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a b s t r a c t

Modification or suppression of reaches occurs in everyday life. We argue that a common modular archi-
tecture, based on similar neural structures and principles of kinematic and kinetic control, is used for
both direct reaches and for their on-line corrections. When a reach is corrected, both the pattern of neu-
ral activity in parietal, premotor and motor cortex and the muscle synergies associated with the first
movement can be smoothly blended or sharply substituted into those associated with the second one.
Premotor cortex provides the early signaling for trajectory updating, while parietal and motor cortex
ovement correction
ovement suppression

erebral cortex control
arieto-frontal system

provide the fine-grained encoding of hand kinematics necessary to reshape the motor plan. The cortical
contribution to the inhibitory control of reaching is supported by the activity of a network of frontal
areas. Premotor cortex has been proposed as a key structure for reaching suppression. Consistent with
this, lesions in different nodes of this network result in different forms of motor deficits, such as Optic
Ataxia in parietal patients, and commission errors in frontal ones.

© 2014 Elsevier Ltd. All rights reserved.
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. Introduction

Aside from locomotion, reaching provides the basic foundation
or the great majority of the actions of humans and monkeys. Fre-
uently, however, a reach must be modified in some way either

ust before or during execution, as the reached for object moves
r there are signs that it might be inappropriate to touch. There-
ore reaching must be a flexible form of motor behavior that
equires planning and on-line control in order to modify or sup-
ress the original motor plan or the ongoing hand movement, when
eeded. This flexibility can be studied at different levels of anal-
sis, such as its behavioral characteristics, anatomical substrates,
europhysiological mechanisms and the consequences of brain

esions in patients. In this review, which is concerned with the
ortical systems involved, we present experimental evidence for
ommon, modular elements that are shared by both direct, unper-
urbed reaching and reaching modified because of either sudden
arget shifts or the need to stop the movement. Findings from both

acaques and humans will be discussed, and functional parallels
ill be drawn based on the similarity in the anatomical structures

nvolved in cortical motor control between these species. Differ-
nt theoretical models and ideas will be illustrated and contrasted.
e will argue that the overall set of finding is compatible with a

elatively simple functional and anatomical model.

. Correction or suppression of reaching

.1. The problem

The problem of reaching a target, whether stationary or jump-
ng, can be described in a straightforward manner. We define the

otor error as the vector underlying desired hand movement, that
s, the vector difference between target location and hand location.

successful reach involves nulling the motor error vector or reduc-
ng it to within a tolerance window defined by the task. Accordingly,
ignals about the target and limb state must be translated into
eural commands appropriate to drive the arm toward the tar-
et. Conversely, stopping a reach to an unwanted target involves
he translation of signals about the target into neural commands
ppropriate to suppress the arm movement. For all types of reach-
ng behaviors, whether of generation, correction or suppression,
here is the issue of how and when the corresponding decision is
aken.

The deceiving simplicity of the problem formulation hides the
ormidable computational challenges faced by the brain for its solu-

ion (for reviews see Battaglia-Mayer et al., 2003; Crawford et al.,
011; Desmurget and Grafton, 2000; Franklin and Wolpert, 2011;
old and Shadlen, 2007; Gomi, 2008; Lacquaniti, 1997; Sabes, 2011;
hadmehr and Mussa-Ivaldi, 2012; Shadmehr and Wise, 2005;
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

Soechting and Flanders, 1992). At the input side, state estimates for
the target and limb require the fusion of multiple sensory signals
encoded in disparate reference frames. Moreover, whenever the
target or arm position changes, the corresponding signals must be
updated, and similar updating is required for the other body parts,
eyes, head or trunk, which contribute to encoding target and arm
states. Sensory signals are typically noisy and delayed in time by
hundreds of milliseconds relative to the monitored event, with both
noise and delays varying considerably among sensory channels. At
the output side, the central representations of the target and limb
states must be transformed into specific patterns of activity of the
arm muscles. Moreover, the implementation of motor commands
is affected by transmission delays and noise. The motor implemen-
tation must also address the issue of redundancy, due to the fact
that there are many more muscles (and motor units in each mus-
cle) than degrees of freedom of movement and force at the hand.
Despite the redundancy, the brain must find a unique solution of
muscle activation (or deactivation) patterns for each task. Finally,
input and output are not independent, because sensory feedback
affects the output and, in turn, the output modifies the limb state
and the corresponding sensory signals.

Here, we will review current ideas about how the brain deals
with the challenges listed above. As a paradigmatic experimen-
tal approach to study reaching corrections, we will consider the
Double-Step protocol, in which the target is displaced from an
initial location to a new one at an unpredictable time. For move-
ment suppression, we will consider the Go/No-Go task and the
Stop (countermanding) protocols. In the former task, participants
must reach a target in response to a Go signal, whereas they must
stand still in response to randomly interspersed No-Go signals. In
the countermanding task, instead, movement generation is directly
pitted against movement suppression by requiring participants to
cancel an impending response upon presentation of an infrequent
Stop signal.

2.2. Multisensory fusion

In reaching, the integration of visual and proprioceptive sig-
nals generally allows most efficient localization of the stimuli and
generation of the appropriate commands (Sabes, 2011). The ini-
tial stages involved in sensorimotor transformations deal with the
issues of the different reference frames associated with differ-
ent sensory channels, and with how multisensory information is
merged into central representations of the reaching goal. It was
previously thought that transforming different sensory signals into

a common representation in a given reference frame should sim-
plify reach planning. However, the search for a single common
representation has not given consistent results, evidence having
being provided in favor of each of the plausible reference frames
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eye-, head-, body- or arm-centered). According to current views,
nstead, there is no need for a unique central representation: the
resence of noisy sensory signals makes it advantageous to rep-
esent reach plans simultaneously in multiple reference frames
Battaglia-Mayer et al., 2003; McGuire and Sabes, 2009). McGuire
nd Sabes (2009) state that “when sensory signals are encoded in a
tatistically optimal manner, the same information is contained in
ultiple neural representations and there is no required relation-

hip between the behavioral output and any single representation
f the movement plan”. Optimality in multisensory fusion could
e based on a Bayesian combination of multi-cue information and
rior state estimates, with a task-dependent reweighting of both
ensory and prior information (Körding and Wolpert, 2004). Impor-
antly, the weight placed on each sensory cue is proportional to
he cue reliability: in other words, noisier cues are given smaller
eights and this results in optimal state estimates.

.3. Sensorimotor delays

The ability to make on-line corrections to reaching movements
epends on the processing time of the changes in state. As we
emarked before, neural communication at both sensory and motor
ides is fraught by delays. In addition, there is a decision bottle-
eck. As a result of both transmission and decision delays, motor
orrections may be retarded by an amount called the Psychological
efractory Period (PRP, Welford, 1952). When two step-stimuli are
iven in sequence, the PRP corresponds to the time interval over
hich the time to respond to the second step is prolonged relative

o the time to respond to the first step (van de Kamp et al., 2013;
ince, 1948).

For the sake of simplicity, we focus on visuo-motor pathways,
ut similar issues exist for the other sensory-motor pathways.
ransmission delays sum up as information is processed at the dif-
erent stages of visuo-motor pathways, starting with the processing
f optic information in the retina (Kane et al., 2011; Lamme and
oelfsema, 2000; Nijhawan, 2008). Visual information is transmit-
ed from the retina to the lateral geniculate nucleus, and from there
o area V1. For reaching to visual targets (Desmurget et al., 1999),
nformation may be fed by V1 to the posterior parietal cortex (PPC)
ia the dorsal stream (Livingstone and Hubel, 1988; Maunsell et al.,
990; Merigan and Maunsell, 1993). In addition, however, achro-
atic signals can also reach PPC via the retinotectal pathway to

he superior colliculus and pulvinar (Schiller and Malpeli, 1977;
chiller et al., 1979). Next, in monkeys cortico-cortical connections
elay visual information from PPC to motor and premotor cor-
ices, and there exist both feedforward and feedback connections
n the parieto-frontal system (PFS, Averbeck et al., 2009; Caminiti
t al., 1996). Overall, it may take between 85 and 150 ms for
isual information to reach motor cortex (Lamme and Roelfsema,
000). The conduction time from human motor cortex to arm and
and muscles is about 10–30 ms, the time increasing with cortico-
uscular distance (Salenius et al., 1997). The electromechanical

elay between EMG onset and mechanical force production in arm
uscles is about 50 ms. Finally, the inertia of the limb involved

n reaching adds an additional subject-dependent delay. The net
heoretical visuo-motor delay between a stimulus and the motor
esponse – estimated by adding up these various sources of delay –
hould be in the order of 150–300 ms for a typical arm movement.

However, in contrast with these theoretical estimates, behav-
oral studies show that corrections of on-going movements in
esponse to an unpredictable change in visual target location
an begin as early as 110 ms after the visual cue, but with a

peed–accuracy trade-off (Brenner and Smeets, 1997; Day and
yon, 2000; Prablanc and Martin, 1992). This latency is consider-
bly less than that predicted by the estimates of neuromechanical
elays summarized above. This discrepancy then raises the issue
behavioral Reviews 42 (2014) 232–251

of how the CNS compensates for sensorimotor delays (Nijhawan,
2008; Schlag and Schlag-Rey, 2002). Neural compensation appears
to take place already at the retinal level. Thus, in the isolated retinas
of the salamander and rabbit, the population response of ganglion
cells is extrapolated forward in time relative to the stimulus (Berry
et al., 1999). There is also some evidence for neural compensation in
central visual areas. Thus, the receptive field of a neural population
in area V4 of the monkey has been shown to shift in the direction
opposite to that of target motion, as if the cells had been recruited
by a wave of activity preceding the target (Sundberg et al., 2006).
In addition, delays can be compensated centrally by combining the
sensory signals with the efference copies of the motor commands to
the eyes and arm, as well as with internal models of the target and
arm. Indeed, forward models are neural mechanisms which pre-
dict forthcoming sensory states (Wolpert and Miall, 1996). Because
these models incorporate implicit knowledge of the kinematic and
dynamic characteristics of the musculoskeletal system, they are
able to predict the changes in position, velocity and force asso-
ciated with a given motor command, provided the parameters of
the controlled system (such as inertia, stiffness and viscosity) are
correctly estimated and there are no perturbations. On the other
hand, inverse internal models of the limb geometry and of the
musculoskeletal dynamics can be used to map the desired hand
trajectory into the muscle patterns driving the arm along that tra-
jectory (Kawato, 1999). Both forward and inverse models can be
used in internal error-correcting loops (Desmurget and Grafton,
2000; Kawato, 1999).

2.4. On-line processing of uncertain information

In daily life, as well as in many laboratory manipulations, target
changes are probabilistic rather than deterministic. A probabilistic
scenario is not easily accommodated within the classical view that,
to correct a reaching movement in response to a target change, the
brain uses only the information about the new target. An alternative
view is that the new estimated target position is a weighted combi-
nation of the first and second targets. Izawa and Shadmehr (2008)
tested this hypothesis by asking participants to reach toward a
blurry target that occasionally jumped during the reach. Consistent
with the probabilistic model, they found that the motor response
to the second target was influenced by the uncertainty about the
first target. Accordingly, they proposed that the brain makes pre-
dictions about the near future of sensory states and integrates the
delayed sensory measures with the internal predictions to form an
estimate of the current state.

Interestingly, in monkeys the discharge of PPC neurons faith-
fully reflects the amount of uncertainty of visual information, and
the rate of increase in the neural discharge reflects the progressive
accumulation of information about the target (Gold and Shadlen,
2007). After the discharge reaches a threshold, monkeys start the
motor response. The hypothesis that the process of accumulating
information must reach a threshold before initiation of action also
accounts for the finding that human participants start their move-
ments later when they are less certain of the exact location of the
target (Izawa and Shadmehr, 2008).

