environment, similar to voluntary motor control. We developed
an optimal control model to characterize how these factors may
influence motor patterns and found that subjects generated
qualitatively similar corrective responses. Critically, task-spe-
cific changes in motor responses consistent with the simula-
tions were observed in as little as 70 ms, showing that high-
level factors of movement planning, such as target shape and
the presence of obstacles, modulate feedback responses to
perturbations within the long-latency epoch.

METHODS

Participants

A total of 35 subjects (20 men and 15 women, age: 21–35 yr, 19
right hand dominant) participated in 3 experiments. Six subjects
participated in experiments 1 and 3, whereas one subject participated
in experiments 1 and 2. Sixteen of the thirty-five subjects were
recruited to participate in the randomization variants of experiments 1
and 2. All subjects were neurologically healthy and gave informed
consent according to a protocol approved by the Research Ethics
Board of Queen’s University. Experiments did not exceed 2 h, and
subjects were compensated for their time.

Apparatus and Experimental Design

As described in our previous studies (Kurtzer et al. 2008; Pruszyn-
ski et al. 2008; Scott 1999), experiments used a robotic device
(KINARM Exoskeleton, BKIN Technologies, Kingston, ON, Canada)
permitting elbow and shoulder movement in the horizontal plane. In
addition to recording flexion/extension movement of each joint, the
KINARM can displace the arm by applying mechanical loads. Pro-
jected target lights and hand feedback (white dot, 0.5-cm diameter)
were presented to the subject from a heads-up display consisting of an
overhead projector and a semitransparent mirror. During the experi-
ment, direct vision of the arm and hand was occluded by a metal
partition.

Muscle Recordings

Surface EMG recordings were obtained from the following flexor
and extensor muscles of the elbow and shoulder: brachioradialis (Br;
elbow flexor), triceps lateral (TLat; elbow extensor), deltoid posterior
(DP; shoulder extensor), and pectoralis major (PM; shoulder flexor).
Full details of the procedures are described in our earlier studies
(Kurtzer et al. 2008; Pruszynski et al. 2008).

Experiments

Experiment 1: influence of target shape on feedback corrections
during reaching. This experiment examined the flexibility of feedback
corrections after mechanical perturbations during reaching to a small
circular target or an elongated horizontal bar. Subjects (n " 10)
initiated their hand movements from a small start target (radius: 0.5
cm), such that the shoulder and elbow angles were !20 and 110°,
respectively. Subjects were required to perform 20-cm reaching
movements directly ahead (Fig. 1A) to one of two end targets: 1) a
circular dot (radius: 0.5cm) or 2) a rectangular bar (length: 80 cm).
Upon trial completion, subjects were notified as to whether they
attained predetermined speed and accuracy criteria [successful: end
target filled green; failures: too fast (#700 ms, end target filled red),
or too slow ($1,000 ms, end target filled yellow)]. On random trials,
step torques were applied to the limb when the hand was 5 cm beyond
the start target. Either flexion/flexion (elbow: 2 N·m, shoulder: 2 N·m)
or extension/extension (elbow: 0.5 N·m, shoulder: 2 N·m) torques
were applied, which deviated the hand to the left and right, respec-

tively. The above joint torques were chosen to produce qualitatively
similar hand path deviations to the left and right. Subjects readily
compensated for these loads to attain the spatial targets (see RESULTS).
Subjects performed each condition (dot or bar) in a blocked fashion.
Blocks included 5 repeats of each perturbation randomized with 40
nonperturbation trials, for a total of 50 trials/block. The target condi-
tions were presented three times interleaved, with the first block
randomly selected from one of the target conditions (15 perturbation
trials in total for each target condition). Subjects were given a few
practice trials before data collection to become generally familiar with
the task and the loads (!5 perturbed trials).

For each muscle, perturbation direction, and target condition, we
quantified learning in the long-latency epoch over the course of the
perturbed trials. This was achieved by taking the mean long-latency
response of the early (mean of the first three) and late (mean of the last
three) perturbed trials for each subject and performing a paired t-test
between these two values.

To rule out any stimulus-specific learning in the previous blocked
paradigm, a random trial-by-trial variation of the task was performed.
Thus, in addition to the experiment described above, additional
subjects (n " 8) performed the same task in a randomized fashion as
opposed to the blocked structure described above. In other words,
subjects were presented with either the bar or dot randomly on each
trial. Similar to above, they performed 15 repeats of each perturbation
condition.

Fig. 1. Schematic description of the experimental protocol and predictions.
A: empirical data from experiment 1. Shown are means (solid line) and SDs
(dashed lines) of all subjects illustrating the reaching movements made to one
of two end targets, either a circular dot (blue; radius: 0.05 cm) or a rectangular
bar (red; length: 80 cm and width: 3 cm), located directly 20 cm in front of the
start target (radius: 0.5 cm). B: empirical data from experiment 2. Shown are
means (solid lines) and SDs (dashed lines) of all subjects illustrating the
reaching movements made to the rectangular bar with (blue) and without (red)
obstacles in the environment. C–H: simulated results. C: Predicted unperturbed
movement trajectories for the dot (red), bar (blue), and obstacle (black)
conditions based on the optimal control policy. D: predicted feedback correc-
tion after a rightward perturbation for each target type based on the optimal
control policy. E: predicted feedback correction after a rightward perturbation
with and without obstacles based on the optimal control policy. F: predicted
control policies for the bar (red), dot (blue), and obstacle (black) conditions
based on the optimal control policy. Note that the control signals for the bar
and dot were much smaller compared with the obstacle condition. G: predicted
control policies after a rightward perturbation for each target type based on the
optimal control policy. H: predicted control policies after a rightward pertur-
bation with and without the presence of obstacles based on the optimal control
policy.
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Experiment 2: influence of obstacles on feedback corrections dur-
ing reaching. This experiment examined the flexibility of feedback
corrections during reaching with and without obstacles in the envi-
ronment. The experimental protocol was similar to the bar condition
of experiment 1; however, subjects (n " 10) performed reaches with
and without the added constraints of obstacles placed within the
workspace. Two parallel obstacles, separated by 10 cm, were strate-
gically located to the right and left of the unperturbed hand trajectory
of experiment 1 (Fig. 1B). Importantly, the obstacles were positioned
so they did not obstruct the unperturbed reaching trajectories of
experiment 1. Collision with an obstacle resulted in haptic feedback
such that a repulsive force was generated, which impeded hand
movement. On perturbation trials, uncorrected movements resulted in
hand paths being impeded by one of the two obstacles. Subjects
performed each condition (obstacles or no obstacles) in a blocked
fashion, such that each block included 5 repeats of the perturbation
conditions randomized with 40 nonperturbation trials, for a total of 50
trials/block. Obstacle and no obstacle conditions were presented three
times interleaved, with the first block randomly selected (15 pertur-
bations trials in total for each condition). Subjects were given a few
practice trials before data collection to become generally familiar with
the task, the loads, and the properties of the virtual obstacles (!5
perturbed trials). A second variant of this task was also performed in
which the subjects reached to the circular dot rather than the bar. We
also quantified learning in the long-latency epoch in a similar fashion
to experiment 1. In addition, eight subjects performed this task where
trials with or without obstacles were randomly interleaved.

