


Dagmar Sternad
Editor

Progress in Motor Control

A Multidisciplinary Perspective

1 3



Editor

Dagmar Sternad
Pennsylvania State University
University Park, PA, USA
dxs48@psu.edu

ISBN: 978-0-387-77063-5 e-ISBN: 978-0-387-77064-2
DOI 10.1007/978-0-387-77064-2

Library of Congress Control Number: 2007940148

# Springer ScienceþBusiness Media, LLC 2009
All rights reserved. This workmay not be translated or copied in whole or in part without the written
permission of the publisher (Springer ScienceþBusinessMedia, LLC, 233 Spring Street, NewYork,
NY 10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in
connection with any form of information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden.
The use in this publication of trade names, trademarks, service marks, and similar terms, even if they
are not identified as such, is not to be taken as an expression of opinion as to whether or not they are
subject to proprietary rights.
While the advice and information in this book are believed to be true and accurate at the date of
going to press, neither the authors nor the editors nor the publisher can accept any legal
responsibility for any errors or omissions that may be made. The publisher makes no warranty,
express or implied, with respect to the material contained herein.

Printed on acid-free paper

springer.com



Behavioral and Neurophysiological Aspects

of Target Interception

Hugo Merchant, Wilbert Zarco, Luis Prado, and Oswaldo Pérez

Abstract This chapter focuses on the behavioral and neurophysiological
aspects of manual interception. We review the most important elements of an
interceptive action from the sensory and cognitive stage to the motor side of this
behavior. We describe different spatial and temporal target parameters that can
be used to control the interception movement, as well as the different strategies
used by the subject to intercept a moving target. We review the neurophysiolo-
gical properties of the parietofrontal system during target motion processing
and during a particular experiment of target interception. Finally, we describe
the neural responses associated with the temporal and spatial parameters of a
moving target and the possible neurophysiological mechanisms used to inte-
grate this information in order to trigger an interception movement.

Introduction

The world is a dynamic environment where people and animals usually interact
with objects in relative motion (i.e. organisms are moving in the environment
and/or objects are moving within the visual field toward organisms). For
example, animals walk, jump, and run; people and vehicles move, fly, and
sail; and objects can be thrown, fall under gravity, or may be blown by the
wind. From this perspective, there are two main types of interactions with
objects in relative motion: collision avoidance, and the opposite, an intercep-
tion. Successful control of these interactions is essential for survival. Fatal
encounters can happen if the organism is not able to avoid collision or a
predator, and a predator will eventually die if not capable of catch its prey.
This huge adaptative pressure suggests that the neural mechanisms underlying
collision avoidance and interception have been sculpted by evolution through-
out millions of years.
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An interception can occur in a variety of ways and can be classified in two
main categories: interceptions in which the object is captured or caught, and
interceptions in which the object is contacted or hit. The former involves
complex movements of the arm and especially the hand. In the latter, prepro-
grammed movements with movement times below 500ms are usually executed.
Evidently, a successful interception demands that the target object (a ball, a
surface, a prey) and the intercepting effector (hands, feet, jaws) meet at the same
location (spatial matching) and at the same time (temporal matching). Thus,
the guidance of effector movements to their target destination requires some
extrapolation (predictive strategy) or reaction (reactive strategy) using key
sensory signals so that proper movement adjustments can be done to cope
with task demands. After more than 15 years of psychophysical research on
interception, different spatial and temporal variables have been shown to be
involved in the control of the interception movement. Even more important has
been the general observation that the relative importance of these variables on
interceptive behavior is highly dependent on the context in which the intercep-
tion is performed.

This chapter focuses on the behavioral and neurophysiological aspects of
manual interception. Before presenting an experiment that examines manual
interception we review the variables that are critical to control interceptive
action in a variety of contexts. We also provide an overview of the neurophy-
siological properties of the parietofrontal system during visual motion proces-
sing as well as during the particular action of target interception.

Psychophysics of Interceptive Behavior

A myriad of interceptive actions can be performed that vary with: (1) the
properties of the target (its shape and how it is moving), (2) whether the target
is caught or hit, (3) the properties of the effector movement, and (4) the
precision constraints on the interception. Interceptions requiring locomotion,
like running to catch a ball, or interceptions where the target is pursued for a
long time are behaviors where it is more challenging to explicitly identify timing
and positional variables. It is the covariation between temporal and spatial
variables that makes these behaviors difficult to study in behavioral and neu-
rophysiological terms. Hence, in this chapter we focus on the simpler example
of manual hitting interceptions, where the control of movement can rely on
explicit representations of where to go (the interception zone IZ) and how long
it will take to get there (time-to-contact TTC). Thus, in this type of behavior the
time and position information are clearly distinguishable.