2.5. Continuous versus intermittent control

One view about movement correction or suppression is that the
motor command signals are updated continuously based on sen-
sory feedback of the target and limb state (Day and Lyon, 2000;

Desmurget et al., 1999; Goodale et al., 1986; Gritsenko et al., 2009;
Pelisson et al., 1986; Prablanc and Martin, 1992; Saunders and Knill,
2003). According to this view, the motor error used to compute
the motor commands is a time-varying variable, corresponding to
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he vector difference between instantaneous estimates of target
ocation and hand location.

A different view is that, even though sensory feedback is con-
inuous, the motor error and the ensuing commands are updated
iscontinuously or intermittently by the CNS (Beggs and Howarth,
972; Loram et al., 2011; Navas and Stark, 1968; van de Kamp
t al., 2013). In this case, correction and suppression would be dis-
rete processes. It should be stressed at the outset that, despite
he apparent limitations, intermittent control could be as effective
s or more effective than continuous control, at least under some
ircumstances (Loram et al., 2011). This is because intermittency
llows the integration (time-averaging) of incoming sensory infor-
ation over extended time epochs, and may thus rely on less noisy

stimates of the environment.
These two mechanisms may be difficult to disassociate behav-

orally when the movement is smoothly adjusted at a short-latency
rom the change signal. The low-pass filtering properties of limb

uscles and inertia tend to smooth out sharp transitions between
iscrete actions, giving the impression of a continuous response
hen in fact it is intermittent. However, robust evidence for

ntermittent control has been obtained in the case of tracking
f unpredictable stimuli, a performance that deteriorates already
eyond 1–2 Hz, indicating a limited control bandwidth (Loram
t al., 2009, 2011; Navas and Stark, 1968).

As far as reaching corrections are concerned, there is experimen-
al evidence suggesting that the brain resorts to either continuous
r intermittent control depending on the context. Two critical fac-
ors are the time interval intervening between the original and
ew target presentations, and the amplitude of target displace-
ent in case of Double-Steps. Thus, if the target displacement is

mall and/or the time interval is short, an automatic correction
echanism can generate trajectory changes that are compatible
ith continuous on-line control (Desmurget et al., 1999; Goodale

t al., 1986; Pelisson et al., 1986; Prablanc and Martin, 1992). Notice
hat many such cases correspond to target displacements occurring
uring the orienting saccade to the first target. Because of saccadic
uppression, participants often remain unaware of the perturba-
ion if its amplitude is small with respect to the amplitude of the
accade (Goodale et al., 1986). However, some doubts about the full
utomaticity of this process have recently been expressed, at least
or tasks in which a voluntary modulation of the action is required.
ndeed, it has been shown that fast in-flight corrections can be sup-
ressed in the Double-Step reaching paradigm, if participants are
old to ignore the new target location and continue reaching for the
riginal one (Cameron et al., 2009; McIntosh et al., 2010; Striemer
t al., 2010).

On the other hand, if the target displacement and/or the time
nterval are large, discrete rather than continuous correction mech-
nisms are triggered based on intermittent control. The speed
equired to reach the target is still another contextual factor
hat calls for the utilization of one or the other type of on-line
ontrol. Thus, slow to medium-speed movements are compati-
le with a continuous control. By contrast, ballistic reaching (i.e.
ery fast, impulsive movement) can hardly be sustained by con-
inuous feedback, and instead progresses under either open-loop
feed-forward) control or intermittent feedback control. When
ntermittent control involves serial ballistic actions, these actions
ypically join smoothly with each other (Loram et al., 2011). In
he case of reaching to shifting targets, intermittent updating of
he commands results in the superposition of overlapping correc-
ive sub-movements. Thus, when the target jumps away from its
nitial location, desired hand movements can be decomposed as

he superposition of one trajectory from the start to the initial tar-
et and a subsequent trajectory from the initial to the final target.
e will take up this issue when dealing with the mechanisms of

ontrol.
behavioral Reviews 42 (2014) 232–251 235

More specifically, in addition to the smooth modifications of
the trajectory flowing from continuous on-line control when the
distance between the moving hand and the target is small, two
different forms of intermittent control have been mooted (i) one or
more corrective sub-movements superimposed on and overlapping
with the original one in the presence of large target displace-
ments (Flash and Henis, 1991; Soechting and Lacquaniti, 1983),
and (ii) interruption of the original movement and its substitution
with a movement to the new target location with still larger dis-
placements (Georgopoulos et al., 1981). In suppression tasks, this
last mode predicts that the original motor program is truncated
(suppressed) and replaced by a new program directed to stop the
movement. In subsequent sections, we will address the issue of
whether processes similar to one or the other of these 3 modes of
correction operate at higher levels in the PFS, at least at the cortical
output level.

2.6. Models of on-line corrections

Different types of generative models have been proposed to
account for on-line corrections. One such model assumes that the
hand follows a planned minimum-jerk trajectory, and when the
target jumps away, another minimum-jerk trajectory connecting
the original and displaced target positions is added vectorially to
the original plan (Flash and Henis, 1991). A related model (Hoff
and Arbib, 1993) involves feedback-control of the minimum-jerk
model.

In the Vector Integration to Endpoint Model (VITE, Bullock and
Grossberg, 1988), a difference vector (DV) is computed between
representations of the target position vector (TPV) and the hand’s
present position vector (PPV). The output from the PPV continu-
ously specifies desired hand position. The desired velocity vector
(DVV) for the hand is the product of DV and an internally gener-
ated Go signal. The Go signal can be used to initiate the movement,
scale its overall velocity, and halt movement. The PPV is generated
internally by continuously integrating the DVV. The VITE model
assigns these computational modules to specific neural networks.
Thus, PPV would be encoded in area 5 of PPC. DV would also be
computed in area 5 by comparing PPV with a TPV signal fed by the
dorsal stream, but for fast reactions signals may also be input to
PPC by the subcortical visual pathway passing by the pulvinar. DVV
would be computed in M1. The Go signal might be finally provided
by basal ganglia and thalamus.

In feedback control based on internal models, a comparator
monitors the difference between the current estimated position
of the hand (PPV) and its desired position (matching target posi-
tion, TPV) and velocity (DVV), and this difference signal (DV) is
fed downstream to a controller which outputs the correct motor
commands (Gomi, 2008; Sabes, 2000). The desired position is esti-
mated by combining sensory information with the output of a
forward predictive model, the sensory channels including both
vision and proprioception in healthy subjects. However, because a
de-afferented patient was able to generate rapid corrections (Bard
et al., 1999), proprioceptive information may not always be critical
for response initiation.

Classical optimal control minimizes a homogeneous cost (e.g.
energy consumption, movement jerk, rate of change of joint
torques, endpoint variance), and treats all other task goals as
constraints specified externally. Optimal Feedback Control (OFC,
Todorov and Jordan, 2002) goes beyond this approach by opti-
mizing composite cost functions. These functions include, but are
not limited to, energetic efficiency, endpoint positional accuracy

(bias and variance), endpoint stability (bringing the movement
to a complete stop), and movement speed. Moreover, the cor-
responding feedback gains are not constant, but depend on the
accuracy requirements of the task and can change during the task
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xecution. In particular, OFC predicts that feedbacks should be
odulated during a movement depending on the distance to the

arget. Liu and Todorov (2007) tested this prediction in a Double-
tep protocol. Consistent with the model, in case of target jumps
ccurring near the start of the movement, there was no change in
ovement speed and the trajectories progressively converged to

he displaced target during the remaining part of the movement.
nstead, when the target jump occurred close to the end of the

ovement, the participants reacted more strongly producing both
change in the movement speed and a lateral movement toward

he target. Moreover, in this latter case, participants failed to fully
ompensate for the target displacement. Prima facie, it appears
urprising that the optimal solution for late target jumps involves
n incomplete correction. However, it turns out that, near the end
f the movement, the optimal controller becomes less sensitive to
ositional errors, and instead aims at stopping the movement in a
table manner (Liu and Todorov, 2007).

Feedback gains have been measured directly during target
umps by Dimitriou et al. (2013). They found that the visuo-motor
ain was non-specifically reduced for all target jumps at the time of
he jump. Instead, the same gain measured 100 ms later increased
or perturbations that increased the distance to the target, and
ecreased for perturbations, which reduced that distance. These
esults confirm the flexible adaptation of OFC to task demands,
s well as the time-varying nature of the feedback, which allows
n-line modifications as a function of task goals.

.7. Kinematics of on-line corrections

Depending on the time interval between the presentation of the
rst and second target, one observes different gradual transitions in
rajectory (Henis and Flash, 1995; Soechting and Lacquaniti, 1983;
an Sonderen et al., 1989). Thus, when the interval is longer than
bout 100 ms and the initial and the displaced target locations are
n different directions with respect to the start position, the hand
s first directed toward the initial target and then the trajectory
urns toward the displaced target. Instead, when the interval is
horter than about 100 ms, the initial direction of the hand tra-
ectory is intermediate between the directions of the two targets,
nd becomes progressively closer to the second target as the time
etween the target displacement and the initial movement onset

ncreases. Patients with Optic Ataxia stemming from neurological
mpairments of PPC (Gréa et al., 2002, see Fig. 4A) or normal sub-
ects with transient inactivation of this region by means of TMS
Desmurget et al., 1999) do not produce kinematic on-line correc-
ions as effectively as healthy subjects. Accordingly, the subject
ither ignores the second target all together, or he/she moves to
he first target, and only after reaching it, moves to the second tar-
et. The impairment is especially pronounced when the target is
resented in the visual periphery (which is especially sensitive to
ovement direction, Paillard, 1982). Human Optic Ataxia and its

nimal models are dealt with in detail in Section 4.

.8. Muscle synergies for on-line corrections

Most behavioral investigations of on-line corrections of reach-
ng movements have been carried out at the kinematic level (see
bove). However, some early studies reported the changes in
lectromyographic (EMG) activity in response to a shift in tar-
et location, but the observations were limited to a few arm
uscles and movement conditions (Gielen et al., 1984; Megaw,

974; Soechting and Lacquaniti, 1983). Nevertheless, these stud-

es provided the first hint that corrections may depend on muscle
ynergies, namely coordinated recruitment patterns of groups of
uscles at the shoulder and elbow joints. Muscle synergies effec-

ively address the issue of redundancy that we mentioned at the
behavioral Reviews 42 (2014) 232–251

outset, because by recruiting groups of muscles with synergy-
specific muscle activation waveforms, appropriately scaled in
amplitude, the CNS reduces the number of parameters to be spec-
ified.

The suggestion that on-line corrections may involve muscle syn-
ergies similar to those employed in unperturbed reaching has been
taken up in a couple of recent studies. In both studies, EMG activity
was recorded simultaneously from several muscles. Fautrelle et al.
(2010) used a simple method to correlate the latencies of muscle
activities for a target jump to a single location. They found that
both initiation times and correction times were strongly correlated
for some pairs of muscles, independently of their occurrences dur-
ing the motor sequence and independently of the location of the
muscles at the anatomical level.

d’Avella et al. (2011) applied modern factorization techniques
to the EMG activity of 16 muscles of the upper limb in a proto-
col involving abrupt changes in target location at different delays
during fast reaching movements in multiple directions in a frontal
plane. They tested the hypothesis that the same time-varying mus-
cle synergies, which are used for reaching movements to fixed
targets, are also used for the on-line corrections required by target
jumps. To this end, time-varying muscle synergies were first com-
puted from the phasic normalized EMGs of unperturbed reaching
movements to the same targets. Three such synergies explained
about 80% of the data variance in agreement with previous results
(d’Avella et al., 2006, 2008). Strikingly, the superposition and mod-
ulation in amplitude and timing of the same three synergies was
able to account also for the EMGs of movements involving a target
shift.

