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Abstract This chapter describes the encoding and decoding properties of target pa-
rameters in the primate parietofrontal system during an interception task of stimuli
in real and apparent motion. The stimulus moved along a circular path with one of
5 speeds (180-540degrees/s), and was intercepted at 6 o’clock by exerting a force
pulse on a joystick that controlled a cursor on the screen. The real stimuli moved
smoothly along the circular path, whereas in the apparent motion situation five stim-
uli were flashed successively at the vertices of a regular pentagon. First, we include
a description of the neural responses associated with temporal and spatial aspects of
the targets with real and apparent motion. Then, using a selected population of cells
that encoded the target’s angular position or time-to-contact, we tested the decod-
ing power of the motor cortex and area 7a to reconstruct these variables in the real
and apparent motion conditions. On the basis of these results, we suggest a possible
neurophysiological mechanism involved in the integration of target information to
trigger an interception movement.

Introduction

People and animals usually interact with objects in relative motion, that is, organ-
isms are moving in the environment and/or objects are moving within the visual
field toward or away from organisms. Thus, there are two main types of interac-
tions between subjects and objects in relative motion: collision avoidance and the
opposite, an interception. 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 unable to catch its prey. This huge
adaptative pressure suggests that the neural mechanisms underlying collision avoid-
ance and interception have been sculpted by evolution throughout millions of years
in different vertebrate and invertebrate species.
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Although numerous studies have characterized different aspects of the intercep-
tive behavior using an experimental psychology approach [26], few neurophysiolog-
ical studies have determined the neural underpinnings of such an important action.
However, recent findings from our group have provided the first clues regarding the
neural mechanism of target interception [21-23,30]. The present chapter focuses on
the neurophysiological properties of the parietofrontal system in monkeys trained
to intercept circularly moving targets in real or apparent motion. We describe the
neural encoding and decoding abilities of the motor cortex and area 7a to represent
different target attributes during this interception task.

Behavioral Aspects of an Interceptive Action

In manual hitting interceptions, the control of movement is done under explicit rep-
resentations of where to go (the interception location or zone IZ) and how long it will
take to get there (time-to-contact or TTC). Thus, in this type of behavior the time
and position information are clearly distinguishable. Predictive and reactive mod-
els have formalized the integration of the temporal and spatial variables involved in
the perceptual and motor components of manual hitting interceptions. In the pre-
dictive model, the interception movement is predetermined and is not influenced
by visual information after the motor command is triggered. This model accounts
for manual hitting interceptions with fast and ballistic movements and assumes that
the programmed movement time is triggered after a key target parameter reaches a
particular threshold. In some circumstances, it has been observed that the distance
remaining to reach the interception zone (DTCy,) can be a key parameter. In many
others, the TTCy, is the key parameter of preference [14, 34]. In contrast, the re-
active strategy assumes that the interception movement starts at a target traveling
time or distance, and then is further modulated in an ongoing fashion [8, 15]. Target
pursuit is a behavior well explained by this model.

Summarizing the psychophysics of manual interception, a set of requirements
must 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,y, DTCyyy,
and velocity. Second, the subject uses a predictive or reactive strategy to control the
initiation of the interception movement, so that at the end of the movement the
target is intercepted. Third, an interception movement should be implemented. This
can be a ballistic movement with a predetermined direction and kinetics, or it can be
a complex movement divided into submovements 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., how precise it was. This information can be used to correct the
strategy and the interception movement properties.

The neurophysiology of several of these behavioral components has been stud-
ied separately. It is well known that different cortical and subcortical areas, such as
the middle temporal area (MT), process visual motion information. It has also been
demonstrated that the different premotor areas and the primary motor cortex are in-
volved in the preparation and execution of voluntary movements [13,36]. Finally,
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it has been suggested that different areas of the parietal and frontal lobes are en-
gaged in visuomotor transformations [2]. Indeed, here we show how the visuomotor
information is integrated in two areas of the parietofrontal system during an inter-
ception task [25]. Initially, however, we describe the cortical network engaged in
visual motion processing.