As we mention above, a successful interception demands that the target and
the intercepting effector meet at the same time at the same location IZ. Regard-
ing the spatial aspect, the number of directions in which the target and the
hitting effector can approach each other are in principle infinite. Five basic
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linear approach directions for manual hitting interceptions can be distinguished
(Tresilian, 2005, see Fig. 1A): (1) Direct collision, (2) pursuit where the target is
hit by the intercepting effector along the same path and direction, (3) receding,
where the target heads towards a slower moving effector, (4) perpendicular
approach, and (5) vector combinations of pursuit and perpendicular configura-
tions, or direct collision and perpendicular configurations.

Considering the temporal dimension, a target can be hit in a particular
location only if the time remaining before the effector reaches that location is
equal to the target’s remaining time to reach the same location. The time
remaining is called Time-To-Contact or TTC, and in successful hitting inter-
ceptions, TTC of the effector (TTCeff) must be equal or very similar to the TTC

A

B

C

Fig. 1 A. Interception directions. Linear approach configurations between the target and the
interception effector (see text for details). B. Target and effector time-to-contact (TTCtar,
TTCeff, respectively) are computed as the first order estimate of object motion because it
incorporates information about object distance (D) from the interception zone (IZ), and its
velocity (V). C. A vertically falling target is changing its height (h) and velocity (v), which
implies acceleration caused by gravity. An interception movement is triggered when the time
remaining has decreased to a critical value of lambda (l). This variable provides a second-
order approximation of target motion, because it incorporates information about target
distance and velocity, and it always assumes that the target is accelerated by gravity (ĝ)
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of the target (TTCtar) (Fig. 1B). Finally, for interceptions of falling objects
gravity also needs to be taken into consideration, in addition to the object’s
velocity (v0) at the drop height (h0) and the distance to the contact (c). An
interception movement is triggered when the time remaining has decreased to a
critical value of lambda, l (Fig. 1C, for more explanation below).

Predictive and reactive models have formalized the integration of the tem-
poral and spatial variables involved in the perceptual and motor components of
the interceptive action. In the predictive model, the interception movement is
predetermined and is not influenced by visual information after the motor
command is triggered. Interceptions with fast and ballistic movements are
accounted for by this model. In the reactive or on-line control model, the
effector movement is influenced by visual information even after the motor
commands have been issued. Target pursuit is a behavior well explained by this
model. In both models, the effector movement is controlled by a cortical motor
pattern generator (MPG) that issues descending motor commands to the spinal
cord (Tresilian, 2004).

Predictive Model

A predictive strategy involves producing a short movement with a predeter-
mined movement time in order to cope with situations in which a response
cannot rely on sensory feedback due to the delay and inaccuracies of sensory
systems. In this model, it is assumed that the programmed movement time
(MTprog) is triggered after a key target parameter reaches a particular threshold
(Fig. 2A). As we review below, different key parameters are used depending on
the interceptive circumstances. However, the model also considers two addi-
tional processing times before the threshold value. The first interval is the time
of visual information transmission from the retina through the nervous system
to the motor areas of the frontal lobe, areas that correspond to the MPG. This
interval is called perceptual transmission time (PT). The second one is related to
the time required for the MPG to produce the muscular contraction. This time
is called transmission time (TT) and includes the transmission times from the
cortical command to the spinal cord, from the motor neurons to the muscles,
and the time needed for muscle contraction once the command has been
received. Thus, the MPG should begin to issue commands when a key para-
meter (DTCtar, TTCtar, or l) equals toMTprog+PT+TT. The critical value of
the key parameter is called the CRITval (Fig. 2B; Tresilian, 2005). In some
situations it has been observed that the key parameter is the distance remaining
to get to the interception zone (DTCtar) (Fig. 1B). In this case, the interception
response is triggered when the target has reached a certain DTCtar threshold.
Evidence for this parameter to be key for the control has been provided in some
hitting and plunging tasks (van Donkelaar et al. 1992; Wann 1996). Note,
though, that distance DTCtar provides a zero-order approximation of target
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motion because it only includes information about current distance of the target

but ignores velocity and acceleration.
In most of the hitting interceptions the key parameter is the TTCtar (Fig. 1B).