We remarked in a previous section that, at the kinematic level,
there is evidence for the superposition of the hand trajectory from
the starting position to the initial target with that of the trajectory,
appropriately delayed, from the initial to the final target (Flash and
Henis, 1991). However, at the muscle level, d’Avella et al. (2011)
found that the muscle patterns underlying reaching movements
to displaced targets were not accurately described by the delayed
superposition of the corresponding point-to-point patterns, even
after amplitude modulation. In order to adequately fit the EMG pat-
terns they obtained, d’Avella et al. found it necessary to modulate in
amplitude and timing the recruitment of the point-to-point time-
varying muscle synergies employed in the corresponding radial and
tangential point-to-point movements.

Time-varying muscle synergies may thus provide a set of a few
basic patterned modules for the performance of different condi-
tions of a reaching task. Specific instantiations of the commands
require the specification of the recruitment amplitude and onset
time for each synergy. As mentioned in a previous section, an inter-
nal model of the dynamics of the musculoskeletal system can be
exploited in Optimal Feedback Control (Todorov and Jordan, 2002).
However, this model is fairly complex and context-dependent and
it might be difficult to acquire by the CNS. Muscle synergies offer a
viable alternative solution to complex internal models. They may
provide the basis functions that allow the acquisition and use of a
simple mapping from task goals and initial states into motor com-
mands (d’Avella et al., 2006). This mapping is efficient because it
relies on a reduced number of parameters that need to be adjusted,
stored, and retrieved.

Notice that, while the muscle activity for reaching to a fixed tar-
get can be largely pre-programmed when the accuracy demands
are low, the muscle activity in response to a change in target
location requires adjustments driven by visual and proprioceptive
information. Therefore, a feedforward controller based on mus-

cle synergies must be complemented by a feedback for on-line
corrections. The results of d’Avella et al. (2011) suggest that a com-
mon modular architecture based on patterned motor commands
is used for both the control of unperturbed reaching movements
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nd for their visually guided on-line corrections required by tar-
et jumps. These corrections may be planned as discrete corrective
ovements from the initial to the final target locations to be super-

mposed to the initial movements, once the target change has
een detected. They may be implemented by the superposition of
few time-varying muscle synergies, after adjusting the synergy

ecruitment parameters associated with the corresponding correc-
ive point-to-point movement; this would enable the system to
ccommodate different initial states of the musculoskeletal system
d’Avella et al., 2011).

These results are compatible with a synergy-based intermit-
ent controller. In a synergistic controller, intermittent corrections
ould be implemented by re-using the mapping of goals and states

nto the synergy recruitment coefficients (d’Avella and Lacquaniti,
013). Sensory feedback would still be processed continuously to
pdate the estimates of the current state and goals (target loca-
ion). The update is necessary to prepare the synergy coefficients for
he appropriate corrections. In addition, sensory feedback might be
sed to compute an error signal triggering a correction by recruit-

ng a set of time-varying synergies. The trigger could be based on
hreshold processes mentioned above. Because each synergy has
fixed duration, different synergies or multiple instances of the

ame synergy may partially overlap, thus resulting in a smooth
ovement that would superficially appear as continuously con-

rolled.
However, intermittent controllers are not the only ones compat-

ble with a synergistic implementation. An alternative solution is
epresented by a synergy control that allows on-line changes of the
emporal structure of the muscle patterns based on sensory feed-
ack. The group of muscles coupled by the synergy would remain
xed, but the temporal pattern of activation would be shaped by
elayed feedback signals from the periphery. Evidence for this con-
rol scheme has been obtained in studies of postural responses to
erturbations (Safavynia and Ting, 2013).

.9. Temporal coupling between eye and hand movement during
n-line corrections

An important aspect of on-line control of reaching concerns
he degree of coupling between the gaze and hand motor systems
uring fast corrections. This is a special aspect of the general prob-

em of eye–hand coordination, which has recently been reviewed
y Crawford et al. (2011). In the temporal domain, the study of
he correlation between the eye and hand latencies taken to initi-
te a movement under different conditions has revealed a certain
nterdependency between the two systems. The reported degree of
orrelation varies not only across experiments (Gielen et al., 1984;
ailer et al., 2000), but can also be found among studies using sim-
lar protocols. Thus, Sailer et al. (2000) found a higher correlation
etween eye and hand reaction-times (RTs) in tasks requiring an

ntentional correction of combined eye and hand movements, than
n tasks involving reflexive movements, such as those evoked in
he anti-saccade protocols, where subjects are required to move
oth the eye and the hand in an opposite directions with respect
o a visual target. A tight association between the time of initiation
f eye and hand movement has been found during simple “look
nd point” paradigms and consisted in strong linear correlation
etween hand RT and eye RT (Herman et al., 1981). In other similar
asks, Gielen et al. (1984) found a significant correlation between
ye and hand RTs, while Prablanc et al. (1979) had argued that eye
nd hand latencies are in general “poorly” correlated. However, no
-value associated to the Pearson’s coefficients was reported for

his latter study.

Similar measurements were also performed in studies where
eaching movements were performed under an unexpected target
isplacement. Under this condition a tight correlation was observed
behavioral Reviews 42 (2014) 232–251 237

between the corrective hand movement and the time of the second
saccade (Neggers and Bekkering, 2002). When compared to the
single-step reaches (Gielen et al., 1984), the correlation between
eye and hand RT to initiate the hand movement remained simi-
lar if the target jump was in the same direction as the first target.
When a target displacement in opposite directions was tested at
different times, the correlation was not influenced by the dis-
placement only if this occurred beyond 125 ms after presentation
of the first target. Faster target displacements resulted in signifi-
cantly smaller correlations between eye and hand reaction times.
In this study, however, no correlation has been reported between
the time of the second saccade and that of hand movement correc-
tion.

Correlations in eye and hand RTs might be due to a common neu-
ral mechanism for eye and hand movement control, which seems
to be plausible not only on the basis of the behavioral evidences of
eye–hand coupling described above, but also on the basis of neuro-
physiological literature, that offers examples of interdependencies
between eye and hand control systems. As an example, the analysis
of the temporal evolution of population activity in the PPC showed
the existence of a common, simultaneous activation (Battaglia-
Mayer et al., 2007) during different visuomotor tasks involving eye
and hand movement. This activation was effector-independent and
might reflect a neural mechanism that provides a common input
drive to the eye and hand control systems, for planning, execution
and online adjustments. This central command system can be tuned
to the individual effectors control centers downstream in the CNS.
This idea would be also in line with the consequences of transient
inactivation of PPC prior to the onset of saccadic eye movements,
that results in the disruption of natural correlation between eye and
hand movement amplitude during reaching (van Donkelaar et al.,
2000).

2.10. Motor decision

The correct execution of sensory-guided motor acts requires
preliminary perceptual discrimination. The related literature is out
of the scope of the present paper and has been previously reviewed
(Gold and Shadlen, 2007; Heekeren et al., 2011). Here we present
factors influencing motor plan development and correction, occur-
ring when perceptual decision processes are completed. Even in
very simple motor tasks, the time of movement onset is highly
unpredictable. As discussed above, many factors can influence a
response (reaction) time and the wide range of RT durations which
are typically found suggests that a complex mechanism underlies
motor decision. This is illustrated by the findings on the counter-
manding task (Logan and Cowan, 1984): on some proportion of
trials of this reaction time task, a second signal occurs upon which
the subject must abort the intended response. In an influential
paper, Logan and Cowan (1984) put forward a race model of the
task, the control of motor response (following Go signal presen-
tation) and motor suppression (consequent to Stop signal) being
viewed as the outcome of a dynamic race between two indepen-
dent processes running toward a common threshold. According
to the model, when a Stop signal is presented during the RT, the
probability of successfully suppressing the programmed move-
ment depends on the relative speed of the Go and Stop processes.

A modified version of the race model including a further Go
process, starting at the time of appearance of the second target
(Camalier et al., 2007), has been used to successfully explain the eye
behavior in the saccadic Double-Step task. Similarly, an interactive
race model where Go and Stop processes are viewed as non-

independent (Boucher et al., 2007) explains, more efficiently than
the classic model, the process of saccade generation in the coun-
termanding task. However, in the remaining part of the manuscript
we will refer to the original race model where the two processes are
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onsidered separated, when not otherwise specified, since most of
he experiments in the literature have been designed accordingly
see also Verbruggen and Logan, 2009).

An important and often neglected aspect of the race model and
f the behavioral evidence relevant to it, is that movement prepara-
ion is dissociated from movement execution in a fashion analogous
o that obtained with the different forms of the delayed response
ask (Wise, 1985). In successfully canceled Stop trials, motor action
s prepared but never transformed into a movement; in comple-

entary fashion, the motor plan is mature well in advance of motor
xecution in the Delay task. In both cases movement preparation
ould be thought of as a sub-threshold representation. However,
ll attempts to demonstrate the existence of a motor plan at an
dvanced level prior to its realization, which could then be realized
y sub-threshold activation-based control, have been inconclusive
or reaching movements, although evidence exists for analogous
eural modulations with respect to saccadic eye movement con-
rol (Schall, 2001; Shenoy et al., 2013). Recent neurophysiological
vidence and complementary simulations suggest an alternative,
amely that the cortical control of movement generation resides

n the dynamic of motor neurons under attractor-based control
Mattia et al., 2013; Shenoy et al., 2013). In this last scenario,

ature motor plans corresponds to rapid and hierarchically orga-
ized changes in the state of neural activity occurring after target
resentation. Different modules with preferred high- and low-
ring states, and with heterogeneity in excitability (Mattia et al.,
013), are gradually recruited and could evolve in the correspond-

ng motor act when external control breaks are released. Thus,
otor plans can be assumed to be primarily rooted in premotor

ortex, but motor execution would also involve other frontal struc-
ures with a cognitive control function, including the pre-SMA/SMA
omplex or basal ganglia.

.11. Summary

In this section, we considered the complex nature of the com-
utational steps involved in reaching toward a target, whether
tationary or jumping. We argued that the integration of visual and
roprioceptive signals in multiple reference frames affords most
fficient localization of the stimuli, weithing noisier sensory sig-
als less. Conspicuous sensorimotor delays appear to be partially
ompensated at several different stages in the nervous system,
lso by taking advantage of internal models which mimic both
he target and arm dynamics. We contrasted two different control

odes for correction or suppression of movements, i.e. continu-
us versus intermittent control, each one offering specific benefits
n the appropriate context. Thus, when the distance between the
and and the target is small, continuous on-line control generates
mooth modifications of the trajectory. Instead, in the presence of
arge target displacements, intermittent control generates one or

ore corrective sub-movements superimposed on and overlap-
ing with the original one. Finally, when target shifts are even

arger, the original movement is interrupted and replaced by a
ew movement. At the execution stage, on-line corrections appear
o involve muscle synergies similar to those employed in unper-
urbed reaching. However, while the muscle synergies for reaching
o a fixed target can be largely pre-programmed, the muscle syner-
ies in response to a change in target location require adjustments
riven by visual and proprioceptive information. The strong degree
f hand–gaze coupling during on line correction shown by behav-
oral studies has been discussed in relation to the experimental

europhysiological evidence of a potential common and effector-

ndependent parietal command mechanism. Finally, we considered
he mechanisms underlying motor decisions, dwelling especially
n the race model.
behavioral Reviews 42 (2014) 232–251

3. Neurophysiological studies

3.1. Cell-recordings in the monkey during on-line corrections

In spite of the wealth of information available on on-line con-
trol of movement from behavioral studies, only four cell-recording
studies exist in the literature on the on-line control of hand move-
ment trajectory (Archambault et al., 2009, 2011; Dickey et al., 2013;
Georgopoulos et al., 1983). They have been devoted to the analysis
of the role of premotor, motor, and posterior parietal cortex. In the
first three studies monkeys were trained in a Double-Step center-
out task, where they make planar arm movements to targets located
at 45◦ apart along the circumference of a circle (Georgopoulos et al.,
1983) or natural 3-D reaches from a center position to targets pre-
sented at the vertices of an imaginary cube (Archambault et al.,
2009, 2011). After the presentation of the first target, a second tar-
get appeared at 90◦ or at 180◦, either during the RT or at the onset
of hand movement to the first target, so that the target appeared
to “jump” from one position to another. Under such large target
displacements, the hand initially moved toward the first target and
then changed direction toward the second one, with a velocity pro-
file characterized by the presence of two peaks. When the second
target was presented during the hand RT to the first one, the RT
of corrected reaches was about the same of the unperturbed ones
(Georgopoulos et al., 1983; Archambault et al., 2009, 2011). Thus,
a “Psychological Refractory Period” (Welford, 1952) does not seem
to occur when two movements are combined one into the other.
Therefore the need to respond to a target “jump” does not influence
the duration of movement preparation.