Experiment 3: influence of tonic muscle activity on feedback
corrections. We noted some changes in background muscle activity
between obstacle conditions (see RESULTS). Thus, the purpose of this
experiment was to examine the effects of changes in tonic muscle
activity upon rapid motor corrections during reaching. Directly con-
trolling for changes in cocontraction is difficult; thus, we artificially
induced increases in muscular activity by selectively applying back-
ground loads. The experimental protocol was similar to the circular
dot condition of experiment 1. Subjects (n " 6) maintained their hand
in the start target against one of three possible background loads (%2,
0, and 2 N·m) applied to both the shoulder and elbow, exciting either
the flexors or extensors. Perturbations were applied similar to exper-
iment 1. Subjects performed 15 repeats of each perturbation condition
(2 directions) for each background load (3 background loads) for a
total of 90 perturbed trials. As all combinations of loads and pertur-
bation types were examined, subjects could not anticipate perturbation
direction. Perturbation trials were randomized with 210 nonperturbed
trials, for a total of 300 trials.

Model

We considered the translation of a unit point mass (m " 1) in the
horizontal plane in the presence of three forces: a viscous force
proportional to the two-dimensional velocity with opposite sign, a
controlled force (F), and an external force (Fext). To approximate the
muscle dynamics, we assumed a first-order linear filter between the
control variable and the controlled force coupled with the differential
equation describing the translation of the point mass. The external
force was assumed to be constant. The control system was therefore
given by the following differential equation:

mp̈ ! "Gṗ # F # Fext (1)

$Ḟ ! u " F (2)

Ḟext ! 0 (3)

where m is mass, p(t) is the two-dimensional coordinate vector of the
point mass in the plane, G is the viscous constant, F and Fext are the
two-dimensional controlled and external forces, respectively, and u is
the two-dimensional control vector. G was set to 1 N·s·m%1, and the

time constant of the linear filter ($) was set to 40 ms, which is
compatible with the first approximation of muscle dynamics (Brown
and Loeb 2000). m and G were arbitrarily set to unit values to
standardize the simulations. These parameters have qualitatively no
influence on the simulation results. To introduce stochastic dynamics
and noise disturbances, the continuous time system was transformed
into a discrete time system of the following form using classical
transformation methods of linear ordinary differential equations and
an explicit Euler integration scheme with a 10-ms time step:

xk#1 ! Axk # Buk # motor noise (4)

where xk&1 is the state vector at time k & 1, A and B are matrices that
describe the system dynamics, and uk is the control signal at time k.
The state vector containing the position, velocity, and forces was
augmented with a vector of the same dimension that contained the
target state (16 dimensions). Finally, we further augmented the state
vector with the previous states to take feedback delays into account
and reduce the delayed feedback signal to the nondelayed case by
letting the controller observe only the most delayed state. This
technique is a classical procedure used to handle discrete systems
subject to fixed delays (Mehta and Schaal 2002; Todorov and Jordan
2002; Izawa and Shadmehr 2008; Crevecoeur et al. 2010).

Under these assumptions, the feedback signal at each time step (yk)
can be written as follows:

yk ! xk"h # sensory noise (5)

or, equivalently,

yk ! H!xk
T, xk"1

T , . . . , xk"h
T "T # sensory noise (6)

where h is the feedback delay expressed in number of time steps, the
observability matrix (H) " (0 0 . . . I16'16), and T is the transpose.
This delay was set to 50 ms (5 time steps) to reflect the transmission
delay associated with the long-latency response. After reducing the
system to the nondelayed case, we can use an optimal linear state
estimator (Kalman filter) that consists in weighting prior beliefs about
the state of the system with sensory feedback to derive a maximum
likelihood estimate of the system state. In practice, let x̂k be the
estimated state at time k (including the target and past states). Thus,
the prior belief about the next state is as follows:

x̂k#1
P ! Ax̂k # Buk # prediction noise (7)

and the feedback correction yields the full state estimate by taking
yk&1 into account:

x̂k#1 ! x̂k#1
P # Kk#1(yk#1 " Hx̂k#1

P ) (8)

The sequence of Kalman gains (Ki) must be computed.
The motor noise affected the force production only and was

composed of two terms: an additive term plus a control-dependent
term with principal axis aligned with the direction of the control
vector with variance (0.015)2 ' u and a secondary axis orthogonal to
the control vector with variance (0.005)2 ' u (Liu and Todorov 2007).
The sensory noise was additive and affected all components of the
most delayed state, including the target. The prediction noise was also
additive. It affected only the estimate of the next time step and,
therefore, not the history of the process stored in the augmented state
vector. The covariance matrixes of additive, predictive, and feedback
noises were all diagonal matrixes. The variance of the additive motor
noise was set to 10%2, and the variances of the feedback and predic-
tion noises (when they are nonzero for the prediction disturbance)
were set to 10%6.