The TTCtar provides a first-order approximation of target motion because it

incorporates information about target distance and velocity but ignores accel-

eration. David Lee (1976) postulated that the TTCtar could be easily computed

using an optical variable called tau (�), originally defined as the ratio of the size

of the retinal image at a given time to the rate of expansion of the image. Since

then it has been shown that TTCtar can be computed using different monocular

and binocular cues (Tresilian, 1999; Wann 1996). The critical value of tau used

to initiate a movement was originally assumed to be invariant for a particular

interceptive task (Lee, 1976). In some interceptive situations this can be true,

like the constant tau value at which gannets close their wings just before

entering the water (Lee & Reddish, 1981). However, in most cases the

Fig. 2 A. Flow diagram of the basic elements of the predictive model. B. Sequence of events
involved in the predictive model. MTprog: Programmed movement time; PT: perceptual
transmission time; TT: transmission time; IZ: interception zone. C. Reactive model using
Tau-coupling during an interception task. The target moved at various constant velocities,
accelerations, or decelerations toward the interception zone, IZ, and the subject had to move
the hand cursor so that it stopped at the goal as the target arrived there. Participants solved the
task by tau-coupling �HT and �HG. The � values are the time-to-closure at the current closure
rate of the gaps HT and HG between target, hand and goal. Modified from Merchant &
Georgopoulos, 2006
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movement time, and therefore the threshold TTCtar, varies as a function of
different parameters of the target. Hence, the predictive mechanism is able to
preprogram the threshold TTCtar and the CRITval in accord with other para-
meters of the target. One of these parameters is the target velocity. Subjects
make briefer and/or faster interception movements when the target moves more
quickly (Mason & Carnahan, 1999; Tresilian & Lonergan, 2002; Merchant
et al., 2003b; Brouwer et al., 2000; Gray, 2002a). In addition, movement time
is also affected by the target viewing time; shorter movement times are observed
when viewing times are shorter (Mason & Carnahan, 1999; Merchant et al.,
2003b; Tresilian & Houseman, 2005).

The final key parameter in this review is lambda (l). This is a parameter that
provides a second-order approximation of target motion because it incorpo-
rates information about target distance and velocity, and always assumes that
the target is accelerated by gravity (Fig. 1C). In behaviors such as catching or
hitting a vertically falling target object, the interceptive response is triggered
when l reaches a particular threshold (Lacquaniti et al., 1993; Zago et al., 2004,;
Zago & Lacquaniti, 2005). It is important to mention that in order to compute
l, actors need to use explicit information about the initial target height and
velocity (h0 and v0,), distance to contact (h0 to hC), and velocity at contact (vC).
However, they also use an implicit knowledge or an internal representation of
gravity (ĝ) since it has been demonstrated that this parameter cannot be
computed by the visual system (Zago & Lacquaniti, 2005).

It is important to consider that the accuracy constraints on the interception
have en effect on the CRITval of the key parameter. When the task places more
emphasis on temporal accuracy, movement time decreases as a function of
the accuracy demands (Tresilian et al., 2003). The decrease in the threshold
value and the concomitant decrease in movement time may improve temporal
accuracy for two reasons: the durations of briefer movements are more con-
trollable because there is less time for internal noise and external disturbances to
affect execution. Second, moving more quickly implies that it is possible to see
the target for a longer period beforehand such that the actor can obtain better
information about its motion parameters (Tresilian, 2005). In contrast, when
the interceptive action demands more spatial accuracy, movement time
increases following the well-known trade-off between movement speed versus
accuracy described as Fitts’ Law (Fitts, 1954).

In summary, the predictive mechanism is affected by the type of interception
that the actor is performing. When programming movement time the actor
must store which key parameter to use, the CRITval, and the different con-
straints on prediction that depend on the interception context. One way of
coping with this complex problem is to use information from previous inter-
ception attempts. In fact, it has been shown that programming movement time
is affected by previous parameters of the target (De Lussanet et al., 2001; Gray,
2002a,b) and by an a priori guess about the causes of motion (Zago et al., 2004).
Furthermore, the interceptive action improves with the overall accumulated
experience.
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Reactive Model