At the neural level, in motor (M1/area 4), dorsal premotor
(PMd/F2, area 6) and posterior parietal (PE/PEc, area 5) cortex the
modulation of cell activity during both direct and corrected reaches
predicts with a high degree of fidelity the modification of the hand
trajectory (Fig. 1A), with a better prediction, however, made by
parietal than by frontal neurons. Interestingly, a drop in the cor-
relation between hand kinematics and neural activity occurs when
the movement trajectory is corrected (Fig. 1B), probably due to the
interference or coexistence between the old and the new motor
plan. This drop is less pronounced for posterior parietal cortex (PPC)
than for premotor and motor cortex, and supports the assumption
of a central role of parietal cortex in the trajectory state estimation.
The activity of most cells takes place before the change in hand
kinematics and this occurs earlier in motor than in premotor and
PPC (Fig. 1C), in line with the role of motor cortex in the generation
of the motor output.

Neural activity related to switching motor plans has been
described by a recent study (Pastor-Bernier et al., 2012), which
also suggests that in premotor cortex a unique biased competition
model can account for both initial decisions and for changing motor
intention. This account of substitution of motor plans in premotor
cortex is related to the above-discussed versions of the race model.

The analysis of hand kinematics during trajectory correction
reveals the existence of a high correlation between the hand speed
profiles of the Double-Step reach and the two corresponding pro-
files of single step reaches into which the corrective movement
can be decomposed. Thus, when the hand correction is of 180◦, the
pattern of neural activity observed in M1, PMd, and PPC during cor-
rected reaches can be predicted from that typical of uncorrected
ones, by splicing together the two spike density functions corre-
sponding to the single-step reaches, with a delay calculated from
matching the relative speed profiles (Fig. 2) (Archambault et al.,
2009, 2011; Georgopoulos et al., 1983). In fact, if during the hand

movement to the first target, a second target appears in the opposite
direction (at 180◦), the activity pattern associated to the former is
somehow silenced, probably due to the early signaling occurring in
PMd, and substituted by that observed when the monkey reached
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Fig. 1. Relations between cell activity and hand kinematics in the parieto-frontal system (PMd, M1 and PPC). (A) Comparisons of “neural” and real hand trajectories in
premotor (PMd), motor (M1), and parietal (PPC) cortex for corrected reaches. For PMd and PPC, the trajectories are from target jumps occurring during reaction time, while
for M1 the trajectories refer to corrections after target jump occurring at the onset of hand movement toward the first target. In all cases, the hand changed movement
direction by 180◦ . (B) Distribution of the Pearson correlation coefficients (r) between real and neural trajectories, during direct (left) and modified (right) reaches, for different
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reas. (C) Cumulative frequency distributions of the temporal lags corresponding to
inematics variables of a multiple linear regression analysis.

ource: Modified from Archambault et al. (2011).

irectly to the 180◦ target from the initial position, as in the single
tep reach task. There is a good match between the distribution of
he correlation values in the predicted and actual neural activity
rofiles.

These findings suggest that there exists in the cerebral cortex
he same basic neural mechanism, which is used both for tra-
ectory formation and correction. Such a mechanism would be
ooted in the graded and time-varying utilization of available kine-
atic variables within the same neural assembly, rather than in

he recruitment of a selected neuronal population, which would
ave an activity specifically tuned to the movement correction.

n fact, in PPC, PMd and M1, the same neurons are active during
oth direct and corrected reaches, although with different timing
nd kinematic relationships. No evidence was found for a specific
opulation of neurons active only during corrective movements
Archambault et al., 2009, 2011).

That the same cortical cells tend to be used for initial trajectory
ormation and correction provides a picture highly consistent with
hat offered by the behavioral observations on the kinematics and
n the pattern of muscle activity discussed in a previous section
f the manuscript (d’Avella et al., 2011). Changing a motor plan
equires the modulation in amplitude and timing of the recruit-
ent of the same muscle synergies used for direct, unperturbed
ovements. Thus the simple organization outlined in Scheme 1

eems sufficient to account for the neurophysiological evidence on
eaching corrections.

A more recent study has explicitly addressed alternative move-
ent correction schemes at the neural level (Dickey et al., 2013).
onkeys acted on a manipulandum so as to move a cursor on a

creen toward visual targets that changed location in space, thus

equiring online adjustments of cursor trajectory. Under such con-
itions, the activity of the majority of cells in motor and premotor
ortex during corrective movements was fitted by the same lin-
ar model adopted for unperturbed reaches, while the activity of
est correlation between neural activity in motor, premotor and parietal cortex and

one third of the cells appeared to obey a substitution scheme, in
which the corrective movement could be reconstructed from its
component parts; these findings are therefore compatible with an
intermittent, discrete control mechanism. This study differs from
those of Georgopoulos et al. (1983) and Archambault et al. (2009,
2011) not only because it required movement at a single joint,
but also because the second target was always presented after the
onset of movement toward the first one, thus requiring a late cor-
rection of an already matured motor plan. Furthermore, the task
required a complex visuomotor transformation, due to the dissoci-
ation between the spatial position of the targets on the screen and
the manipulandum.

3.2. Timing of cell activity during correction signaling

An interesting question is when during on-line control of hand
movement the upcoming change of hand trajectory is signaled in
the parieto-frontal system. When the second target is presented
during the hand reaction-time (Fig. 3, left panels), the population
activity in premotor, motor and parietal cortex signals the change of
movement trajectory before or just around the time when the hand
starts moving toward the first target, with earlier signaling by PMd
and a later one by PPC, occurring just after movement onset. The
same time relationships across areas are maintained when the tar-
get shift occurs at the onset of hand movement (Fig. 3, right panels),
although in this case the earliest signaling of trajectory correction
occurs during the hand movement toward the first target.

The analysis of the timing of activation of the population in pre-
motor, motor and parietal cortex indicates that signaling of both
movement initiation and correction occurs first in premotor cor-

tex, while the later activation of parietal cortex probably reflects
the specification of the trajectory to be implemented by M1 (Fig. 3),
as illustrated in Scheme 1. The earlier activation in PMd can be
explained as a signal to change the original motor plan once the new
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Fig. 2. Predicting cell activity during trajectory correction from the activity asso-
ciated to the single-step direct reaches in the parieto-frontal network (PMd, M1
and PPC). Overlap of single cell activity observed during hand movement correc-
tion (Double-Step, black SDF) of 180◦ with that obtained by combining, tip-to-tail
the two spike density functions (gray) associated with direct reach from the cen-
ter toward the first target location and from the center to the second (final) target
position. The vertical dashed line represents the time of truncation of cell activity
for the first direct reaching movement. The time scale is aligned to the time of first
target presentation, the white triangle indicated the time of target jump (TJ), while
the black triangle indicates the time of hand trajectory shift (HS). MTon indicates
o
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Scheme 1. Simplified flow diagram of processes undertaken by the key cortical sys-
tems involved in initial standard reaches or correction or suppression of reaching
movements. The direction of arrows is not meant to indicate detailed anatomi-
cal connectivity, but rather the predominant flow of information (see Section 3).
Transmission of information between pairs of systems is sufficiently fast to allow
bidirectional interaction and recursive signaling in reaching the appropriate out-
put of the pair. For simplicity the systems involved in the two suppression tasks
discussed – Go/No-Go and Stop tasks – are conflated; the principal difference lies
in the processes that involve the pre-SMA (see Section 5). More specifically, blue
arrows indicate information transmission used in initial reaching, its correction
and its suppression. Green arrows indicate information transmission used for initial
reaches and correction. Red arrows indicate information transmission used only for
suppression. The colored boxes cover the systems involved in initial reaches, cor-
rection and suppression (blue), initial reaching and correction (green), and reaching
suppression (red). “Perceptual systems” include both dorsal (object location) and
ventral (object properties and identity) streams. “Non-routine action determina-
tion” refers to the high-level processes occurring when, say, an unusual strategy is
adopted, such as slowing down responding in the Stop signal paradigm to make it
easier to inhibit, if the Stop signal does occur. “Monitoring” refers to the comple-
mentary high-level process of being set or prepared to interrupt on-going behavior
should a Stop signal occur and so speeding inhibition of the on-going response (see
Coxon et al., 2006; Gentet, 2012; Shallice and Cooper, 2011, chapter 9 for discus-
sion of these two processes). “Exogenous attentional control” refers to the actual
process of allowing stimulus-driven interruption of central processing to take place
(see Corbetta and Shulman, 2002). DLPFC, dorsolateral prefrontal cortex; VLPFC,
ventrolateral prefrontal cortex; M1, primary motor cortex; pre-SMA/SMA, pre- and
nset movement-time.

ource: Modified from Archambault et al. (2009, 2011).

arget location has been detected Altogether, the available results
ead to the hypothesis that PMd provides a higher-order control
ignal to update movement under changes of the visual scene, such
s when a visual target jumps from one position to another. In gen-
ral, the PMd system is held to be required when a new motor
lan is initiated or its goal changed in a discrete/intermittent fash-

on. In a later section we will argue that the same system comes
nto play when a motor plan must be suppressed. In fact, the mea-
ured neural latency in response to the target jump is comparable
o what has been reported in the same part of PMd using the Stop
ask (Mirabella et al., 2011).

One can also speculate that PPC plays a pivotal role in imple-
enting the transformation entailed by the new motor command,

hrough computing the required new trajectory. This would be
ased on the fine-grain encoding of limb kinematics in this area.
inally, M1 is held to play a direct role in providing precise control
f the implementation of the motor plan trajectory on an ongoing
asis. Hardly surprisingly it appears to be directly influenced by

Md as well as via PPC (see Scheme 1), as indicated by the rela-
ive times in different structures at which the activity in corrected
eaches diverges from the uncorrected one (Fig. 3).
supplementary motor cortex; PMd, dorsal premotor cortex; PPC, posterior parietal
cortex.