Visual Motion Processing

Visual motion is a powerful stimulus for activating a large portion of the cerebral
cortex. Neurophysiological studies in monkeys [1,28] and functional neuroimaging
studies in human subjects [5, 38] have documented the involvement of several ar-
eas in stimulus motion processing, including the MT [37], medial superior temporal
area (MST) [35], superior temporal polysensory area [4], area 7a [18,27,33], and
the ventral intraparietal area [6]. More detailed analyses of the neural mechanisms
underlying visual motion processing have been performed in monkey 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 neu-
ral activity of the MT, a structure that projects to the MST, areas 7a and 7m, and VIP.
These target areas are part of the posterior parietal cortex (PPC). Cells in the MST
and area 7a not only respond to rectilinear motion, but also to optic flow stimuli,
including stimulus motion in depth [9, 18,33]. Neurons in the MST are tuned to the
focus of expansion and can code for the direction of heading [3, 10]. The responses
of area 7a neurons to optic flow stimuli appear to be more complex than those in the
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 [19]. Interestingly, optical expansion
is the most prominent stimulus driving the activity of neurons in this area. Thus, the
PPC can process optic flow information in a very complex fashion. It is reasonable
to expect, then, that the PPC is a good candidate for the neural representation of
TTC in primates. In fact, our group was the first to characterize the neural correlates
of TTC, in area 7a and the motor cortex in the monkey [22]. Furthermore, in a
recent fMRI study, it was demonstrated that the parietofrontal system in humans is
specifically activated during perception of TTC judgments [12]. Besides the repre-
sentation of TTC and direction of motion, areas such as the MT, MST, and area 7a
also code for the speed of visual motion [11,17,29].

Overall, the current knowledge of visual motion processing indicates that the mo-
tor system has access to TTC,,, DTCy,, and target velocity to drive the interceptive
response. This visual information travels to premotor areas and then to the primary
motor cortex from different areas of the PPC. Therefore, the anatomic evidence
indicates that the neural substrate of interceptive actions may be a distributed net-
work engaging the parietofrontal system. In the following sections, we review some
neural correlates of target interception in two important nodes of the parietofrontal
system: area 7a and the motor cortex. We begin by describing the interception task
used in these studies.
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The Interception Task

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. 1a) [20]. The target moved CCW
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 circu-
lar path, we also used an apparent motion situation where the target was flashed
successively at the vertices of a regular pentagon [32]. In the latter condition, an
illusion of a stimulus continuously moving along the circular path was obtained
at target speeds above ~315 degrees/s in human subjects [24]. We included path-
guided apparent motion because we were interested in comparing the behavioral
strategy and the overall neural mechanisms during the interception of stimuli with
real and apparent motion. The hypothesis here was that the neural underpinnings of
target interception is different during real and apparent motion conditions.

In this task the monkeys used a predictive strategy for interception, producing
predetermined ballistic movements. We, therefore, could investigate the possible
key parameter used to control the initiation of the interception movement. For that
purpose, we calculated TTCy,, and DTCy,, at the beginning of the effector move-
ment. We found that DTC,,, increased asymptotically as a function of the stimulus
speed in both motion conditions (Fig. 1b, fop). In addition, the movement time
(which corresponded to TTCy,, in these conditions) decreased slightly as a func-
tion of the stimulus speed, and it was larger in the real than in the apparent motion
condition (Fig. 1b, bottom). Despite these results it was difficult to unambiguously
identify the key parameter used for interception. Nevertheless, as we will show
later, the neurophysiological data collected in the parietofrontal system suggest that
TTCy,y 1s used to trigger the interception movement in both the real and apparent
motion conditions [22].