The optimal control variables and optimal Kalman gains depend on
the task that was expressed by the cost function that the controller
must minimize along the trajectory. A control-dependent cost was
applied to all simulation runs such that at each time step, the cost of
control was equal to 10%6 ' ||uk||

2. To simulate the unperturbed
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reaching to a circular target, we used a terminal cost function such
that:

final cost ! !p " p*!2 # ! ṗ " ṗ*!2 (9)

where the two dimensions of the plane were constrained. The same
cost function was used to simulate the reaching toward a bar except
that only one dimension of the plane was penalized and there was no
cost associated with deviations along the axis of the bar target (we
note px the coordinate along this axis). The two-dimensional velocity
penalty was unchanged across the simulated reaches toward the bar or
circular target to express that the movement had to stop at the end of
the simulation run. To simulate the perturbations, the lateral compo-
nent of the external force was changed within each simulation run
when the distance travelled by the point mass exceeded 5 cm, using
the same position threshold as in the experimental paradigm. Finally,
the obstacles were approximated as an extremely high penalty on the
deviations orthogonal to the reach path during the last portion of the
movement, when subjects approached the edges of the obstacles. This
penalty was expressed as follows: 100(px % px

*)2. Based on subjects’
data, the controller had to drive the point mass to the goal in 800 ms
and the presence of constraints simulating the obstacles occurred after
500 ms.

With these definitions of system dynamics, feedback signals, noise
parameters, and cost functions, we computed the optimal feedback
gains and adaptive Kalman gains associated with each target and
obstacle condition following algorithms adapted to the presence of
control-dependent noise (Todorov 2005; Crevecoeur et al. 2011).

Since the plant dynamics are linear and the cost function is
quadratic, the optimal feedback control policy turned out to be a linear
function of the following estimated state:

uk ! "Lkx̂k (10)

where Lk represents the optimal feedback gains. These hypotheses are
a simplification of the motor system, but the resulting control algo-
rithm presents the advantage of expressing the control variable as an
explicit function of the estimated state. In more general settings
(including nonlinear dynamics and arbitrary cost functions), the op-
timal control policy is also a function of the system state, but it is
practically impossible to compute due to the computational complex-
ity that grows exponentially as the system dimension increases. To the
best of our knowledge, current numerical techniques are based on
iterative improvements of locally optimal control policies computed
in the neighborhood of a nominal trajectory (Li and Todorov, 2007).

Each model was used for trials with and without perturbations. The
different cost and noise parameters were standard values chosen to
produce simulation results that were in general agreement with the
experimental results. We verified that these parameters did not qual-
itatively influence the dependency of the feedback response on task
requirements.

Data Analysis

Filtering and normalization. All data were aligned on the pertur-
bation onset. Kinematic and EMG data were processed in the follow-
ing manner: joint angles and hand positions were low-pass filtered (20
Hz, two pass, sixth-order Butterworth). All EMG signals were band-
pass filtered (25–250 Hz, two pass, sixth-order Butterworth) and full
wave rectified. EMG was normalized by its mean activity in a separate
set of trials where subjects maintained a constant posture against
1-N·m torques applied to each joint individually.

Behavior and kinematics. Receiver operator curves (ROCs) were
used to determine significant differences in corrections based on
tangential velocity (Green and Swets 1966). ROC areas were com-
puted on the distribution of individual trials for each subject, and the
resulting time series were averaged across them. The ROC curve
represents the probability at each time point (1 ms) that an ideal

observer could discriminate between categories or conditions. Values
of 0 and 1 indicate perfect discrimination; in contrast, a value of 0.5
is indicative of performance at chance. Significant discrimination was
determined when the first ROC area remained #0.25 or $0.75 for five
consecutive time samples (Corneil et al. 2004; Pruszynski et al. 2008).

We used subject means and performed paired t-tests to determine
significant differences in the terminal hand and joint positions. Ter-
minal positions were defined as the final position of the hand within
the end target. We compared subject means of the hand (x-direction),
elbow, and shoulder joint position for similar perturbations between
different target (bar vs. dot) and obstacle (with vs. without) condi-
tions. Similarly, we examined the lateral variability (SD, x-direction)
of each subject’s terminal hand position for the unperturbed reaching
movements and compared them between target and obstacle condi-
tions to quantify differences in end point distributions.

Muscle activity. Our primary interest was to compare different
epochs of muscle activity to gain further insight into the sensitivity of
feedback responses to spatial goals and environmental constraints
(obstacles). The epochs of muscle activity of most interest were based
on previous reports (Crago et al. 1976; Lee and Tatton 1975; Mor-
timer et al. 1981; Nakazawa et al. 1997) and were categorized
temporally: baseline " %100 to 0 ms, R1 " 20–45 ms, R2 " 45–75
ms, R3 " 75–105 ms, and voluntary (Vol) " 120–180 ms. The R1-R3
convention is similar to the M1-M3 convention proposed by Lee and
Tatton (1975) but should avoid confusion with the earliest response
(R1; previously M1) and primary motor cortex’s common abbrevia-
tion (M1).

Our experimental design allowed us to make straightforward com-
parisons between conditions to determine if feedback responses mod-
ulate as a function of task demands. Paired t-tests were performed
using subject means to determine changes for similar perturbations
between the different target (dot vs. bar) and obstacle (with vs.
without) conditions. We were most interested in comparing the
perturbation-related muscle activity between experimental conditions
of each subject. Accordingly, we calculated subject means for each
experimental condition and subsequently used the change in activity
between the perturbed and unperturbed conditions, which is ultimately
what we consider the perturbation-related muscle activity.

RESULTS

Experiment 1: Influence of Target Shape on Feedback
Corrections During Reaching

The optimal control model predicted that the pattern of hand
trajectories would be different whether the target was circular
or a long horizontal. Specifically, the end point distribution
when reaching to a bar is much broader than when reaching to
a circular target (Fig. 1C). This difference in end point distri-
butions is a consequence of the task-specific cost function that
leaves the dimension orthogonal to the reach path not penalized
when reaching to a bar. The greater variability in the control
variable associated with reaching to a circular target shows that
the deviations along the orthogonal axis are taken into account
and corrected by the controller.