3.3. Potential neural mechanisms for movement correction

The pattern of the population activities in PMd, M1, and PPC
typical of direct and corrected reaches provides clues as to the
potential mechanisms through which movement correction might
be achieved. When the target jumps during RT (Fig. 3, left pan-
els), the overall similarity of the shape of the temporal evolution
of the population activity associated with direct (gray) and cor-
rected (black) reaches supports a model based on a continuous
adjustments from target jump to final target position. In contrast,
in each area the sharper divergence observed in the case of tar-
get jump at the onset of hand movement (Fig. 3, right panels),
when the time interval between first and second target presen-
tation is large, rather suggests a discrete substitution scheme (see
also Georgopoulos et al., 1983), probably based on intermittent con-
trol. However, it must be stressed that single cell activity in both
frontal and parietal areas seems compatible with both continuous
and intermittent control and that the predominance of one coding
scheme over the other across different parietal and frontal areas
remains a challenging subject for future research.
The change or suppression of an original motor plan can be
implemented in different ways. Since cortico-cortical fibers are
generally excitatory (Conti et al., 1988), premotor projections to
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Fig. 3. Each panel shows the comparison of the population spike density functions
(pop-SDFs) of the neural activity recorded in frontal (PMd, M1) and parietal (PPC)
cortex during direct reaches (gray curve) versus corrected ones (black curve), when
the target jumped during RT or at the onset of MT. During on-line corrections, the
pop-SFDs were obtained by combining single-cell activity first directed toward the
target opposite to the preferred direction (anti-PD) and then to the PD. This activity
is compared to direct reaches toward the first target (anti-PD) to show the time at
which the two population activities diverge. The stars indicate the time of target
presentation during direct (gray) and corrected reaches (white, first target; black,
second target), while the horizontal bars indicate the mean duration of hand move-
ment time in the two conditions (gray, direct reaches; black, corrected reaches).
The time scale is aligned to the onset of hand movement (dashed line at 0 ms). In
each graph, the vertical gray rectangle includes the time spanning from the moment
in which neural activity associated to corrected reaches significantly diverges from
that of the direct reaches, to the time of change of hand trajectory.
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parietal cortex specifically concerned with movement correction.
ource: Modified from Archambault et al. (2011).

nterneurons which are inhibitory on M1 cortico-spinal neurons,
nd/or gating of the descending motor command at the level of
pinal interneurons through direct premotor projections to the
pinal cord (Dum and Strick, 1991) can provide the anatomical
ubstrate for movement updating through a direct influence on
he original motor plan or ongoing movement. Alternatively, the
rticulation of a new trajectory in PPC might modulate the input
o M1, and thus lead to the modification of the original action,
ithout requiring active suppression of the original planned move-
ent. This additional mechanism can operate on a fine time scale

nd in a very fast way, if one considers that for parietal area 5
PE/PEc) the estimated average conduction delays are about 2 ms
ith M1 and 3.5 ms with PMd (Innocenti et al., 2013). The modula-

ion in the time of this process can lead to a change of an ongoing
ovement and its substitution with a new one, when the time

etween the first and second target presentation is long and the
orrection required is large, compatible with an intermittent con-
rol mechanism. By contrast, if the interval between first and second
arget presentation is short and the first movement is just being
orn, then this can be continuously changed into a new one. The
uestion then arises as to how these potential alternative ways of
ovement correction can be implemented. One possibility is by

xploiting the potential inherent to the large spectrum of con-
uction delays through which cortical areas communicate with
ach other and with subcortical structures (Caminiti et al., 2009;
nnocenti et al., 2013; Tomasi et al., 2012), thanks to the spec-

rum of axon diameters characterizing cortico-cortical projections,
s well as cortical projections addressed to basal ganglia and spinal
ord.
behavioral Reviews 42 (2014) 232–251 241

It can be hypothesized that populations of premotor neu-
rons with a similar restricted spectrum of large axon diameters,
and therefore fast conduction velocities, will be recruited so as
to suppress the discharge of cortico-spinal neurons and/or of
spinal interneurons, and therefore an ongoing movement, through
inhibitory cortical and/or spinal interneurons. The existence of pre-
motor and/or parietal cortical neurons with a wide spectrum of
small axon diameters and long conduction delays could favor a
smooth and continuous transition process over a large time-scale,
thus allowing the progressive substitution of an old movement with
a new one. This mechanism can benefits from the large spectrum
of axon diameters, therefore of conduction delays, of descending
fibers from motor cortex (Innocenti et al., 2013; Lemon, 2008).

Therefore, the same distributed system, although with different
complementary networks, can subserve different types of cor-
rections, as well as suppression of reaches, if one considers the
advantages inherent the utilization of the spectrum of conduction
delays available for communication between the connecting edges
of the network.

3.4. Activation and silencing studies in humans

In humans the cortical network involved in on-line control of
hand movement has been studied using both Transcranial Magnetic
Stimulation (TMS) and Functional Magnetic Resonance Imaging
(fMRI). When parietal neural activity is temporarily disrupted
through TMS delivered at the onset of hand movement, normal
subjects are able to make direct reaches, but fail to make on-line
corrections when the target moves in space (Della Maggiore et al.,
2004; Desmurget et al., 1999). Since inactivation or lesioning of
parietal cortex can result in impaired estimates of limb position
(Wolpert et al., 1998), it has been speculated that the defective on-
line correction is a consequence of an erroneous computation of the
motor error. This is in line with recent neurophysiological studies
of parietal area 5 in monkeys (Ferraina et al., 2009).

The involvement of parietal cortex in on-line control of hand
movement in humans is also supported by a recent fMRI study
(Reichenbach et al., 2011) which, during correction trials, shows
an activation cluster centered on the anterior part of the left intra-
parietal sulcus (aIPS), and also involving the anterior part of the
supramarginal gyrus (aSMG), and of the SPL. A smaller activation
cluster was also observed at group level in a roughly correspond-
ing region of the right aIPS. The subsequent TMS stimulation on the
position of the activated cluster, resulted in impairments in the tim-
ing, but not the accuracy, of corrective movements only when the
left hemisphere was silenced. This cluster was in a different location
from that stimulated by Desmurget et al. (1999). This study does not
report whether the deficit refers to hand reaction and/or movement
time. The activation of a cluster in the right parietal cortex could
be related to the attentional shift associated to the correction of
movement, given the involvement of the right SMG in attention
(Perry and Zeki, 2000). However, it is important to stress that in
the study of Reichenbach et al. (2011) subjects moved a joystick
attached to the index finger to visual targets. This is substantially
different from hand reaching, since it does not involve the same
type of spatial transformation, kinematic constrains and pattern of
muscle activity. Furthermore, in this study the behavioral task used
during TMS stimulation was performed in a virtual reality environ-
ment and was therefore different from that used during the fMRI
experiment. This study therefore does not undercut the conclusion
from monkey neurophysiology studies that there are no systems in
At the same time, activation of the intraparietal region of the
left hemisphere and of the SPL during on-line hand adjustment was
shown in earlier imaging studies (Clower et al., 1996; Desmurget
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t al., 2001) using Positron Emission Tomography (PET), which,
owever, has poorer spatial resolution than that of fMRI.

TMS studies indicate that another area participating in on-line
orrection of hand movements is dorsal premotor cortex (PMd),
ut only when trajectory correction depends on visual cues, such
s vision of the hand during a visuo-motor adaptation task (Lee and
an Donkelaar, 2006). When subjects are prevented from seeing
heir hand, TMS does not disrupt the ability to make on-line adjust-

ents, as it does when vision of the hand is available. This keeps in
ine with the observation from cell recordings in monkeys, indicat-
ng that as soon as the visual target displacement is detected, the
arliest signaling for on-line correction within the parieto-frontal
etwork occurs in PMd, as compared to M1 and area 5.

Further studies based on a rigorous quantitative control of both
ehavior and brain activation and more naturalistic experimen-
al set-ups will be required to uncover the whole cortical network
nderlying on-line control of reaching in humans. In particular it
hould be noted that reaches are characterized by a complex kine-
atic and by the recruitment of time-varying muscle synergies
hich are modulated in amplitude and timing, and this differs sub-

tantially from tasks where more elementary hand movement are
equired.

.5. Summary

In premotor, motor and posterior parietal cortex there exist
ignificant relationships between neural activity and hand kine-
atics (position, speed and movement direction) during both

irect unperturbed reaches and corrected ones. When an original
otor plan is changed, the neural activity profile typical of the
ovement to the first target smoothly evolves into that associ-

ted to the movement toward the second target, as observed during
irect reaches. No population of cells have been found as selectively
ecruited only during online adjustments. Therefore, these can only
e based on a graded and time-varying utilization of the kinemat-

cs variables encoded by neural activity in different areas. During
nline corrections, parietal cells remain a more accurate predictor
f hand trajectory than frontal ones. The time lags of neural activity
ith hand kinematics indicate that motor, premotor and parietal

ortex are activated sequentially, although a large overlap in the
iming of their recruitment occurs. After the first target’s presen-
ation and its change in location, the population activity in frontal
nd parietal cortex signals the change of motor plan before the
and moves to the initial target’s position. This signaling occurs
arlier in premotor than in motor and parietal cortex. It is sug-
ested that premotor cortex encodes the higher-order command
or the correction of motor plan as soon as the change in target loca-
ion is detected, while parietal cortex is responsible for estimating
he kinematics of the motor periphery, an essential step to allow

otor cortex to modify and control hand trajectory on an ongo-
ng basis. In conclusion, single cell studies in behaving monkeys
ndicate that the parieto-frontal system can update an original and
ot-yet-accomplished motor plan during its execution. Both acti-
ation (fMRI) and perturbation (TMS) studies in humans point to a
rucial role of posterior parietal cortex in online control of hand
ovement and of premotor cortex when movement correction

ritically depends on visual monitoring of hand motion.

. Neuropsychological studies

.1. Reaching disorders and on-line fast movement corrections in

ptic Ataxia

On-line automatic correction of a movement has been most
tudied from a neuropsychological perspective in Optic Ataxia (OA).
behavioral Reviews 42 (2014) 232–251

Patients with OA have impairments in the visuomotor domain,
especially when they are required to perform reaching and point-
ing movements to a target in the periphery (extrafoveal condition),
although cases of foveal OA have been observed (e.g. Buxbaum and
Coslett, 1998). Reaching errors in such patients can be independent
of any primary motor, sensory, praxis or attentional deficit (Perenin
and Vighetto, 1988). These patients also tend to make more errors in
the visual field contralateral to the lesion (visual field effect) and/or
using the hand contralateral to the lesion (hand effect) with a com-
bination of the two being frequently observed (e.g. Blangero et al.,
2008).

There has been considerable controversy over the localization of
OA in recent years. In OA patients with vascular disease, the lesions
tend to be large; thus Pisella et al. (2009) provided the lesion over-
lap of 11 OA patients, which involved a large area of damage to
the occipital and posterior parietal cortices, mainly involving the
parieto-occipital junction (POJ), precuneus and IPS, bilaterally. In
two series of tumor patients, tested just post operatively, the crit-
ical area was similar if slightly more superior in its lower limit in
one of the studies (Buiatti et al., 2013; Shallice et al., 2010). Tra-
ditionally the syndrome was held to occur following damage to
the posterior parietal cortex (PPC) and in particular with superior
parietal lesions (see Battaglia-Mayer et al., 2012, for reviews). How-
ever, Karnath and Perenin (2005) held instead that the critical area
was centered on the parieto-occipital junction (POJ). In their large
series, both the inferior parietal lobes and the left superior pari-
etal lobe were involved, and medially the precuneus. However,
Coulthard et al. (2006) argued against a critical role for the lat-
eral inferior parietal lobe, pointing to the existence of dissociations
between OA and unilateral neglect (e.g. Perenin, 1997), which they
held implied that the critical lesion must have only a lateral supe-
rior parietal or precuneus localization. In fact, there is a reasonable
correspondence between these localizations and those of critical
areas found in functional imaging of related tasks in healthy adults.
Thus, Blangero et al. (2009) in a meta-analysis focuses on the bilat-
eral POJ, the posterior IPS, and a mid-IPS region as giving rise to
reaching impairments.

4.2. Double-Step paradigm in OA

On the basis of a study in Lyon of an OA patient, IG, inspired
by the TMS study of Desmurget et al. (1999) discussed above,
Pisella et al. (2000) suggested that a mechanism involved in pro-
ducing automatic movement corrections for the hand in reaching
was also located in the PPC. On 20% of the trials in this study, a
fast correction of the hand trajectory was required, since the tar-
get suddenly changed its position at the time of movement onset
(perturbed condition). No major abnormal effects were observed on
the unperturbed trials. On the perturbed trials, IG mainly produced
slow correctional movements, with many fewer fast corrections
than controls. Unlike normal controls, she produced no inappropri-
ate correctional movements in the Stop signal condition that was
also carried out. Similar findings were also made in a subsequent
study of Gréa et al. (2002), where IG again did not adapt the trajec-
tory of the hand in flight, but instead produced two distinct hand
movements (Fig. 4A).