Sensorimotor Processing During the Interception
of Circularly Moving Targets

In a previous study, we determined quantitatively the relation between the tempo-
ral pattern of neural activation and different aspects of the target and the motor
execution during the interception task [22]. We designed a general multiple lin-
ear regression model to test the effects of different parameters on the time-varying
neural activity. These parameters were the direction cosines of the stimulus angle,
TTCq,y, the vertical hand force, and the vertical hand force velocity. This analysis re-
vealed that the time-varying neuronal activity in area 7a and in the motor cortex was
related to various aspects of stimulus motion and hand force in conditions of both
the real and apparent motion, with stimulus-related activity prevailing in area 7a
and hand-related activity prevailing in the motor cortex (Fig. 2). The most important
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Fig. 1 (a) Interception task of circularly moving targets. T represents the smoothly moving tar-
get in the real motion condition, or the flashing stimulus at the vertices of a regular pentagon in
the apparent motion condition; C cursor, /Z interception zone. (b) Behavioral performance during
the interception task. Top, target distance to contact (DTCy,) at the beginning of the interception
movement; bottom, movement time is plotted as a function of the stimulus speed. Filled circles cor-
respond to the real motion and open circles to the apparent motion condition. Modified from [20]
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Fig. 2 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 [22]

finding was that the neural activity was selectively associated with the stimulus an-
gle during real motion, whereas it was tightly correlated with TTCy,, in the apparent
motion condition, particularly in the motor cortex (Fig. 2).

Encoding of Angular Position and Time-to-Contact
During the Interception Task

As a following step, we compared how the time-varying neural activity was specif-
ically related to the stimulus angle or the TTCy,,, in both motor cortex and area 7a.
Independent linear regression models were carried out to test which target parame-
ter was better explained by the temporal profile of activation for each target speed,
in both the real and apparent motion conditions. The first model was defined as:

ft+A = bo + by cosb; + by sin 0y + &, (D

where f; is the mean spike density function at time ¢ (20 ms window),A was the
time lag between the neural activity and the independent variables and varied from
—160 to +160 ms, by is a constant, by and b, are the regression coefficients for the
stimulus angle (also referred to as 6 or theta), and &; is the error. The second model
was defined as:

Jiva =bo+ b1t + & ()
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with the same parameter definitions as (1), except that here b; is the regression
coefficient for TTC,,, (also referred to as 7).

The adjusted R? was used to compare the goodness of fit, and the model with
the highest value (1) vs. (2) was used for further analysis if the winning regression
ANOVA was significant (p <0.05). A total of 587 neurons in the motor cortex
and 458 neurons in area 7a were analyzed using the two models, since these cells
showed significant effects in the multiple linear regression model described earlier
[22]. These analyses revealed again that the time-varying neuronal activity in area
7a and the motor cortex was related to different aspects of the target motion in
both the real and apparent motion conditions. Neurons in area 7a showed that the
target angle was the best parameter to explain the time-varying neural activity in
both motion conditions (Table 1). In contrast, in the motor cortex the neural activity
was selectively associated with the TTCy,;, in both the real and the apparent motion
(Table 2).

Table 1 Percent and total number of neurons in area 7a that showed significant
regression models from (1) or (2) and where the target angular position (6) or the
time-to-contact (TTCy,) was the best parameter to explain the temporal profile of
activation

Motion condition Target velocity % theta % TTCy Total neurons

Real Motion 180 70.85 29.15 247
300 73.21 26.79 265
420 74.45 25.55 227
480 73.68 26.32 209
540 73.14 26.86 175
Apparent motion 180 83.33 16.67 396
300 79.40 20.60 369
420 69.00 31.00 400
480 69.04 30.96 394
540 75.34 24.66 373

Table 2 Percent and total number of motor cortical cells that showed significant
regression models from (1) or (2) and where the target angular position (6) or the
time-to-contact (TTCy,,) was the best parameter to explain the temporal profile of
activation