Qualitatively similar results were observed for human sub-
jects for these unperturbed reaching trials. Unperturbed reaches
to the circular dot were relatively straight with bell-shaped
velocity profiles (Fig. 1A). Although subjects could reach
anywhere along the horizontal bar, they chose reaching move-
ments straight ahead to the goal (Fig. 1A). Accordingly, initial
hand paths overlapped greatly between the two conditions (bar
and dot). A notable difference was the larger terminal variabil-
ity associated with the bar (end point SD " 2.5 cm) compared
with the dot (end point SD " 0.4cm, t9 " 4.88, P " 0.008).
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Figure 1D highlights the response generated by the optimal
control model to this perturbation. The simulations reveal that
even if the mass is free to move until the final time step, the
controller directly responds to the change in external force
(Fig. 1D). Importantly, the target shapes yield very different
initial responses, with a larger response required for the circu-
lar target and a smaller response for the horizontal bar (Fig.
1G). A reduced response associated with the bar is predicted as
the goal can be attained with less effort by redirecting object
motion to the right side of the bar. This nontrivial result reflects
that although there is not a penalized path, delaying the
response would result in an expensive need for higher motor
commands that is suboptimal (Fig. 1, F and H). The best
strategy is to compensate for changes in external forces while
taking target shape into account as early as possible.

In human subjects, the limb was unexpectedly perturbed by
either flexor or extensor torques in 20% of trials, which displaced
the hand to the left or right, respectively. The amount of forward
acceleration varied for both torque conditions due to intersegmen-
tal dynamics. The extensor torques predominantly caused an
increase elbow extension deviating the hand rightward, away
from the circular dot, and rapid corrections were made directly
toward the target (Fig. 2A). In contrast, there was little corrective
movement of the hand trajectories for these extensor torques when
subjects reached to the horizontal bar. ROC analysis revealed
differences in tangential velocities for the two types of targets at
184 ms (Fig. 2B). Significantly different terminal hand (Fig. 2A)
and joint (Fig. 2, C and D) positions were observed between target
conditions (P # 0.001).

The perturbation-related muscle activity was quantified for
each subject by taking the difference between the mean of the
perturbed trials and the mean of the unperturbed trials (Kurtzer
et al. 2009). Figure 3 shows the changes in muscle activity in
the Br and PM muscles for the dot and bar after extensor
torques for an exemplar subject (Fig. 3A) and for the group
(Fig. 3B). The R2, R3, and Vol epochs were all elevated from
baseline and exhibited greater modulation for the dot compared
with the bar for both PM (R2: t9 " 2.29, P " 0.045; R3: t9 "
2.84, P " 0.018; Vol: t9 " 3.45, P " 0.006) and Br (R2: t9 "
3.29, P " 0.008; R3: t9 " 3.99, P " 0.003; Vol: t9 " 3.04, P "
0.013; Fig. 3C). Thus, the large corrective movement of the
hand back to the circular target was generated by increases in
PM and Br activity that began during the long latency time
epoch. Notably, the R1 epoch was the only binned epoch not
significantly elevated from baseline and did not exhibit differ-
ences between the dot and bar in either muscle (PM: t9 " 1.70,
P " 0.120; Br: t9 " 0.90, P " 0.340; Fig. 3C). Importantly, we
found no learning effects across trials for rightward perturba-
tions in either the bar or dot conditions in any of the active
muscles (those that generated corrective movements, P $ 0.05
by paired t-test, for all muscles).

We found essentially the same results when flexor torques
displaced the hand leftward during reaching (Fig. 4). However,
unlike the extension torques, flexor torques caused deviations
from the initial trajectories at both the shoulder and elbow
joints. Subjects made a single corrective movement directly
toward the circular dot. In contrast, hand trajectories to the
rectangular bar resulted in smaller corrections as movements
were redirected toward another location on the bar. Differences
in tangential velocities for the two target types were observed
at 196 ms using ROC analysis. Furthermore, significantly

Fig. 3. Flexor muscle activity of the brachioradialis (right) and pectoralis major
(left) muscles after extension torque perturbations. A: mean muscle activity
from an exemplar subject aligned to the perturbation onset. The blue and red
traces indicate the mean muscle activity in the circular dot and rectangular bar,
respectively. The solid vertical line marks the perturbation onset. EMG,
electromyograph; au, arbitrary units. B: mean (solid lines) and SE (shaded
regions) perturbation-evoked muscle activity of the group, obtained by sub-
tracting each subject’s unperturbed muscle activity from their perturbed
muscle activity and then averaging across subjects. C: bar plots of evoked
muscle activity within the different epochs. The vertical height and error bars
indicate the group means and SEs. Pre, baseline; Vol, voluntary. *P # 0.05.

Fig. 2. Limb kinematics during reaching in experiment 1 with extensor torque
perturbations. A: hand motion from an exemplar subject during reaching to the
circular dot (blue) or rectangular bar (red). The black lines represent the unper-
turbed trajectories to the circular dot. The horizontal dotted line indicates the
20-cm point at which the above distributions were obtained. Note that the unper-
turbed trajectories to the bar have been omitted for clarity. Top: positional cross-
section. The lateral distributions indicate the first crossing of the 20-cm position of
all trials from all subjects. B: mean (solid lines) and SD (shaded regions) speed
profiles over time for the same reaching movements. The dashed line indicates the
first point of statistical difference in the velocity profiles determined by receiver
operator curve (ROC) analysis. C: mean (solid lines) and SD (shaded regions) of
elbow angles versus time for the same reaching movements. D: mean (solid lines)
and SD (shaded regions) of shoulder angles versus time for the same reaching
movements. Data were aligned to the perturbation onset with the vertical line
indicating the perturbation onset. Red and blue lines correspond to the circular dot
and rectangular bar, respectively.
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different terminal hand positions were observed for each target
condition (t9 " 9.48, P # 0.001).