The reactive strategy assumes that the interception movement starts at a target
traveling time or distance, and then is further modulated in an ongoing fashion
(Van Donkelaar et al., 1992; Lee, 1998). The continuous control of an inter-
ception movement can be achieved using a concept also proposed by David Lee
called tau-coupling (Lee, 1998). In this further development of tau, a contin-
uous movement can be regarded as the closure of gaps: the gap between the
effector and the target, the gap between the target and the interception zone,
and the gap between the effector and the interception zone. This model states
that the guiding control depends on tau-coupling, i.e. keeping two or more
changing taus in a constant ratio. Thus, tau-coupling could be used to synchro-
nize movements and regulate their kinematics. Indeed, it has been demonstrated
that tau-coupling was used to guide the effector movement in an interception
task by keeping the tau of the gap between the hand and the target coupled with
the tau of the gap between the hand and the interception zone or goal (Fig. 2C;
Lee et al., 2001). In this task, the subjects performed complex movements that
were divided by submovements in response to a target that could move with one
of 18 combinations of three acceleration types (constant acceleration, constant
deceleration, and constant velocity) and six target movement times, from 0.5 to
2.0 s. In addition, the targets could move from the lower right or left of the
monitor with an angle of 45 towards the interception zone (Port et al., 1997; Lee
et al., 1997). In such interception conditions, a predictive strategy triggering
ballistic movements was not useful. Instead, a reactive response based on tau-
coupling was used, achieving the required degree of accuracy (Port et al., 1997).

Neurophysiology of Interception

Taken as a whole, the studies in experimental psychology have indicated that
there is a set of requirements to be satisfied to intercept a moving target. First, it
is necessary to process the visual motion information of the target, including its
actual position, TTC, direction, and velocity. Second, the subject uses a pre-
dictive or reactive strategy to control the initiation of the interception move-
ment so that at the end of the movement the target is intercepted. Third, an
interception movement should be implemented. This can be a ballistic move-
ment with a predetermined direction and kinetics, or it can be a complex
movement divided into sub-movements that can be regulated to optimize the
precision of the interception. Finally, it is necessary to evaluate the end result of
the interception, i.e. whether it was sufficiently precise. This information can be
used to correct the strategy and the interception movement properties.

Several of these aspects have been studied separately at the neurophysiolo-
gical level. It is well known that different cortical and subcortical areas, such as
the middle temporal area, MT, process visual motion information. It has also
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been demonstrated that the different premotor areas and the primary motor
cortex are involved in the preparation and execution of voluntary movements
(Georgopoulos, 2000; Wise et al., 1997). Finally, it has been suggested that
different areas of the parietal and frontal lobes are engaged in visuomotor
transformations (Battaglia-Mayer et al., 2001). In the following we show how
the visuomotor information is integrated in two areas of the parietofrontal
system during an interception task (Merchant & Georgopoulos, 2006). Before
presenting the experimental results, we will focus on the neural mechanisms
processing the key target parameters throughout different visual motion areas
of the brain.

Neurophysiology of Tau

The neural representation of TTCtar has been described in the pigeon and the
locust. In these studies, approaching objects were simulated by looming stimuli.
In pigeons, different types of looming-sensitive neurons were found in the
nucleus rotundus, each computing a different optical variable related to
image expansion of objects approaching on a direct collision course (Rind &
Simmons, 1999; Sun & Frost, 1998). One group of neurons signals the TTCtar

using tau, and a second group signals the absolute rate of expansion. The
absolute rate of expansion and TTCtar are probably used to provide an early
warning of approaching objects. In the locust, similar neural response types
were described (Judge & Rind, 1997; Hatsopoulos et al., 1995). Hence, there is
direct evidence that TTCtar is represented explicitly in the nervous system.

Visual Motion Processing

Visual motion is a powerful stimulus for activating a number of brain areas (see
Fig. 3). Neurophysiological studies in monkeys (Andersen, 1997; Newsome
et al., 1990) and functional neuroimaging studies in human subjects (Cheng
et al., 1995; Zeki et al., 1991) have documented the involvement of several areas
in stimulus motion processing, including the middle temporal area MT (Zeki,
1974), medial superior temporal areaMST (Van Essen et al., 1981), the superior
temporal polysensory area (Bruce et al., 1981), area 7a (Motter and Mountcas-
tle, 1981; Siegel and Read, 1997; Merchant et al., 2001), and the ventral
intraparietal area (Colby et al., 1993). More detailed analyses of the neural
mechanisms underlying visual motion processing have been performed in mon-
key experiments, the results of which indicate that different areas relate to
different aspects of this processing. The direction of rectilinear motion is
explicitly represented in the neural activity of MT, a structure that projects to
MST, areas 7a and 7m, and VIP. These target areas are part of the posterior
parietal cortex (PPC). In turn, cells in MST and area 7a not only respond to
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rectilinear motion, but also to optic flow stimuli including stimulus motion in

depth (Duffy & Wurtz, 1991; Siegel & Read, 1997; Merchant et al., 2001).