Motion condition Target velocity % Theta % TTCyr Total neurons

Real motion 180 27.00 73.00 337
300 23.12 76.88 346
420 24.41 75.59 299
480 26.92 73.08 312
540 22.97 77.03 296
Apparent motion 180 16.37 83.63 452
300 21.70 78.30 447
420 24.46 75.54 462
480 27.20 72.80 478

540 18.92 81.08 465
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Fig. 3 The logarithm of the quotient between positive and negative lags plotted against the target
speed for significant regressions in (1) (Theta, top) or (2) (TTCy,, bottom) for the real (right) and
apparent (/eft) motion conditions in the motor cortex

A different question concerns the time shifts of the stimulus angle and TTC for
which the highest adjusted R? values were obtained across cells, target speeds, and
motion conditions. Since the neural activity was shifted with respect to the inde-
pendent variables: a negative shift indicated that the neural activity was leading the
variable (predictive response), whereas a positive shift indicated that the variable
was leading the neural activity (sensory response). In the motor cortex, the neural
time shift distributions were skewed toward the predictive side. The overall median
of the distribution of lags for all target speeds was —20 ms for both real and ap-
parent motion conditions. To further analyze the time shifts for the best regression
models in (1) and (2), we plotted the logarithm of the quotient (log-ratio) between
all positive and all negative lags against the target speed (Fig.3). In the apparent
motion condition, both the target angle (6) and TTCy, showed negative log-ratio
values, indicating that the best time shifts were predictive across the target speeds.
The same was observed for the TTC,,, in the real motion condition; however, the
target angle showed positive log-ratio values at the highest target speeds in this mo-
tion condition. Nevertheless, no significant differences between the lag distributions
in the real and apparent motion conditions were observed for target angle or TTCy,,
(Kolmogorov—Smirnov test, p > 0.05). Therefore, these findings suggest that the
time-varying activity of the motor cortex can encode the TTC,, and the target angle
in a predictive fashion in both motion conditions.

In area 7a the neural time shift distributions for the highest adjusted R? models
were skewed toward positive values (medians: 40 ms apparent, 20 ms real motion
condition), indicating that area 7a neurons were responding to the change in the
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Fig. 4 The logarithm of the quotient between positive and negative lags plotted against the target
speed for significant regressions in (1) (Theta, fop) or (2) (TTCy, bottom) for the conditions of
real (right) and apparent (left) motion in area 7a

target angle and TTC,,. Actually, the log-ratio values were positive for most motion
conditions and target speeds, with the exception of the target angle at the highest
target speed, which showed a negative value, and hence predictive responses, in the
real motion condition (Fig. 4). However, again, no significant differences were found
between the target angle or the TTCy,, lag distributions in the real and apparent mo-
tion conditions in this parietal area (Kolmogorov—Smirnov test, p > 0.05). Overall,
these results emphasize the sensory role of area 7a in visual motion processing, with
an initial reconstruction of the target TTC for real and apparent moving targets that
could be transferred to the frontal areas for further processing.

As a final point, it is important to mention that the results of regressions from (1)
and (2) were not totally consistent with the multiple regression analysis of the pre-
vious section. Specifically, during the real motion condition more neurons showed
better fittings for the target angle in the previous analysis, whereas for (1) and
(2), TTCy, was the best explanatory parameter in both areas. The most probable
cause for this discrepancy is the fact that in the previous multiple regression model,
we included the hand force and hand force velocity, which have some degree of
collinearity with the TTC,,. Therefore, the discrepancy probably reflects a compe-
tition between TTC, and the arm movement parameters in the regression model
of (2), competition that is quite relevant in the motor cortical cell activity. Then,
to explore whether the activity of both areas carried enough information regarding
the target angle and the TTC,,,, in the following section, we performed a detailed
decoding analysis on these parameters.
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Decoding of Angular Position and Tau During Interception
of Circularly Moving Targets