Perturbation-related EMG activity for the DP and Tlat mus-
cles was clearly observed for these imposed flexor torques
(Fig. 5). The R2, R3, and Vol epochs were elevated from
baseline and exhibited greater activity for the circular dot
compared with the rectangular bar for both Tlat (R2: t9 " 2.83,
P " 0.018; R3: t9 " 2.29, P " 0.045; Vol: t9 " 2.30, P "
0.044) and DP (R2: t9 " 2.21, P " 0.047; R3: t9 " 2.29, P "
0.045; Vol: t9 " 3.03, P " 0.013). Again, the R1 epoch of time
was not significantly elevated from baseline, nor did it exhibit
any target-related differences in either muscle (Tlat: t9 "
%0.290, P " 0.778; DP: t9 " 1.14, P " 0.282). Similar to the
rightward perturbation, we observed no learning effects in the
long-latency epoch over the course of trials for leftward per-
turbations in either target condition (P $ 0.05 by paired t-test,
for all muscles).

Randomly interleaved trials with different target shapes.
The results described above focused on data collected in a
blocked fashion (i.e., blocks of reaching trials to a circular dot
separated from trials to a bar). Here, we examine data collected
in which target presentation was randomized. The observed
behavior was essentially the same in this randomized condi-
tion. Terminal variability in unperturbed trials was greater for
reaches to the bar (end point SD " 1.6 cm) compared with the
circular dot (end point SD " 0.4 cm, t7 " 4.3, P " 0.008).
ROC analyses demonstrated differences in tangential hand
velocity between bar and dot trials at 190 ms for rightward
perturbations and 198 ms for leftward perturbations.

Similar to the blocked design, the upper limb muscle exhib-
ited an increasing sensitivity to target type during the random-
ized trials (bar vs. dot). Again, the R1 response exhibited no
difference between target conditions (P $ 0.05 by paired
t-test). In contrast, the R2, R3, and Vol epochs were signifi-
cantly different between target conditions for all muscles (P #
0.05 by paired t-test). Thus, subjects could modify their cor-
rective response from trial to trial based on the presented
properties of the goal. We also compared the group EMG (R1,
R2, R3, and Vol) results of the randomized and blocked
designs and found no significant differences between the two
groups (F1,17 " 2.04, P " 0.371, by MANOVA).

Experiment 2: Influence of Obstacles on Feedback
Corrections During Reaching

Subjects reached to a horizontal bar with and without ob-
stacles in the workspace to examine the flexibility of feedback
responses with respect to environmental/trajectory constraints.
As in experiment 1, unperturbed reaches without obstacles
were relatively straight with bell-shaped velocity profiles (Fig.
1B). Similar hand paths were observed when obstacles were
present in the environment, although the variability of hand
paths was less with obstacles (end point SD " 1.06 cm) than
without obstacles (end point SD " 3.90 cm, t9 " 5.72, P #
0.013). A similar difference in end point positions was ob-
served for movements with and without obstacles for the
optimal control model (Fig. 1C).

Like target shape, the presence of obstacles altered how the
optimal control model responded to mechanical perturbations.
Reaching in the presence of obstacles creates additional con-
straints on the lateral deviations that produce vigorous correc-
tions for the perturbation and more variable control signals

Fig. 5. Extensor muscle activity of the triceps lateral (right) and posterior
deltoid (left) muscles after flexor torque perturbations. A: mean muscle activity
from an exemplar subject aligned to the perturbation onset. The blue and red
traces indicate the mean muscle activity in the circular dot and rectangular bar,
respectively. The solid vertical line marks the perturbation onset. B: mean
(solid lines) and SE (shaded regions) perturbation-evoked muscle activity of
the group, obtained by subtracting each subject’s unperturbed muscle activity
from their perturbed muscle activity and then averaging across subjects. C: bar
plots of evoked muscle activity within the different epochs. The vertical height
and error bars indicate the group means and SE. *P # 0.05.

Fig. 4. Limb kinematics during reaching in experiment 1 with flexor torque
perturbations. A: hand motion from an exemplar subject during reaching to the
circular dot (blue) and rectangular bar (red). The black line represents the unper-
turbed trajectories to the circular dot. Note that unperturbed trajectories to the bar
were omitted for clarity. Top: positional cross-section. The lateral distributions
indicate the first crossing of the 20-cm position of all trials from all subjects.
B: mean (solid lines) and SD (shaded regions) speed profiles over time for the
same reaching movements. The dashed line indicates the first point of statistical
difference in the velocity profiles determined by ROC analysis. C: mean (solid
lines) and SD (shaded regions) of elbow angles versus time for the same reaching
movements. D: mean (solid lines) and SD (shaded regions) of shoulder angles
versus time for the same reaching movements. Data were aligned to the pertur-
bation onset with the vertical line indicating the perturbation onset. Red and blue
lines correspond to the circular dot and rectangular bar, respectively.
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while moving between the obstacles, as the controller must
correct any deviation toward them (Fig. 1, E and H).

When muscle activity on all trials with obstacles (PM "
0.58 ( 0.19, Br " 0.36 ( 0.16, Tlat " 0.49 ( 0.11, and DP "
0.35 ( 0.20; normalized means ( SD across all subjects) was
compared with all trials without obstacles (PM " 0.47 ( 0.16,
Br " 0.29 ( 0.14, Tlat " 0.39 ( 0.14, and DP " 0.29 ( 0.11;
normalized means ( SD for across subjects), we observed a
small (!15–20%) but significant increase in baseline muscle
activity (P # 0.05 by paired t-test, for all muscles) before
movement onset. Our analysis focused on analyzing the stretch
response of the muscle relative to the baseline. By subtracting
the mean of the unperturbed reaching trajectories from that of
the mean of the perturbed trials, we effectively removed any
increases in tonic muscle activity and isolated the evoked
responses. A careful examination of the effect of changes in
tonic muscle activation was performed in experiment 3.

On random trials, the limb was unexpectedly perturbed with
extensor torques that deviated the hand rightward from its
intended trajectory. Corrective movements without obstacles
were similar to those produced in experiment 1. In contrast,
when obstacles were present, subjects vigorously corrected
back toward the central opening between the two obstacles
(Fig. 6, A and C). ROC analysis revealed differences in
tangential velocities at 135 ms between conditions (Fig. 6B).
Significantly different terminal hand positions were observed
between conditions (t9 " 9.80, P # 0.001).