Neurons in MST are tuned to the focus of expansion and can code for the

direction of heading (Duffy &Wurtz, 1995; Bradley et al., 1996). The responses

of area 7a neurons to optic flow stimuli appear to be more complex than those

in MST, since individual neurons respond similarly to opposed directions of

motion, like clockwise (CW) and counterclockwise (CCW) rotations, upward

and downward motions, or rightward and leftward translations (Merchant

et al., 2003a). Interestingly, optical expansion from stimuli moving towards

the observer is the most prominent stimulus to drive the activity of neurons in

this area. It is therefore reasonable to expect that PPC is a good candidate for

the neural representation of tau in primates. In fact, our group was the first to

characterize the neural correlates of TTCtar in area 7a and the motor cortex in

the monkey (see below). Furthermore, a recent fMRI study demonstrated that

the parietofrontal system in humans is specifically activated during judgments

of time to contact (Field &Wann, 2005). Besides the representation of TTC and

direction of motion, areas such as MT, MST, and area 7a also code for the

speed of visual motion (Maunsell & Van Essen, 1983; Duffy & Wurtz 1997;

Fig. 3 Visual motion inputs from posterior parietal areas to premotor areas constituting a
parietofrontal distributed system for target interception (Marconi et al., 2001; Matelli &
Luppino, 2001)
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Phinney & Siegel, 2000). In contrast, the visual system is not able to fully

process acceleration of visual motion (Lisberger & Movshon, 1999).
Overall, the current knowledge of visual motion processing indicates that the

motor system has access to the perceived TTCtar, DTCtar, and target velocity in

order to drive the interceptive response. This visual information travels to pre-

motor areas and then to the primary motor cortex from different areas of the

PPC, as depicted in Fig. 3. However, the visuomotor system has no access to

target acceleration. Instead, acceleration produced by gravity is internally repre-

sented in the vestibular system (Indovina et al., 2005), and can be used by the

motor apparatus for catching and hitting objects falling vertically. Therefore, the

anatomic evidence indicates that the neural substrate of interceptive actions may

be a distributed network engaging the parietofrontal system. In the next sections

we review our studies on the neural correlates of target interception in two

important nodes of the parietofrontal system: area 7a and the motor cortex.

Neurophysiology of Interception for Circularly
Moving Targets: The Task

We examined interceptive actions of human subjects and monkeys during the

interception of circularly moving targets. The task required the interception of a

moving target at 6 o’clock in its circular trajectory by applying a downward

force pulse on a pseudoisometric joystick that controlled a cursor on the

computer monitor (Fig. 4A;Merchant et al., 2003b). The target moved counter-

clockwise with one of five speeds, ranging from 180 to 540 degrees/s. In addition

to the real motion condition where the targets moved smoothly along a low

contrast circular path giving continuous position information, we also used an

apparent motion situation where the target was flashed successively at the

vertices of a regular pentagon (Shepard & Zare, 1983). In the latter condition,

an illusion of a stimulus continuously moving along the circular path was

obtained at target speeds above�315 degrees/sec in human subjects (Merchant

et al., 2005). We included path-guided apparent motion because we were inter-

ested in comparing the behavioral strategy and the neural mechanisms during

the interception of real continuous and apparent moving stimuli. The hypoth-

esis was that the neural underpinnings and key parameters for target intercep-

tion are different during real and apparent motion conditions.
Regarding the interceptive behavior we found that interception errors, mea-

sured as the signed angular difference between the target and the cursor at the

interception, increased linearly with target speed but were slightly larger in the

apparent than in the real motion condition (Fig. 4B top; Merchant et al.,

2003b). Early interceptions were produced for slowly moving targets and late

interceptions for fast moving ones. This demonstrated that (a) subjects can

intercept an apparent motion target but, compared with real motion, the
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performance is overall slightly degraded; and (b) direction of interception errors
are similar in the two target motion conditions.