From a theoretical perspective, the Lyon group proposed that
the impaired performance of OA patients in these tasks could arise
from a specific deficit in the on-line visuomotor control involved
in making rapid motor adjustments of the hand movement (Pisella
et al., 2000; Rossetti et al., 2003). They held that damage to a system
responsible for this would also impair pointing toward peripheral

targets, since less precise visual information is available and so on-
line adaptation of the movement parameters concerning location
is required (Rossetti et al., 2003). This view was developed further
by Blangero et al. (2008), who studied another OA patient, CF. CF’s
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Fig. 4. Consequences on reaching movements of parietal lesion in humans and of parietal inactivation in monkeys. (A) Repetitions of hand trajectory during Double-Step,
corrected reaches in a normal control (green, left) and in a patient (IG) with bilateral parieto-occipital lesion (red, right). In both cases, single-step, direct reaches are in black
and from a starting position (SP) to target A or B, while in the Double-Step trials they were from the SP after target jump from A to B (A → B) (modified with permission
from Gréa et al., 2002). (B) Repetitions of hand trajectories during Double-Step reaches, before (green) and after (red) bilateral muscimol injections in areas PE/PEc of the
macaque monkey. Individual hand trajectories (dashed curves) and their mean (solid curves) are from a central position (CP) after 180◦ target displacement at the onset of
hand movement. (C) Hand speed profiles relative to the movements shown in (B). Notice the shift (+130 ms) of the double-peaked speed profile typical of corrected reaches
after parietal inactivation (red). The time scale is aligned to the time of first target presentation. (D) Correlation between eye RT1 and hand reaction time RT1, before (green)
and after parietal inactivation (red) in monkeys. Eye and hand RTs are those recorded during direct reaches and to those relative to movements toward the first target during
corrected reaches. (E) Correlation between eye RT2 (time elapsing from the appearance of the second target and the onset of the second saccade toward it) and hand RT2 (time
elapsing from the appearance of the second target and the change in direction of hand trajectory), collected during Double-Step reaches. In (D) and (E), eye–hand correlation
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as been restricted to data sets that showed a significant increase in hand RTs. Cor
ignificant differences (p < 0.001) between intercepts of 2 linear regressions.

ource: Modified from Battaglia-Mayer et al. (2012).

bility to correct the hand trajectory in flight when a target moves
as also impaired as was standard peripheral reaching. Moreover,
F showed the same combination of hand and visual field effects in
he two tasks, namely roughly additive impairments with respect
o the left visual field, and the left hand. Blangero et al. (2008) there-
ore put forward a model of the processes involved in visuo-manual
ransformations, where updating of the reach plan involves two

ain input stages. The first stage is required for processing of a
eripheral visual target but not a foveal one. Damage to such a
urely input stage could also give rise to purely perceptual prob-
ems; indeed McIntosh et al. (2011) showed correlated disorders of
he action and perception of target jump direction in optic ataxic
atient, IG. The second stage concerns processing of hand location.
oth stages are held to be located in PPC, in the POJ and the mIPS,
n coefficient (r) is reported for each linear regression. Asterisk (*) indicates highly

respectively. These two input stages are then integrated in a third
one.

The idea that these two distinct modules are involved is held
to receive support from a functional imaging study in normal sub-
jects of Prado et al. (2005). In this study reaching in central vision
activated a restricted network, while reaching in peripheral vision
activating additional regions including POJ. However, one can-
not infer separability of subsystems from one-way dissociations
between tasks differing in difficulty (Shallice, 1988).

The model proposed by Blangero and colleagues makes two

strong predictions. First, the target representation module is a criti-
cal stage both for peripheral pointing and with respect to the size of
the shift costs in making Double-Step adjustments. Therefore, the
two measures should be correlated positively across patients, By



2 nd Bio

c
o
b

B
t
r
a
r
a
t

w
p
t
w
H
i
B
w
t

e
O
s
a
d
e
a
t
s
d
a
i
b
p
t
a
m
t
i
e
c

4

o
(
r
t
c
t
c
m
d
i
t
(
t
l
e
s
s
p
w

44 A. Battaglia-Mayer et al. / Neuroscience a

ontrast, as foveal pointing does not depend on this module, a sec-
nd prediction is that there should be a much weaker correlation
etween foveal and peripheral pointing.

However, in a study of 15 patients with parietal lesions,
uiatti et al. (2013) obtained an insignificantly negative correla-
ion (r = −0.18) between the degree of impairment in peripheral
eaching for the parietal patients and their shift costs in making
n on-line reaching adjustment, with classical dissociations, occur-
ing both ways between impaired and intact peripheral pointing
nd shift costs. Different systems appear to be involved in the two
asks.

By contrast, Buiatti et al. (2013) found a correlation of r = 0.55
ith respect to the degree of impairment between foveal and
eripheral reaching, fitting the idea that essentially the same sys-
ems are involved in this pair of tasks. This conclusion meshes
ith two other findings. In an fMRI study of reaching Martin and
immelbach (2011) no region was found to be differently activated

n peripheral than in central vision. In a TMS study of reaching,
usan et al. (2009) found facilitation of reaction time when TMS
as applied over the PPC, but this did not vary with whether the

arget was central or peripheral.
In contrast the findings fit well with the account of Archambault

t al. (2011) discussed in Section 3.1 and the general Scheme 1.
n this approach both peripheral and foveal reaching require the

ame process of trajectory setting to be implemented. Thus the two
bilities should correlate positively across parietal patients, as they
o. The greater error shown by optic ataxic patients for periph-
ral targets would occur because of the reduced visual information
vailable to the trajectory-setting system on the location of such
argets, as well as for the decoupling between the gaze and the hand
ignals that seems to have an influence on the emergence of the
eficit. On the other hand, on-line correction of reaching requires
n additional system that specifies that the trajectory should be re-
mplemented. Thus double dissociations could theoretically occur
etween shift costs and peripheral reaching, as they do. In addition,
remotor patients were found to have increased shift costs when
he target moves, but not to be slower in any other task. This is in
ccord with the account of Archambault et al. (2011) that the pre-
otor cortex is involved in specifying that a reimplementation of

he trajectory is required. That some right parietal patients show
ncreased switch costs and normal peripheral reaching could be
xplained on the model as resulting from premotor-to-parietal dis-
onnection. However, other parietal systems may also be involved.

.3. A non-human primate model of Optic Ataxia

As illustrated before, patients with OA display a wide elongation
f the hand path necessary for reach correction, relative to controls
Fig. 4A). In monkeys, a widely used tool to further elucidate the
ole of cortical areas is the study of the consequences on behavior of
heir reversible inactivation. Injection of the GABA-A agonist mus-
imol in the SPL (areas PE/PEc; Marconi et al., 2001) of monkeys
rained to perform direct reaches to visual targets, as well as to
orrect them when the target moves in space alters both the kine-
atics (Fig. 4B) and the timing (Fig. 4C) of hand movement during

irect and corrected reaches (Battaglia-Mayer et al., 2012). As seen
n humans with OA, a longer hand path is observed toward the first
arget (Fig. 4B), as a consequence of a delayed trajectory correction
Fig. 4C). Under SPL inactivation, both the reaction- and movement
ime to the first and second target are significantly lengthened. The
engthening of the eye RT was not captured in the study of Hwang
t al. (2012), in which the so-called parietal reach region (PRR) was

ilenced and the monkey tested for direct reaches to targets pre-
ented in central and peripheral vision. In this study, the effect of
arietal inactivation in the on-line control of eye–hand movement
as not assessed.
behavioral Reviews 42 (2014) 232–251

Concerning eye–hand coordination before and after bilateral SPL
inactivation, the hand and the eye RTs to the first target are simi-
larly correlated, so that the increase of the hand RT to the first target
can be partially explained by the increase of the eye RT (Fig. 4D). In
such a case, parietal silencing, however, yields to a further increase
in the hand RT, which cannot be accounted for only by the lengthen-
ing of eye RT. Under parietal inactivation, the correlation between
the hand and the eye RT to the second target (Fig. 4E) shows that
the latter largely accounts for the former. Thus, slowing of the eye
movement response significantly contributes to the altered initia-
tion and correction of hand movement typical of OA.

4.4. Summary

Classically Optic Ataxia has been viewed as not secondary to
oculomotor deficits (see Perenin and Vighetto, 1988). However, a
recent study (Gaveau et al., 2008) on two optic ataxic patients with
bilateral parietal lesions in a natural “look and point” paradigm with
a target jump showed a delayed visual capture, which resulted in
a delayed pointing to visual targets. Thus, as shown in monkeys,
during trajectory corrections, the elongation of the time necessary
to reverse an already delayed eye movement largely influences
the change of hand movement direction. However, dissociations
between impairments in making hand movements and preserva-
tion of saccades have also been found in other optic ataxic patients
(Khan et al., 2009; Trillenberg et al., 2007).

It remains unclear how central impaired eye movement control
is in Optic Ataxia in humans. This can only be answered by means
of a sizeable case series, which does not currently exist for this
aspect of the syndrome; there is too much reliance on the behav-
ior of a very few single cases. However, even if, as suggested by
Gaveau et al. (2008) and Battaglia-Mayer et al. (2007) but rejected
by Trillenberg et al. (2007), part of the spatial determination of
extent and direction of saccades and rapid manual movements is
implemented by the same system, and following Archambault et al.
(2009, 2011), this system has the function of trajectory-setting,
then the account of Optic Ataxia presented at the end of the pre-
vious section can still apply. This is that such a system exists and
would need to be controlled by a premotor-located system that
becomes critical for prompting the whole parieto-frontal system
to be activated when a new motor plan has to be generated or
in special circumstances, such as when there is movement of the
target.

5. Explicit suppression of reaching

5.1. Neurophysiological studies in animals

In animal models, most of the studies exploring neural modu-
lations underlying inhibitory control of arm movements have so
far used two main paradigms: the Go/No-Go task and the Stop
(countermanding) task. Behaviorally, both paradigms give rise to
commission errors. However, they explore two different aspects
of the explicit suppression of a motor response. In the Go/No-Go
paradigms it is a potential and not an ongoing movement that has
to be halted. Instead only the Stop task allows one to explore the
neural modulation of the timing related to the estimated speed of
the presumed stop process, as estimated by use of the so-called
Stop Signal Reaction Time (SSRT, Logan and Cowan, 1984; Schall
and Godlove, 2012). As discussed above, the Stop task is generally
interpreted as involving a simple race model between two inde-

pendent processes, which are concerned with response execution
and inhibition respectively, even if the existence and independence
of the two processes has been recently questioned (Boucher et al.,
2007; for a related discussion see Bissett 2013).
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It is reasonable to assume that the cortical networks for both
ction restraining, as in the Go/No-Go task, and action cancelation,
s in the Stop task largely overlap. However, most of the available
ata is focused on the role of a few frontal regions and of their
onnected subcortical structures, especially those of the cortico-
asal ganglia loop (Aron and Poldrack, 2006; Li et al., 2006; Schmidt
t al., 2013; Vink et al., 2005). The suggested absence of any role
or the parietal lobe, stemming from neurophysiological studies
sing the Go/No-Go task (Kalaska and Crammond, 1995), could
e attributed to the fact that in successful trials of both tasks no
ovement is required and therefore, on the overall theoretical per-

pective (Scheme 1) adopted by this paper, on-line control/update
f the movement trajectory is not required. However, it is impor-
ant to stress that some role of the parietal lobe in both tasks is to
e expected (see next section).