Extensor torques produced a rapid EMG response in the Br and
PM muscles, as shown for an exemplar subject (Fig. 7A) and the
group (Fig. 7B). Larger perturbation responses were observed

when the subjects reached with obstacles present compared with
when obstacles were absent in the environment (Fig. 7C). More
specifically, the R2, R3, and Vol epochs were all elevated and
exhibited greater modulation for the obstacles compared with
without for both PM (R2: t9 " 2.516, P " 0.033; R3: t9 " 3.36,
P " 0.008; Vol: t9 " 3.07, P " 0.013) and Br (R2: t9 " 2.73, P "
0.023; R3: t9 " 5.29, P " 0.001; Vol: t9 " 4.24, P " 0.002; Fig.
6D). As in experiment 1, the R1 epochs of the perturbation-related
activity for either flexor muscle was not significantly elevated
whether obstacles were present or not (PM: t9 " 1.24, P " 0.247;
Br: t9 " 1.92, P " 0.087). Similar to experiment 1, we found no
learning effects across trials for rightward perturbations with or
without the presence of obstacles (P $ $0.05 by paired t-test, for
all muscles).

Comparable results were observed when flexor torques dis-
placed the hand leftward. Without the presence of obstacles in
the environment, subject’s hand trajectories did not return to
the center of the bar where unperturbed reaches were made.
Rather, the hand was redirected to the left side of the bar, in the
direction of the perturbation (t9 " 7.28, P # 0.001). Con-
versely, when obstacles were present in the environment,
subjects made a single corrective movement to navigate be-
tween the obstacles to reach the end goal. Differences in hand
trajectories with obstacles versus without obstacles were ob-
served at 142 ms using ROC analysis.

Increases in EMG for the DP and Tlat muscles were ob-
served for the imposed flexor torques. Perturbation-related
activity in the R2, R3, and Vol epochs of DP were greater in
the presence of obstacles compared with without (R2: t9 "
4.13, P " 0.003; R3: t9 " 3.22, P " 0.010; Vol: t9 " 5.11, P "
0.001). Tlat showed only a significant increase in activity for
R2 and no significant increases in activity for the R3 and Vol
epochs (R2: t9 " 2.35, P " 0.043; R3: t9 " 1.87, P " 0.094;

Fig. 6. Limb kinematics during reaching in experiment 2 with extensor torque
perturbations. A: hand motion from an exemplar subject during reaching with
obstacles (blue) and without obstacles (red). The black lines illustrate the unper-
turbed trajectory to the bar. The horizontal dotted line indicates the obstacle
midpoint (16.5cm) at which the above distributions were obtained. Top: positional
cross-section. The lateral distributions indicating the first crossing of the obstacle
midpoint position of all trials from all subjects. B: mean (solid lines) and SD
(shaded rgions) speed profiles over time for the same reaching movements. The
dashed line indicates the first point of statistical difference in the velocity profiles
determined by ROC analysis. C: mean (solid lines) and SD (shaded regions) of
elbow angles versus time for the same reaching movements. D: mean (solid lines)
and SD (shaded regions) of shoulder angles versus time for the same reaching
movements. Data were aligned to the perturbation onset with the vertical line
indicating the perturbation onset. Red and blue lines correspond to the circular dot
and rectangular bar, respectively.

Fig. 7. Flexor muscle activity of the brachioradialis (right) and pectoralis major
(left) muscles after extension torque perturbations. A: mean muscle activity
from an exemplar subject aligned to the perturbation onset. The blue and red
traces indicate the mean muscle activity in the circular dot and rectangular bar,
respectively. The vertical line marks the perturbation onset. B: mean (solid
lines) and SE (shaded regions) perturbation-evoked muscle activity of the
group obtained by subtracting each subject’s unperturbed muscle activity from
their perturbed muscle activity and then averaging across subjects. C: bar plots
of evoked muscle activity within the different epochs. The vertical height and
error bars indicate the group means and SEs. *P # 0.05.
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Vol: t9 " 2.21, P " 0.055). Again, the R1 epoch of time was
not significantly elevated from the corrected baseline, nor did
it exhibit any differences related to obstacles in either muscle
(Tlat: t9 " 1.17, P " 0.270; DP: t9 " 1.07, P " 0.313). Similar
to rightward perturbations with and without obstacles, we
found no learning effects across trials for leftward perturba-
tions with or without the presence of obstacles (P $ 0.05 by
paired t-test, for all muscles). Essentially the same results were
observed when subjects (n " 6) reached to circular targets with
versus without obstacles in the environment (data not shown).

Randomly interleaved trials with and without obstacles. The
results described above focused on data collected in a blocked
fashion (i.e., blocks of reaching trials to a circular dot separated
from trials to a bar). We found essentially the same results as
described above when trials with and without obstacles were
randomly interleaved (n " 8; data not shown). Similar to
experiment 1, there were no group differences in EMG re-
sponses between the randomized and blocked designs (F1,17 "
4.17, P " 0.207, by MANOVA).

Experiment 3: Influence of Tonic Muscle Activity on
Feedback Corrections

The purpose of this experiment was to examine the effects of
increases in tonic muscle activity upon rapid motor corrections
during reaching. Before movement, extensor background loads
excited the flexors and caused a significant increase in baseline
muscle activity (PM: t5 " 2.51, P " 0.044; Br: t5 " 3.25, P "
0.023). Similar increases in tonic muscle activity were observed
for the extensors before the movement onset for background
extensor loads (DP: t5 " 5.03, P " 0.004; Tlat: t5 " 5.90, P "
0.002). In unperturbed trials, subjects made straight reaching
movements with bell-shaped velocity profiles (Fig. 8A). Similar
hand paths and velocity profiles were observed regardless of the
increase in tonic muscle activity (Fig. 8A).

Subjects countered perturbations by making corrective
movements toward the end goal (Fig. 8B). We subtracted the
mean of the unperturbed reaching trajectories from that of the
mean perturbed trials, effectively removing any increases in
tonic muscle activity and isolating the evoked responses (Fig.
8D). For Br, there was an increase in the R1 epoch for when a
background load was applied, whereas there was no change in
activity during the R2 and R3 epochs (R1: t5 " %4.07, P "
0.009; R2: t5 " %1.95, P " 0.108; R3: t5 " %0.65, P "
0.549). For PM, there was no change in the perturbation-
related activity with versus without background loads for any
of the epochs (R1: t5 " 0.835, P " 0.442; R2: t5 " 0.69, P "
0.524; R3: t5 " %1.45, P " 0.986; Fig. 8E).