In this task the human subjects and monkeys produced very fast ballistic
movements indicative of a predictive strategy. We could therefore investigate
the possible key parameters used to control the initiation of the interception
movement. For that purpose, we calculated both the time and the distance/
angle to contact for the target at the beginning of the effectormovement, TTCtar

and DTCtar, respectively. We found that DTCtar increased asymptotically as a
function of the stimulus speed in both motion conditions (Fig. 4B middle). In
addition, the movement time (that corresponded to TTCtar in these conditions)
decreased slightly as a function of the stimulus speed. It was longer in the real
compared to the apparent motion condition (Fig. 4B bottom). Even though
these parameters could be computed, it was difficult to unambiguously identify

Fig. 4 A. Interception task of circularly moving targets. T represents the smoothly moving
target in the real motion condition, or the flashing stimulus at the vertices of a regular
pentagon in the apparent motion condition; C = cursor, SZ = starting zone, IZ = intercep-
tion zone. B. Behavioral performance during the interception task as a function of the
stimulus speed. Top, Angle error (�) of two monkeys ; middle, target distance-to-contact
(DTCtar) at the beginning of the interception movement; bottom, movement time. Filled
circles correspond to the real motion and open circles to the apparent motion condition.
Modified from Merchant et al., 2003b

Behavioral and Neurophysiological Aspects of Target Interception 211



which key parameter was actually used for interception. Nevertheless, as we will
show below, the neurophysiological data collected in the parietofrontal system
suggest the use of spatial cues, such as DTCtar during real motion and the
utilization of temporal cues, such as TTCtar to trigger the movement in the
apparent motion condition (Merchant et al., 2004b).

Neurophysiology of Interception: Neural Representation of Space
and Time in the Parietofrontal System During Visual Motion

After having assessed the psychometric performance in our task, we proceed-
ed to study the processing of visual motion in area 7a and the motor cortex
during real and apparent motion. To better characterize movement specific
and sensory specific contributions, we added a so-called NOGO task, where
the monkeys watched the same two types of stimuli for two seconds but did not
produce an interception response. The results revealed two populations of
neurons in area 7a that were active (Merchant et al., 2004a). The first popula-
tion comprised cells whose activity was tuned to the angular location of the
circularly moving stimulus responding in a particular region of the circular
trajectory of the stimulus (Fig. 5A). Interestingly, most of these responses were
selective for real motion; further, all angular positions were represented in the
population.

The second population of area 7a cells was selective for apparently moving
stimuli and showed a periodic activation entrained with the period of the
interstimulus interval of the flashing dots (Fig. 5B) showing significant harmo-
nics to the interstimulus interval frequencies in the spectral analysis (Merchant
et al., 2004a). This may reflect a simple passive visual property of neurons in this
area, namely that every time that a stimulus is flashed there is a neural response.
The successive onset and termination of nearby flashes then may induce the
illusion of apparent motion. Alternatively, it is possible that these ‘‘periodic’’
neurons may be involved in time perception such that they may also create a
temporal framework where time intervals can be perceived and used to drive the
subject’s behavior (Merchant et al., 2004a). In summary, the neurophysiologi-
cal results indicate that in area 7a during the NOGO task, there were at least
two different levels of neural representation of the circularly moving stimuli:
(a) the angular position of the stimuli in the real motion condition; and (b) the
temporal sequence of flashed stimuli in the apparent motion condition.

In the motor cortex, a substantial population of neurons showed a selective
response to real moving stimuli – even in the absence of a motor response
(NOGO). This activity was modulated in some cases by the stimulus speed
and some of the neurons were tuned to the angular position of the stimulus
(Merchant et al., 2004a). Again, all of the angular positions were represented in
the population showing that the motor cortex has continuous access to spatial
information of visual motion supporting that this information is of critical
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ecological value (Gibson, 1979). Given that objects moving with respect to the

subject can potentially demand an immediate action towards them in circum-

stances such as collision avoidance or interception, it is crucial that the motor

system has access to the motion parameters of the objects to be able to react in a

timely fashion (Lee, 1976).
An intriguing observation was that relatively few neurons responded to the

apparent motion stimuli in the motor cortex (Merchant et al., 2004a). This

suggests that the motor cortex has no access to temporal or spatial information

of the apparent motion stimuli in the NOGO task. In contrast, we demonstrate

in the next section that during the interception of apparent motion stimuli

motor cortical cells responded. Hence, we will conclude that the activity of

some motor cortical cells was closely related to TTCtar that proved to be the

behaviorally relevant variable in the apparent motion condition. As there is no

interception in the NOGO task and this parameter is not a meaningful variable,

the motor cortical cells did not respond during this motion condition.