In the frontal lobe, M1 represents an important node for all
he cortical processes involved in the encoding of arm movement
eneration. The pyramidal tract (PT) provides both fast-conducting
xons originating in M1 and axons with slower conduction veloc-
ty originating from other cortical areas (e.g. Kraskov et al., 2009;

aier et al., 2002), and therefore a wide range of conduction delays
Innocenti et al., 2013). However, neurons originating from M1
re more powerful in influencing the spinal cord output not only
ecause of their advantage in terms of conduction delays, but also
ecause they preferentially target spinal cord interneurons (Dum
nd Strick, 1991). The activity of M1’s PT neurons is under the
ontrol, presumably, of local interneurons (Reynolds and Ashby,
999) and a simple gating mechanism requiring that they modify
heir discharge at the time of movement onset could be postulated.

ost of the areas contributing, although with different strength,
o the PT also have reciprocal cortico-cortical connections with

1 (Johnson et al., 1996; Johnson and Ferraina, 1996), and by tar-
eting interneurons selectively (Ghosh and Porter, 1988; Tokuno
nd Nambu, 2000) they can contribute to the gating of movement
eneration.

Some observations support a controlling role of PMd over M1.
he injection of GABA-A antagonists within PMd reduces the abil-
ty of monkeys to withhold movements (Sawaguchi et al., 1996).
imilarly, lesions to PMd result in an increased frequency of impul-
ive and uncontrolled reaching movements (Moll and Kuypers,
977). Pyramidal neurons in PMd could influence inhibitory cells in
1 directly, potentially supporting feed-forward inhibition (Ghosh

nd Porter, 1988; Tokuno and Nambu, 2000) or they could tar-
et inhibitory interneurons at the level of the spinal cord (Dum
nd Strick, 1991) as indicated in Scheme 1. Recent evidence
Kaufman et al., 2013; Merchant et al., 2008) shows that putative
nhibitory interneurons in M1, classified using the trough-to-peak
uration of the unfiltered extracellular spike waveform, increase
heir discharge at the time of movement generation (however, see
igneswaran et al., 2011 for a specific comments on this method
hen applied to M1). Different sub-populations of neurons show-

ng preparatory activity during successful inhibition of reaching
ovements in PMd display either a reduction or an increase in their

ctivity (Mirabella et al., 2011); this is compatible with both of the
unctional pathways referred to above.

One could assume that when a movement is to be suppressed an
ncrease in the activity of PMd neurons refers to cortico-spinal neu-
ons targeting inhibitory neurons, while PMd neurons that reduce
heir activity are cortico-cortical neurons targeting M1 interneu-
ons. This would fit with the Boucher et al. (2007) interactive race
odel at the computational modeling level. In conclusion, where

he control gate for reaching arm movements is located, at the cor-

ical or subcortical level, is still a matter of discussion. In fact, a
ating effect could be obtained at a very late step of the process
y action at the level of the spinal cord, where descending neurons
ould exert an inhibitory effect on spinal inhibitory circuits (Prut
behavioral Reviews 42 (2014) 232–251 245

and Fetz, 1999). Similarly, the existence and the role of a gating-
based mechanism for the cortico-cortical influences over the M1’s
output require further investigation (see also DeLong, 1990).

Most of the studies exploring inhibitory control of arm move-
ment have so far used the Go/No-Go task. Using this task during
recording in M1, two different studies (Miller et al., 1992; Port
et al., 2001) showed that hand movement per se is not necessary
for obtaining activity modulation in M1. In both studies a sub-
population of neurons was found more active during movement
suppression than execution. Neurons with similar properties have
been reported in premotor cortex (Kalaska and Crammond, 1995;
Watanabe, 1986). These latter authors found no such activity in area
5, suggesting, as discussed above, that it is premotor, not parietal
cortex, that is related to No-Go processes (see Scheme 1).

PMd is a well-known target region of prefrontal cortex (PFC).
Sasaki and Gemba (1986) recorded No-Go responses using epicor-
tical local field potentials (LFPs) from two prefrontal areas of the
monkey’s brain, the dorsal bank of the principal sulcus (PS) and the
rostro-ventral corner of the prefrontal cortex; their findings sug-
gest that the two areas might play a crucial role in refraining from
action. This conclusion was further supported by the use of stimu-
lation procedures in the same areas (Sasaki et al., 1989). A further
cortical region under the control of PFC is the most anterior portion
of pre-SMA. The presence of neurons discharging during both Go
and No-Go trials in pre-SMA (Isoda and Hikosaka, 2007) indicates
that this area plays an important role in the control of responses
under this task condition.

In summary, findings obtained using the Go/No-Go paradigm
support the existence of a frontal network, formed by the PFC,
pre-SMA, PMd and M1 concerned with the inhibition of poten-
tial responses. In this network a ‘No-Go signal’ could propagate
from more rostral to more caudal regions, as suggested by causality
approaches to event-related potentials obtained from epicortical
electrodes in monkeys (Zhang et al., 2008). Alternatively, the deci-
sion ‘not-to-move’ could emerge from a late (with a latency of about
150 ms) and more parallel organization of a distributed network
active at the moment of the decision (Ledberg et al., 2007).

The Stop task is better suited to explore the role of neural popu-
lations during the interruption of an already matured motor plan.
The modulation of neural activity in both M1 and PMd reflects the
local build-up of a motor plan before its execution. It is known
that potential motor plans and targets can be simultaneously rep-
resented in PMd (Cisek and Kalaska, 2005). However, no studies are
yet available in M1 that used the Stop task to investigate inhibition-
specific neural modulation in monkeys.

A recent study (Mirabella et al., 2011) reported a consistent
population of neurons in PMd predictive of the animal’s success
in movement suppression. Modulated neurons had characteristics
similar to those of neurons described in the motor areas control-
ling saccadic generation (Hanes et al., 1998; Paré and Hanes, 2003).
Many neurons were modulated after the Stop signal presentation
and well before the end of the SSRT. An important difference with
the oculomotor neurons is that in PMd (Mirabella et al., 2011) two
classes of neurons have been described. In one, reaching-related
activity is reduced after Stop signal presentation (as in oculomo-
tor areas; Hanes et al., 1998; Paré and Hanes, 2003), which could fit
with the interactive race model referred to above. The second popu-
lation increases their activity before the end of the estimated time of
the Stop process, as one would expect from Stop units. Whether this
last class of neurons specifically controls antagonist muscles or rep-
resents inhibitory neurons with an indirect control on projection
neurons is still an open issue (for a discussion see Mirabella et al.,

2011). This argument is closely related to a better understanding
of the microcircuit organization of the cerebral cortex. This is start-
ing to be delineated in rodents (e.g. Anderson et al., 2010; Gentet,
2012), but remains to be worked out in detail in primates.
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Neural modulations during motor plan maturation in PMd, stud-
ed at the level of multiunit activity, display two stereotyped forms
f transition toward either lower or higher states, when compared
o the level of activity measured at the time of target presenta-
ion (Mattia et al., 2013). These transitions were also observed
hen the movement was successfully canceled suggesting that

hey participate causally in that process too, but with a dynamic
omplementary to that of completing the Go-process.

These results further support the idea that important differ-
nces should exist between the cortical control of eye and arm
ovements. In the frontal eye fields (FEF), different classes of neu-

ons participate in inhibitory control. While visual neurons have no
vident role, visuomotor and movement related neurons display a
lear contribution, although with some important differences (Ray
t al., 2009). Fixation neurons display a reduction of their gaze-
olding influence during SSRT, as described for fixation neurons in
he superior colliculus (Hanes et al., 1998; Paré and Hanes, 2003).
n PMd (Mirabella et al., 2011) the existence of two classes of neu-
ons (type A and type B) suggest a further organization. Both types
re arm movement-related, but only type A neurons are modu-
ated in the same fashion as the movement neurons in the FEF.
ype B neurons represent a class never described in the oculomotor
enters.

These results (Mirabella et al., 2011) are also quantitatively dif-
erent from those reported in SMA and pre-SMA during an arm
top task. SMA output neurons with preparatory activity target M1
eurons with similar preparatory firing (Aizawa and Tanji, 1994;
anji and Kurata, 1985). With respect to the Stop task, most of
he neural responses in SMA occur after the SSRT (Scangos and
tuphorn, 2010), while a causal relation is observed only in the
odulation of local field potentials (LFPs; Chen et al., 2010), which

ould correspond to an indirect sign (Logothetis, 2003; Mattia et al.,
010) of the Stop-related modulation in remote areas connected to
MA/pre-SMA. A small group of neurons were more active during
uccessful response inhibition, like the fixation neurons in FEF, and
few of them were active early enough to be able to influence the

nhibition of the movement.
The modulation observed in the pre-SMA/SMA complex sug-

ests that this region is not directly involved in the control
f movement execution. However, the late modulation and the
ncrease of activity in the subpopulation of modulated neurons do
ndicate a role. Although further studies are necessary, the different
attern of modulation of pre-SMA neurons during the Go/No-Go
nd Stop tasks suggests that there exists a difference in the dis-
ributed network controlling the two forms of motor inhibition
tudied using the two tasks. One possibility is that SMA activity
etermines the response threshold for initiating a movement (Chen
t al., 2010). A second plausible recent proposal is that a contribu-
ion of the pre-SMA/SMA complex is in modulating the proactive
ontrol of movement inhibition and participating in performance
onitoring (Marcos et al., 2013; Scangos et al., 2013; Stuphorn and

meric, 2012).

.2. Neuropsychological and imaging studies

Inhibitory control is an important executive function. In a
ontinuously changing environment, updating/selecting represen-
ations and goals is critical for the ability to plan and control
ehavior. Impulsivity in motor acts is found when unmotivated
ehaviors elicited by the environment alone occur following frontal

esions, particularly of the medial regions, such as in the grasp reflex
De Renzi and Barbieri, 1992) and utilization behavior (Lhermitte,

983). More generally, perseveration of action schemas is also a
ell-known consequence of prefrontal lesions (Milner, 1963). Cur-

ent theories of certain childhood psychopathologies hold deficits
o the inhibition structure to be a central aspect (Barkley, 1997;
behavioral Reviews 42 (2014) 232–251

Quay, 1997), suggesting that inhibitory control develops through-
out childhood.

The research literature on the processes involved in the Go/No-
Go and Stop tasks have mainly focused on the frontal cortex. As far
as the parietal cortex is concerned, imaging studies have shown that
the inferior parietal cortex is the region predominantly activated
in both tasks (Rubia et al., 2001). We would like to argue that this
activation is consistent with a role of this region in the early phases
of either Stop signal (or cue signal) identification, in the spatial
localization of targets, and in particular in stimulus-driven control
of attention (Corbetta and Shulman, 2002; Swick et al., 2011) that
the solution of both tasks require. Thus, to be more precise, we
conclude that superior parietal regions have no key described role
as yet within the parieto-frontal network being discussed.

Returning to the frontal cortex, a prominent hypothesis is that
the Stop unit process involved in inhibiting a movement, such as in
the Stop signal task, critically involves the right ventrolateral pre-
frontal cortex in humans. In agreement with this hypothesis, Aron
et al. (2003) found that SSRT was 50 ms longer for right (but not left)
frontal patients than controls. In addition the highest correlation
between size of lesion in a region and SSRT was for the right infe-
rior frontal gyrus (r = 0.83), although the correlation was significant
for the right middle frontal gyrus too. This finding was not, how-
ever, corroborated in a study of 23 frontal patients by Floden and
Stuss (2006). Of the 7 patients with SSRTs more than 1.5 the control
mean, 5 had lesions to the superior medial region with maximal
overlap in the pre-SMA and SMA. A more recent neuropsycholo-
gical investigation of the task in head injury patients concerned
the involvement of five white matter tracts (Bonnelle et al., 2012).
Again only the right anterior insula to pre-SMA/anterior cingulate
tract showed a significant relation with SSRT. Two tracts involving
the right inferior frontal gyrus did not.