Essentially the same results were observed for extensor muscles
when background loads were applied before the flexor torques.
Perturbation-related activity in the R1, R2, and R3 epochs did not
change across the different background conditions for DP (R1:
t5 " 1.37, P " 0.230; R2: t5 " %1.18, P " 0.292; R3: t5 "
%0.53, P " 0.622) and Tlat (R1: t5 " %1.36, P " 0.232; R2: t5 "
%2.36, P " 0.065; R3: t5 " %1.30, P " 0.249).

DISCUSSION

Our study highlights how properties of the goal and physical
features in the environment modify rapid motor responses after
mechanical perturbations applied to the limb. We show that
although voluntary motor actions are directed to a central

region of a long horizontal goal, corrective responses to a
mechanical perturbation were redirected to another spatial
location along the goal. Similarly, corrective responses can
reroute the hand around obstacles in the environment. Impor-
tantly, rightward and leftward perturbations were applied in
random order so that the subject had to identify at least the
direction of the perturbation to appropriately generate the
correct motor response. In both situations, appropriately scaled
motor responses occurred in as little as 70 ms.

The use of an optimal control model provides a normative
benchmark to quantify how the motor system ought to behave
when moving to targets of different shapes and in a cluttered
environment. First, the model predicts that the controller
should respond to the perturbation as early as possible, even
when lateral deviations are not penalized along the bar. This
correction occurs even if one dimension of the task space is
largely unconstrained because the stabilization at the target
requires zero lateral velocity and delaying this response would
require more intense control commands. Thus, the best option,
given time and cost constraints, is to respond immediately to

Fig. 8. Kinematics and flexor muscle activity of the bracioradialis (right) and
pectoralis major (left) muscles after extension torque perturbations. A: hand
motion from an exemplar subject during unperturbed reaching with large (red)
and small (blue) background torques. B: mean (solid lines) and SE (shaded
regions) perturbation hand motions from an exemplar subject during reaching
with large (red) and small (blue) background torques. C: mean (solid lines) and
SE (shaded regions) muscle activity of the bracioradialis (right) and pectoralis
major (left ) muscles aligned to the perturbation onset. The blue and red traces
indicate the mean muscle activity in the circular dot and rectangular bar,
respectively. D: mean (solid lines) and SE (shaded regions) perturbation-
evoked muscle activity of the group obtained by subtracting each subject’s
unperturbed muscle activity from their perturbed muscle activity and then
averaging across subjects. E: bar plots of evoked muscle activity within the
different epochs. The vertical height and error bars indicate the group means
and SEs, respectively. *P # 0.05.
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changes in external torques with appropriate vigor whether
reaching to a bar or to a dot.

Second, motor corrections were goal directed because the
controller does not have a desired trajectory. One might say
that there is a nominal trajectory that occurs if there were no
noise or applied loads. However, the added noise (or load)
alters the trajectory, but such deviations do not necessarily lead
to corrections back to the nominal trajectory. Rather, correc-
tions only consider the task goals/constraints, reach to the
target in a given time period. This leads to goal-directed
corrections for perturbed trials and a dispersion in the hand
trajectories even for unperturbed trials, as we observed with
human motor performance. Admittedly, the ability to compute
optimal feedback policies without a desired trajectory is pres-
ently only feasible for linear systems. The human limb is
clearly nonlinear. However, the lack of mathematical tools at
this time does not necessarily mean that humans (or other
animals) require desired trajectories to reach to a spatial goal.

Although we applied relatively large perturbations to the
limb to generate robust EMG responses, we believe our results
reflect online feedback processes used to correct natural motor
noise. We have recently shown that EMG responses were
measureable and maintained the same timing even for very
small perturbations that elicited position and velocity shifts that
approached the natural variability observed during unperturbed
trials (Crevecoeur et al. 2012). Although not tested here, we
believe that the feedback responses based on target shape and
the presence/absence of obstacles are also present during un-
perturbed reaching. This is supported by our observations that
end point errors were greater for the bar versus the dot during
unperturbed trials.

There was a very small but measureable increase in baseline
muscle activity when obstacles were present compared with
when they were not present. This suggests that there was slight
cocontraction of muscles when obstacles were present. Cocon-
traction can increase limb stiffness to reduce the effect of
perturbations (Franklin and Milner 2003; Franklin et al. 2003,
2007), although the level of cocontraction we observed results
in only modest changes in intrinsic muscle stiffness (Pruszyn-
ski et al. 2009). An increase in muscle activity is also known
to cause an increase in rapid motor responses, typically re-
ferred to as “gain scaling,” that is largest for the R1 epoch and
diminishes in magnitude for later epochs (Verrier 1985; Stein
et al. 1995; Pruszynski et al. 2009; Matthews 1986; Marsden et
al. 1976; Bedingham and Tatton 1984). Our control experiment
highlighted that increases in muscle activity only influenced
the R1 response in some muscles and did not affect the
long-latency response. Although changes in background load-
ing of one muscle group is not the same as cocontraction of a
pair antagonist muscles, it has been demonstrated that pertur-
bation-evoked responses produced in these two conditions are
comparable (Carter et al. 1993).