Fig. 5 A. Circular raster of a neuron in area 7a with a significant preferred stimulus angular
location for all stimulus speeds in the real motion condition. The vector from the center cross
to the circular raster represents the significant preferred stimulus angular location. B. Neuron
in area 7a that showed a clear periodic response entrained to the flashed stimuli (represented
as open circles) in the apparent motion condition for all five speed conditions (A: apparent
motion; R: real motion; stimulus speed in deg/s.). For each target speed both the raster (top)
and the spike density functions (bottom) are depicted. C. Motor cortical neuron with a
response (SDF, in black) that was inversely proportional to the target time-to-contact (gray
line) during the interception of apparent motion targets moving at five different speeds. The
first and second arrows correspond to the beginning and end of the movement time. The
activity was aligned to the beginning of the target presentation. Modified from Merchant
et al., 2004b
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Neurophysiology of Interception: Stimulus-dependent Encoding
of Angular Position and tau

We progress to compare the functional properties of neurons during theNOGO
and the interception tasks. The objective was to identify the neural ensembles
that were associated with the processing of visual motion, the implementation
of the interceptive response, and the visuomotor transformations requisite for
the target interception. The results showed, first, that one group of neurons in
both the motor cortex and area 7a responded not only during the interception
but also during the NOGO task (Fig. 6, for details see figure caption). Most of
these neurons were tuned to the angular position of the stimuli. This type of
neurons was more common in area 7a than in the motor cortex suggesting that
area 7a is closer to the visual motion processing than themotor cortex. A second
group of cells responded during the interception but not during the NOGO
task. This type of response was observed more frequently in the motor cortex
than in area 7a and was probably engaged in the sensorimotor transformations
and the implementation of the motor response (Merchant et al., 2004b).

The task comparison revealed that, despite the fact that the neurons in the
motor cortex responded to visual motion stimulation, most of the motor
cortical cell activity was driven by the interception movement. This contrast,
the neural activity in area 7a was mostly engaged by the sensory aspects of the

Fig. 6 Rasters of spike trains and mean spike density functions (SDF) for each motion
condition and stimulus speed for a neuron in area 7a during the interception and NOGO
tasks. The illustrated neuron responded similarly for all motion conditions during the inter-
ception and the NOGO tasks. The neural activity of 5 trials was aligned with the onset of the
stimulus movement at time 0. The black bold portions indicate that the SDF was greater than
the mean+ 3 SD of the control period. The two vertical lines in each raster of the interception
condition represent the beginning and the end of the interception movement. R: Real motion;
A: Apparent motion. Stimulus speed is in deg/s. Modified from Merchant et al., 2004b
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interception task, and the neural responses in this area were tightly associated

with the onset of the stimulus movement. This suggests that the sensorimotor

transformations involved in the interception task include a parietofrontal dis-

tributed system that shows functional gradients. These functional gradients

may be defined in large part by the connectivity of their elements (see Fig. 3;

Mountcastle, 1978, Johnson et al., 1996; Battaglia-Mayer et al., 2001). Under

this scheme, the PPC receives visual motion information, processes complex

visual moving stimuli, and starts both the visuomotor transformation and the

motor preparation. The PPC sends this information to the premotor and motor

areas where the visual information is finally processed in order to generate a

motor command (Fig. 3).
Next, we determined quantitatively the relation between the temporal pat-

tern of neural activation and different aspects of the target and the motor

execution during the interception task. We designed a multiple linear regression

model to test the effects of different parameters on the time-varying neural

activity (for details seeMerchant et al., 2004b). The parameters that were tested

are: stimulus position (direction cosines of the stimulus angle), TTCtar, the

vertical hand force, and the vertical hand force velocity (hand movements

with the joystick were measured in force units). This regression analysis

revealed that the time-varying neuronal activities in area 7a and in the motor

cortex were related to different aspects of the stimulus and hand movement in

the real and apparent motion conditions (Fig. 7). Results showed that in the real

Fig. 7 Percentages of neurons in the real and apparent motion conditions, for which the noted
parameter was ranked first using the standardized coefficients obtained from the multiple
regression analysis. A: Motor cortex. B: Area 7a. Modified from Merchant et al., 2004b

Behavioral and Neurophysiological Aspects of Target Interception 215



motion condition hand-related activity prevailed in the motor cortex (Fig. 7A)
and stimulus-related activity prevailed in area 7a (Fig. 7B). In the apparent
motion condition, on the other hand, neural activity was tightly correlated to
TTCtar, particularly in the motor cortex, and additionally with the stimulus
position in area 7a (Merchant et al., 2004b).

The prevalence of stimulus position signals during the real motion situation
in the multiple regression analysis suggests that neural populations in the motor
cortex and area 7a were engaged in processing the stimulus position over time,
and that this information was probably used to trigger the interception move-
ment in the real motion condition. This hypothesis is supported by the finding
that motor cortical neurons were modulated by the stimulus position during the
real but not during the apparent motion conditions in the NOGO task
(Merchant et al., 2004b).