Once we had determined the dependence of the neural responses on the target an-
gle or TTCy,, we used a Bayesian analysis approach to directly address the inverse
problem: given the firing rates of these cells, how can we infer the spatial and tempo-
ral parameters of the target. The basic method assumes that we know the encoding
functions f1(x), f2(x), ..., fa(x) associated with the time series for the target pa-
rameter (angle or TTCy,,) of a population of N cells from (1) or (2). Given the
number of spikes fired by the cells within a time interval from 7T —A/2to T 4+ A /2,
where A is the length of the time window (20 ms), the goal is to compute the prob-
ability distribution of the target angle or TTCy, at time 7. Notice that what is to
be computed here is a distribution of the target parameter, not a single value. Thus,
we always can take the most probable value, which corresponds to the peak of the
probability distribution, as the most likely reconstructed target angle or TTCy,,.

Let the vector x be the target parameter, and the vector n = (ny,n5,...,ny) be
the numbers of spikes fired by our recorded cells within the time window ¢, where
n; is the number of spikes of cell i. The reconstruction is based on the standard
Bayes formula of conditional probability:

P(n|x)p(n)

Py = T 3
The goal is to compute P (x|n), that is the probability for the target parameter to be at
the value x, given the number of spikes n. P (x) is the probability for the target to be
at a particular value x, which was fixed during the experiment. The probability P (n)
for the occurrence of the number of spikes n is equal to the mean of the conditional
probability P (n|x) since x is deterministic in this experiment. Therefore, P(n) is
fixed and does not have to be estimated directly. Consequently, given that P (n) and
P (x) are constant in this experiment then P (Xx|n) is a constant multiple of P (n|x).

Thus, the key step is to evaluate P (n|x), which is the probability for the numbers
of spikes n to occur, given that we know the target parameter x. It is intuitively clear
that this probability is determined by the estimated firing rates from (1) or (2). More
precisely, if we assume that the spikes have a Poisson distribution and that different
cells are statistically independent of one another, then we can obtain the explicit
expression:

N . n;
Pnlx) =]] (i (x)'T) e /iIT (4)
ie1 n;!
where f;(x) is the average predicted firing rate of cell i of a population of N cells,
X is the target parameter, and 7" is the length of the time window.

The Bayesian reconstruction method uses (4) to compute the probability P (n|x)
for the target parameter to be at the value x, given the numbers of spikes n of all the
cells within the time window. In this probability distribution, the peak value is taken
as the magnitude of the reconstructed target parameter. In other words:

XBayes = argmax P (n|x).
X
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Fig. 5 Mean predicted angular position over time using ensembles of 50 neurons during the real
and apparent motion conditions and for the five different stimulus speeds. (a) Area 7a. (b) Motor
cortex. The real (/ine) and predicted (circles) positions are color coded in a gray scale, starting at
time zero (target onset) in light gray, and ending in black at the last time bin (interception time)

By sliding the time window forward, the entire trajectory of the target parameter can
be reconstructed from the time-varying activity in the neural population.

To systematically decode both target parameters, we used the cells with signif-
icant regressions from (1) or (2). However, since the number of significant cells
varied across motion conditions, target speeds, and cortical areas, we used a constant
population of 50 cells to decode both target parameters across all these conditions,
to avoid a population-size effect in the reconstructed angular position or TTCy,;. In
fact, we carried out 100 decodifications for each condition using permuted popu-
lations of 50 cells (from the total number of neurons) and cross-validation (across
trials) with the purpose of sampling the reconstruction accuracy (variance and bias,
see eqs. 3.38 and 3.39 of [7]) within the overall cell population.
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Fig. 6 Mean (£SEM) decodification variance (left) and bias (right) of the angular position as
a function of the target speed. (a) Area 7a. (b) Motor cortex. Filled circles and continuous line
correspond to real motion; open circles and dashed line correspond to apparent motion