Similarly, two TMS studies have focused on determining the rel-
ative roles of right ventrolateral region or more medial regions in
the Stop signal task. The study of Chambers et al. (2006) led to
unclear results. In block 1, of 128 trials, when single pulse TMS
was administered to the right inferior frontal gyrus, they found
an increased SSRT, when compared to TMS to control regions and
sham. However, the effect disappeared in block 2. Rather analo-
gous findings were obtained by Chen et al. (2009) with TMS to the
pre-SMA. One explanation is that processes other than response
inhibition come into play for the first block only, presumably to do
with the novel learning situation. Alternatively functional reorga-
nization might have taken place and then the first block findings
are more critical.

In a further study which used rTMS carried out before the blocks
of trials, Chambers et al. (2007) employed a more complex basic
task – the Eriksen flanker task. Two experiments were carried out,
one in each hemisphere. For right ventrolateral stimuli but not
left, there was a significant interaction between locus of TMS and
whether flanking stimuli were congruent or incongruent; this locus
produced a small 15 ms slowing compared with the other two loci
when inappropriate response tendencies must be inhibited. Thus
the TMS studies do not provide strong support for a right ventro-
lateral prefrontal localization of a Stop unit process.

Mattia et al. (2012) recorded ERPs from the lateral surface of the
frontal cortex in five epileptic patients. A steoreotyped ERP com-
plex was found when successful countermanding occurred in the
Stop task. The use of subdural grids for recording allowed higher
spatial resolution than normal with EEG; the areas involved in the
Stop complex were M1, premotor cortex and area 9, but not the
ventrolateral PFC.
On the ventrolateral Stop unit hypothesis, it remains unclear
how the inhibitory function might be implemented. Aron and
Poldrack (2006) argued that the subthalamic nucleus (STN)
might play a role as it could suppress the effect of the “direct”
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Fig. 5. Nine axial slices showing areas with significantly higher activation on Stop
trials than Continue trials in the functional imaging study of Sharp et al. (2010). The
red areas, including the right medial and lateral pre-SMA and the right lateral SMA,
are regions that are more activated for successful Stop responses than Continue
responses. The blue areas, principally in the anterior cingulate cortex, are regions
more activated for unsuccessful Stop responses than Continue responses. For green
A. Battaglia-Mayer et al. / Neuroscience a

ronto-striatal pathway activated by response initiation. Using
MRI they found that there was also activation of STN in the
top condition. However, this STN effect was not replicated by
ampshire et al. (2010).

More neuropsychological studies have been carried out on the
ther key paradigm – Go/No-Go. Early studies (e.g. Decary and
icher, 1995; Drewe, 1975) showed that frontal patients were
ore impaired on the Go/No-Go task than patients with non-

rontal lesions. Some early studies (Godefroy and Rousseaux, 1996;
eimkuhler and Mesulam, 1985; Verfaellie and Heilman, 1987) also
rovided some indication of localization within frontal cortex, but
ith small numbers of patients. All three pointed to a specifically
edial frontal involvement rather than a lateral frontal one. The

tress on the relevance of medial frontal regions was supported
y much the largest frontal lobe study (43 frontal patients) of the
o/No-Go task, that of Picton et al. (2007). They found that when the

ight hand was used, commission errors were significantly greater
n patients with left superior medial frontal lesions, affecting areas
a and 8 (including the SMA and the pre-SMA) or with left dorsal
remotor lesions than in patients with lesions to other parts of the
rontal lobes. By contrast, there was no effect of lesions to the right
entrolateral region on commission errors.

Many functional imaging studies have been carried out on the
o/No-Go and Stop signal tasks. Thus one review (Levy and Wagner,
011) lists 32 Go/No-Go and 17 Stop signal studies. However,
hree recent meta-analyses (Criaud and Boulinguez, 2013; Levy and

agner, 2011; Swick et al., 2011) come to quite different conclu-
ions regarding the localization of any Stop unit. The Levy-Wagner
eta-analysis shows that many frontal regions are significantly

ctivated including the right posterior and mid-ventrolateral pre-
rontal cortex, the right anterior cingulate, both pre-SMAs and both
orsal premotor cortices. It is this variety of loci, which makes inter-
retation of the functions involved in the different regions difficult.

The role of the right ventrolateral cortex in Stop signal and
o/No-Go studies has been particularly controversial. Two main
erspectives have been put forward. One, that of Levy and Wagner,

s that different sub regions of the ventrolateral prefrontal cortex
re involved, one for the inhibiting of motor responses and the sec-
nd for bottom-up attentional capture. The more popular view is
hat the inferior frontal gyrus is, however, specifically involved in
ttentional capture but not in inhibitory control, as indicated in
cheme 1. Thus Sharp et al. (2010) used a basic task where sub-
ects must respond to left and right pointing arrows for the on-line
ask with a circle occurring on some trials (Fig. 5). If the circle was
ed it was to be treated as a Stop signal, but if green the response
as to proceed as normal (continue). The right inferior prefrontal

yrus (RIFG) was activated in both these conditions. Regions acti-
ated more for Stop included pre-SMA and lateral SMA, but not the
IFG. Similar conclusions can be drawn from the studies of Dodds
t al. (2011), Hampshire et al. (2010), and Verbruggen et al. (2010).
robably more relevant for neurophysiological studies of the Stop
ignal paradigm, Chao et al. (2009) found that the pre-SMA, but not
he RIFG, showed greater activity in individuals with short as com-
ared to those with long SSRT (see also Swick et al., 2011). Thus
e will assume that any Stop unit is not located in ventrolateral
refrontal cortex.

In their metaanalysis, Criaud and Boulinguez (2013), find that
he pre-SMA is also activated more for complex rather than sim-
le Go/No-Go designs and for low as opposed to high frequency
o-Go signals. In part these effects may be a consequence of cas-
ading inputs from higher-level systems. However, the authors
rgue that the pre-SMA “contributes to many reactive functions

hat are involved in cognitive control” (p. 19), including adjusting
esponse thresholds. This is somewhat similar to the ideas of Scan-
os and colleagues from the neurophysiological literature on the
re-SMA/SMA complex.
areas both of the above contrasts held. Note there is no activation of the right inferior
frontal gyrus. The images follow radiological convention in being left-right reversed.

Source: Reproduced from Sharp et al. (2010).

5.3. Summary

In this section we considered the structures involved in two
different action suppression tasks – Go/No-Go and the Stop signal
tasks. Models of performance in these tasks involve the hypothesis
of a critical Stop unit system. The structures most investigated in
monkey with respect to the possible location of a Stop unit system
are motor cortex, dorsal premotor cortex and pre-SMA. In particu-
lar, one set of neurons in the dorsal premotor cortex behave as one
would expect from the operation of a Stop unit. The possible roles in
these tasks of the pre-SMA/SMA complex are less clear with differ-
ent possibilities having been put forward. As discussed just above,
in humans the latter two regions are indeed found to result, when
lesioned, in commission errors (for the Go/No-Go task) and also
to be activated in functional imaging (for both tasks). Moreover a
region little investigated in the monkey in this context, the ventro-
lateral prefrontal cortex, has been held to be critical for response
inhibition in the Stop task for humans, but more recently it has
been more frequent to view the involvement of this region in this
task as due to bottom-up attentional capture. Overall, the human
and monkey evidence on explicit suppression lead to similar con-
clusions.

6. Conclusions

The literature reviewed in this paper provides converging
evidence across a range of disciplines and procedures on the
basic mechanisms involved in correcting a reach when it has to
be changed in direction or inhibited with particular reference to
the roles of the ventrolateral prefrontal, premotor, motor, and

parietal cortices. Moreover, despite the apparent differences that
exist between the monkey and the human in the organization of
premotor and particularly the parietal cortex, it now appears that
there is a basic similarity, not identity, in the anatomies of these
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wo critical regions across these species (Caspers et al., 2011; Sallet
t al., 2013). Thus one can draw inferences across the two about
he basic organization and mechanisms involved in the control of
eaching. In addition, the three tasks considered in detail in this
aper – the Double-Step task, the Go/No-Go task and the Stop signal
ask – appear to involve a basically similar set of mechanisms.

From behavioral investigations, it has been proposed that the
imb movements involved are based on a small set of time-varying
ctivation patterns, each involving multiple muscles. Moreover, at
his level, it appears that on-line correction of reaching uses the
ame set of muscle synergies as uncorrected reaching, appropri-
tely modulated in amplitude and timing. This has the corollary
hat higher-level control of the modulation of reaching is likely to
e different if reaching is instead mimicked for technical reasons
y some non-standard means, such as by the use of a joystick. We
hus confine consideration only to studies using a standard reaching
rocedure.

The key structures as far as the modulation of the reaching
ovement are concerned are the superior parietal and dorsal pre-
otor cortices. If a target moves to a new position when the reach

s being triggered, both the potential trajectories are represented
n the parietal and premotor cortices. From neurophysiological evi-
ence, the trajectory of an uncorrected reach appears to be initially
pecified in the superior parietal cortex, and the neuropsychologi-
al evidence is compatible with this position. Moreover, both the
rajectories of the smooth corrected action and the activity of supe-
ior parietal neurons can be predicted from what is known of the
europhysiological response to an action when the target does not
ove. Thus as far as the parietal cortex is concerned, the neuro-

hysiological evidence suggests that there is no special system that
omes into play when movements have to be corrected or inhibited.

What systems then are responsible for the change in behavior
hat the critical stimuli induce? Our overall perspective is illus-
rated in Scheme 1. In all three tasks, it is clear that the dorsal
remotor cortex plays a critical role in the initiation or suppres-
ion of a new or altered motor plan. This can be in a positive
ashion by its requiring the parietal cortex to specify a new tra-
ectory in the Double-Step task. Alternatively in negative fashion
he very same area of dorsal premotor cortex triggers inhibitory
rocesses in motor cortex and the spinal cord in the Go/No-Go and
top tasks. Moreover, it appears that related biased competition
nd interactive race models can be employed to account for dor-
al premotor functioning both in the correction of reaching and in
xplicit suppression. Differences do occur between the three tasks
s far as systems upstream of premotor cortex are concerned. For
he Go/No-Go task, the pre-SMA also seems to be critical, but from
he neurophysiological evidence this is less clear for the Stop signal
ask.

A more concrete proposal of Mattia et al. (2013) is that the PMd
ontrol processes are mediated by attractor-based systems. Indi-
idual attractors could then represent both the motor plan and any
patially specified target, the former as a point attractor and the
atter as a plane attractor. In this case additional systems, such as
he pre-SMA for the Go/No-Go task, could also be involved in the
eural network forming the anatomical bases of the attractor for
ny individual task. If the target is represented through a plane
ttractor then changes of continuous or discontinuous form can be
mplemented using essentially the same system.

In recent years there have been influential suggestions that this
ssentially simple scheme needs to be made more complex. Thus
rom a variety of methodologies with human subjects, it has been
rgued that there are systems in parietal cortex that come into

lay when reaches must be corrected. However, the relevant func-
ional imaging and TMS studies use non-standard reaching tasks
nd the neuropsychological single case evidence is not corrobo-
ated by patient group findings. Similarly, it has been argued from
behavioral Reviews 42 (2014) 232–251

neuropsychological and imaging studies in humans that the right
ventrolateral prefrontal cortex contains a Stop unit type of system.
This evidence has since been interpreted in other ways; the major-
ity view now is that this region has an attentional function rather
than an inhibitory control one.

We therefore have converging evidence across both tasks and
methodologies of the roles of different brain regions in the on-line
correction and inhibition of reaching. Eventual and countermanded
actions use the same set of muscle synergies and appear to be rep-
resented in parallel in the key cortical structures. Thus, the initial
specification of the trajectories required in setting up a reach and in
correcting it appears to be carried out solely in the superior parietal
cortex. Then there is a central role for systems primarily based in
the same region of dorsal premotor cortex in initiating both motor
plan correction and in suppression.
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