We failed to observe a significant R1 response and conse-
quently found no effect of goal shape or the presence of
obstacles on the R1 response. Admittedly, we specifically
designed the task (and load magnitudes) to observe motor
responses in which the subjects could correct and attain the
behavioral goal. Under these conditions, the R1 response was
quite small. Beyond gain scaling (described above), there are at
least two conditions in which R1 responses appear to be
modifiable. First, previous studies have found that extensive

practice and direct reinforcement can alter the R1 response
(Wolpaw 1983; Wolf and Segal 1996; Christakos et al. 1983).
However, feedback of muscle activity was not directly pro-
vided in our behavioral task. Second, R1 responses can change
for some behaviors such as walking (Komiyama et al. 2000),
running (Duysens et al. 1993), and even repetitive arm move-
ments (Capaday and Stein 1986; Zehr et al. 2003). All of these
tasks have a common feature in that they are all cyclical in
nature, and many studies have highlighted the importance of
the spinal cord for locomotor activities (Akazawa et al. 1982;
Forssberg et al. 1975). In contrast, we examined motor re-
sponses during reaching, a discrete goal-directed task. Previous
studies exploring either reaching or maintaining a constant arm
posture also did not find changes in R1 responses (Capaday et
al. 1994; Colebatch et al. 1976; Crago et al. 1976; Evarts and
Granit 1976; Jaeger et al. 1982; Lee and Tatton 1982; Lewis et
al. 2006; Rothwell et al. 1980; Hagbarth 1967). This suggests
there may be a difference in the properties of short-latency
reflexes in cyclical versus noncyclical behaviours (see also
Schaal et al. 2004).

We observed context-dependent changes in muscle activity in
the R2/R3 response (45–105 ms). Many other studies have high-
lighted how these long-latency responses have knowledge about
the physics of the limb (Kurtzer et al. 2008, 2009; Lacquaniti and
Soechting 1984, 1986), compensate for gain scaling (Bedingham
and Tatton 1984; Marsden et al. 1976; Matthews 1986; Pruszyn-
ski et al. 2009; Stein et al. 1995; Verrier 1985), are altered by
verbal instruction (Capaday et al. 1994; Colebatch et al. 1976;
Crago et al. 1976; Evarts and Granit 1976; Jaeger et al. 1982; Lee
and Tatton 1982; Lewis et al. 2006; Rothwell et al. 1980; Hag-
barth 1967), and more recently tuned to the spatial location of a
target (Pruszynski et al. 2008). Here, we showed even greater
sophistication in these corrective responses including modulation
for the characteristics of the goal (size/ shape) and environment
(presence of obstacles).

Although spinal and supraspinal pathways contribute to
long-latency responses, the task-dependent flexibility observed
during this time epoch likely reflects the contribution of a
transcortical feedback pathway (Matthews 1991; Scott 2004;
Pruszynski et al. 2011a). Neurons in the primary motor cortex
respond in as little as 25 ms after perturbations applied to the
limb (Herter et al. 2009; Pruszynski et al. 2011a), and the total
transmission time to and from the cortex is consistent with the
onset of the long-latency epoch (Cheney and Fetz 1984).
Primary motor cortex neurons also modulate their activity
when the perturbation instructs the monkey to push versus pull
on a lever (Evarts and Tanji 1974), an analogous task to the
intervene/don’t intervene task performed with humans. Trans-
cranial studies on humans have also shown that the primary
motor cortex contributes to long-latency motor responses (Day
et al. 1991; Pruszynski et al. 2011a).

As the primary motor cortex is also known to be important for
voluntary motor control (Porter and Lemon 1993), it is possible
that rapid corrective responses generated through the transcortical
pathway can take advantage of these voluntary processes. In other
words, the known contributions of the primary motor cortex to
voluntary control may endow similar qualities to long-latency
corrective responses. For example, the distribution of preferred
directions of primary motor cortex neurons during reaching are
skewed to reflect the physics of limb movement (Scott et al.
2001). Correspondingly, long-latency responses generated
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through the transcortical pathway consider the physics of multi-
joint motion (Pruszynski et al. 2011a).

At the extreme, rapid motor corrections and voluntary con-
trol may be effectively the same (Scott 2004). Recent motor
control theories suggest that online feedback plays an impor-
tant role in voluntary motor control (Scott 2004; Todorov and
Jordan 2002; Todorov 2004). In this framework, errors in our
movements (through noise or environmental forces) are sensed
by limb afferents (or more slowly through visual feedback) and
combined with efference copy of motor signals to estimate the
present state of the limb. This is used to generate motor
commands to muscles considering the physical properties of
the limb and the behavioral goal. In this framework, the
voluntary circuitry is already processing feedback errors all the
time. We hypothesize that the discrete mechanical perturba-
tions used in the present study is simply processed through this
feedback pathway that is already actively supporting voluntary
control of reaching. Sophisticated responses have also been
demonstrated for visual feedback corrections during reaching
(Franklin and Wolpert 2008; Knill et al. 2011). This intimate
relationship between rapid motor responses and voluntary
control may explain the difficulty in separating reflexive and
voluntary control (Hasan 2005; Prochazka et al. 2000; Roth-
well et al. 1980) and why we have chosen to call these
corrective actions rapid motor responses rather than reflexes.

Although we focused on the transcortical pathway for inter-
preting the task-dependent modulation of long-latency respon-
ses, there are multiple components to this response (Pruszynski et al.
2011b), so spinal and even other supraspinal pathways likely
contribute to muscle activation. Preparatory activity has been
observed in the spinal cord before voluntary movement (Prut
and Fetz 1999). Presynaptic inhibition has been shown to be
generated from descending cortical commands (Carpenter et al.
1963; Andersen et al. 1962, 1964). Therefore, it is possible that
the spinal cord could support task-dependent modulations. The
question remains as to why short-latency responses that are
known to be purely spinal in origin fail to show any task
dependency and why the timing of task-dependent modulations
in corrective responses parallels transmission times appropriate
for the supraspinal pathways (Matthews 1991). Future work is
required to help delineate how the various feedback pathways
may contribute to support our ability to counter environmental
perturbations.

In conclusion, our results highlight that long-latency motor
responses are modulated by characteristics of the goal and
features of the environment. We hypothesize that such sophis-
tication in feedback responses is generated through feedback
pathways that also support voluntary control, notably a
transcortical pathway. Therefore, we predict that other aspects
of voluntary control will also be present in long-latency re-
sponses, such as changes with motor learning and rapid deci-
sional processes that consider the many complex spatial and
physical properties of the environment. Correspondingly, the
shared nature of voluntary and corrective processing also
suggests that the use of discrete mechanical perturbations
during voluntary tasks provides a unique probe for studying
voluntary control processes.
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