TTCtar was the most important parameter in apparent motion interceptions
in the motor cortex, and it was the second most important in area 7a, preceded
by the stimulus angle. This is the first time that a neural correlate of the first-
order estimate of the time-to-arrival has been reported in primates.We assumed
that in the apparent motion condition the animals intercepted a stimulus that
was the perceptual ‘‘reconstruction’’ of motion based on a sequence of station-
ary stimuli (Merchant et al., 2005). In fact, the detection threshold for apparent
motion in human subjects has been shown to be 314 deg/s. However, we cannot
rule out the possibility that in this condition the monkeys used the timing
between dots to solve the interception task. As reported above, a population
of neurons in area 7a signaled the onset of the flashing dots during the NOGO
task (Merchant et al., 2004a). Consequently, it is possible that during the
interception of apparent moving stimuli, the key parameter was TTCtar rather
than the stimulus location information. Figure 5C shows a motor cortical
neuron in which TTCtar was the most important parameter to account for the
temporal variation in the neural responses. This neuron shows a linear increase
in activity that was inversely proportional to the decrease in TTCtar, and that
reached the activity peak at a similar value of TTCtar for different target speeds.
This type of activity ‘‘ramp’’ is the representation of an elapsed-time accumu-
lator, and in fact, it has been reported in PPC during a time interval discrimina-
tion task (Leon& Shadlen, 2003). Therefore, the TTCtar-ramps recorded in area
7a and particularly in the motor cortex are a neural representation of time-to-
contact that, once it reached a specific magnitude, can be used as the signal to
trigger the interception movement.

As we observed that most of the neurons in both areas were significantly
related to more than one parameter, we were also interested to determine
whether particular combinations of variables were associated in the same cell
with a frequency that was above chance. Specifically, we sought to establish
whether the processing of sensory variables was associated with the encoding of
motor variables, and whether there were differences in these relations between
the real and apparent motion conditions in both areas. For that purpose, we
performed a log-linear modeling analysis to find out which parameters showed
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concurrent effects. The results showed that the association between the sensory
and motor parameters was very different in the two areas under both motion
conditions. In themotor cortex during the real motion condition, the hand force
was significantly co-processed with the hand force velocity and the stimulus
angle, whereas during apparent motion, the hand force was significantly
coupled with TTCtar and the hand force velocity. In addition, in area 7a for
the real motion condition the stimulus angle was significantly co-processed with
the hand force velocity, and TTCtar was also significantly coupled with the hand
force velocity. Finally, in the apparent motion condition, area 7a neurons
showed significant co-processing of the stimulus angle and the hand force and
force velocity. These results further support the existence of different mechan-
isms for interception of real and apparent motion targets. In the real motion
condition the stimulus angle was themost important target variable and was co-
processed with the hand force, whereas during the apparent motion the most
important target parameter was TTCtar, and it was co-processed with the hand
force (Merchant et al., 2004b).

Taken together, these results indicate that neurons in the motor cortex and
area 7a are processing different parameters of the stimulus depending on the
kind of stimulus motion, and that this information is used in a predictive
fashion in the motor cortex to trigger the interception movement.

Concluding Remarks

The neurophysiological experiments on target interception revealed two funda-
mental issues regarding the use of a predictive strategy to control the interceptive
behavior. First, the parietofrontal system of primates is engaged in the codifica-
tion of target time-to-contact in the form of a constant increase in activity as a
function of time during the interception of apparent motion targets. These tau-
ramps, recorded in area 7a and particularly in the motor cortex, are a neural
representation of TTCtar, which may be used to trigger the interception action
once it reaches a specific magnitude. The second critical observation is that the
nervous system can use either spatial or temporal parameters to control the
interception movement depending on the visual properties of the moving target.
We found that in real visual motion the angular position of the target was the
critical variable, whereas in the apparentmotion condition it was TTCtar. Thus, it
is possible that the sequential flashing of apparently moving stimuli did not
provide enough spatial information, and therefore, themotor systemused instead
the time-to-contact information to control the interception movement.

Overall, the behavioral and neurophysiological evidence suggest a funda-
mental framework for interceptive behavior in which the behavioral context
and the spatio-temporal target kinematics, but also the accuracy requirements
and subjective preferences define the strategy adopted to control the effector
movement in a predictive fashion.
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