The mean decoded angular position over time across target speeds and motion
conditions are depicted in Fig. 5 for area 7a and the motor cortex. It is evident that
the resulting reconstruction was quite accurate across target speeds and motion con-
ditions in area 7a (Fig. 5a), but deficient in the motor cortex (Fig.5b). In fact, the
mean decoding variability and the mean bias for angular position in both motion
conditions were large in the motor cortex (Fig.6b), but closer to zero in area 7a
(Fig. 6a). These results confirm that area 7a is an important node for visual-motion
processing [27, 33], and that the neurons in this area can properly represent the
change in angular position of the target over time, not only in the real but also in
the apparent motion condition [24]. In addition, the results suggest that the motor
cortex has limited access to the spatial position of the target during the interception
task in both motion conditions. Finally, in accord with the encoding results from the
previous section, the decoding from motor cortical activity suggests that the target
angle (DTC,) is probably not the variable used to trigger the interception move-
ment under these conditions.

Figure 7 show the reconstructed TTC, across target speeds and motion condi-
tions for the motor cortex and area 7a. Again, area 7a (Fig.7a) shows a decoded
TTC that is close to the actual TTCy,, for every target speed of the real and apparent
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Fig.7 Mean predicted TTC,,, using ensembles of 50 neurons during the real and apparent motion
conditions and for the five different stimulus speeds. (a) Area 7a. (b) Motor cortex. Same notation
as in Fig. 5

motion. In addition, the motor cortex (Fig.7b) shows also an accurate TTCy,, de-
codification during both motion conditions. Actually, the mean decoding variability
and mean bias for the target TTC was close to zero in the real and apparent motion
conditions using populations of motor cortical (Fig. 8b) or area 7a (Fig. 8a) cells,
particularly for the highest speeds. These results indicate, first, that the motor cor-
tex had access to an accurate representation of TTCy,, information. This temporal
information is probably coming from premotor and posterior parietal areas. Second,
these results strengthen the evidence for the hypothesis that TTCy,, is the critical
target parameter used to trigger the interception movement in this particular task.
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Fig. 8 Mean (£SEM) decodification variance (leff) and bias (right) of the TTCy,, as a function
of the target speed. (a) Area 7a. (b) Motor cortex. Filled circles and continuous line correspond to
real motion; open circles and dashed line correspond to apparent motion

Concluding Remarks

The neurophysiological experiments using our target interception task revealed that
the parietofrontal system of primates is engaged in the representation of spatial and
temporal parameters of the target motion. Area 7a processed the target angle and
TTC as a sensory area, with a clear preference for the spatial parameter. These
findings not only emphasize the role of area 7a in visual motion processing, but
also suggest that the representation of TTC begins in the parietal lobe. Actually,
imaging and neurophysiological studies have demonstrated that the PPC is involved
in temporal information processing [16,31].

A larger population of motor cortical cells encoded TTC, than target angle.
This information was represented in a predictive rather than a sensory fashion. In
addition, the estimated TTC using the activity of motor cortical cells was more ac-
curate than the angular trajectory of the target. Therefore, it is feasible that the motor
system uses this type of temporal information to trigger the interception movement
in both motion conditions. In fact, we suggest that the motor cortex has the ability
not only to represent in a predictive way the TTCy,;, but also to detect when it reaches
a specific magnitude in order to trigger the interception movement.

Our initial observations using a multiple linear regression model suggested that
in the real motion condition the angular position of the target was the critical in-
terception variable, whereas in the apparent motion condition it was the TTC. The
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current encoding and decoding results indicate that the nervous system represents
spatial and temporal parameters of the moving target in the parietofrontal circuit.
However, the present findings also suggest that in both the real and apparent mo-
tion conditions, the motor system may use the TTC to control the initiation of the
interception movement. Since the present encoding models are more specific and
were supported by the decoding results, it is more likely that the key interception
parameter was temporal rather than spatial in both motion conditions.

Taken together, these results indicate that neurons in the motor cortex and area
7a are processing different target parameters during the interception task. However,
the predictive representation of the target TTC is the most probable variable used in
the motor cortex to trigger the interception movement.
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