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Roy, Alice C., Yves Paulignan, Martine Meunier, and Driss Bous-
saoud. Prehension movements in the macaque monkey: effects of
object size and location. J Neurophysiol 88: 1491-1499, 2002;
10.1152/jn.00779.2001. Prehension movements were examined in
freely behaving monkeys and compared with the well-known charac-
teristics of human movements. The degree of independence of the
components of movements (i.e., reaching and grasping) was investi-
gated in animals trained to reach for and grasp three-dimensional
objects. To this aim, the kinematics of prehension movements was
recorded using an Optotrak system in two tasks. In one task, monkeys
grasped asmall or alarge object (size task), in the other, they grasped
an object of constant size placed at three different spatial locations
(location task). We found that object size and itslocation affected both
reaching and grasping. In particular, in the size task, we found that the
maximum grip aperture strongly depended on the selection of the grip
and not only on the size of an object. Our results also revealed that, in
monkeys as well as in humans, the reaching parameters are highly
sensitive to task-related constraints such as accuracy demands. The
results of the location task showed a difference between rightward and
leftward movements, a pattern of grip aperture that varied across
animals, and a large degree of coordination between the two compo-
nents. These findings argue against a strict postulate of independence
between the visuo-motor channels, favoring instead the idea of vari-
able degrees of coordination between the reach and grasp components
depending on the task demands. Finaly, this work emphasizes the
relevance of studying monkey’s prehension movements as a useful
step to the understanding of visuo-motor control in humans.

INTRODUCTION

Among the different models proposed to account for the
organization of prehensile movements in primates, one of the
most influential is the theory developed by Jeannerod and his
colleagues in the early 1980s (Jeannerod 1981; Jeannerod and
Biguer 1982). This theory postulates that prehension move-
ment is organized in at least two components each controlled
by a distinct visuo-motor channel. One of the components is
the hand transport to the vicinity of the object, experimentally
assessed by the wrist movement. The other is the grip formed
by the hand, assessed as the distance between the thumb and
index finger. The transport channel extracts the extrinsic object
properties, in particular its location in a body-centered refer-
ence frame, and produces a pattern of proximal muscle activity.
The grasp channel transforms the object intrinsic properties, in
particular it size and shape, into a pattern of distal muscle

activity that shapes the grip. These processing streams have
been proposed to be independent (Jeannerod 1981; Jeannerod
and Biguer 1982), a postulate that has motivated numerous
kinematic studies of normal prehension in humans. Indeed, a
strict interpretation of this postulate would predict that selec-
tively varying the visual input of one channel should influence
the motor output of this component without affecting the other
motor component.

Human kinematic studies that have attempted to test this
hypothesis have led to contrasting findings. On the one hand,
they have repeatedly confirmed Jeannerod's original finding
(Jeannerod 1981, 1984) that changing object size affects the
grasping component (Gentilucci et al. 1991; Paulignan et al.
1991a). On the other hand, the effects of decreasing object size
on the reaching component are unclear. Some authors reported
no effect of object size (Jeannerod 1981, 1984, 1986; Jean-
nerod and Biguer 1982; Paulignan et a. 1991a, 1997), whereas
others found lengthening of movement time and wrist decel-
eration phase (Castiello et a. 1992; Churchill et al., 2000;
Gentilucci et al. 1991; Kudoh et a. 1997; Marteniuk et al.
1990; Pryde et a. 1998). It is unclear, however, whether these
effects reflect adirect influence of the decrease in object size or
whether they are an indirect conseguence. Indeed, a small
object provides less contact surface for the fingers, hence
increasing accuracy demands that can be met by decreasing
movement speed.

The issue of independence of visuo-motor channels has been
reciprocally addressed by investigating the impact of changing the
object extringc properties, namely its location. Although an in-
crease of both movement time and the amplitude of the wrist
velocity pesk is a well-known consequence of augmenting the
distance between the object and the hand (Gentilucci et al. 1991;
Kudoh et a. 1997; Paulignan et a. 1991b), the effect of varying
object location on the grasping component are inconsistent. For
example, Jeannerod observed no effect, whereas other groups
reported an increase of maximum grip aperture (Chieffi and
Gentilucci 1993; Jakobson and Goodale 1991). Moreover, impos-
ing aviapoint in movement trgjectory has been reported to result
in adelayed grasping component (Haggard and Wing 1998), and
varying movement direction to produce a linear variation of the
grip amplitude (Paulignan et a. 1991b, 1997).

Despite these important kinematic studies in humans, the
degree of independence of the two components remains a
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matter of debate (Mon-Williams and Mclntosh, 2000; Smeets
and Brenner 1999). Paradoxically, athough this hypothesis
partly originated from and has been supported by monkey
anatomo-physiological evidence (Jeannerod et a. 1995; Riz-
zolatti et al. 1997; Sakata and Taira 1994), very little is known
about the behavioral characteristics of prehension movementin
this species. The few psychophysical investigations that have
been conducted to date were either restricted to the reaching
component or were of poor temporal resolution (Fogassi et al.
2001; Gardner et al. 1999; Georgopoulos et a. 1981; Scott and
Kalaska 1997). Hence we have initiated a series of studies
applying in monkey the high-resolution techniques and behav-
ioral paradigms used in human studies. In arecent report (Roy
et al. 2000), we provided evidence for important similarities
between the two species behavior, suggesting that macaque
monkey can be a useful model for understanding human motor
control. In particular, data on a prehension task indicated that
in monkeys as in humans, the reaching component is charac-
terized by a single wrist velocity peak and the grasping com-
ponent by a grip size that increases up to a maximum and
decreases toward the end of movement. The present study was
designed to evaluate the effect on monkey prehension of
changing either intrinsic or extrinsic object properties from
trial to trial. To thisaim, the reaching and grasping components
of three monkeys were measured in two different tasks, one
varying the size of the target object, the other varying its
location.

METHODS
Behavioral tasks

Three cynomolgus monkeys (Macaca fascicularis), one female
(MK1) and two males (MK2 and MK3), weighing 4.5-7.5 kg partic-
ipated to the present study. Testing procedure as well as animal care
was in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, and with the European Com-
munity’s Council Directive of 24 November 1986 (86/609/EEC). The
monkeys were seated in a primate chair with the head and both arms
free to move. They were trained to perform two tasks, in separate
sessions. one where object size varied (termed hereafter size task) and
one where object location changed (termed location task).

In the size task, the monkey was trained to reach for, grasp, and lift
with its right hand one of two objects presented in pseudo-random
order. The objects were two concentric white plastic cylinders (Fig.
1). Theinner cylinder (height: 40 mm, diam: 15 mm) will be referred
to asthe small object. The outer cylinder (height: 40 mm, diameter: 25
mm) will be referred to as the large object. These cylinders were
placed on concentric metal platforms hidden inside an opague box
fitted onto the primate chair. The platforms were elevated by an
automated pneumatic system so that the objects appeared at the
surface of the box. A permanent magnet was fitted into the base of
each cylinder to keep it in contact with the platforms during their fast
up and down displacements.

The experiments were controlled by Cortex software (NIMH, Be-
thesda, MD). A trial began when the monkey put its right hand on a
home pad, located immediately in front of its chest along the sagittal
axis. After avariable delay (250 msto 1 s), one of the two cylinders
appeared straight in front the animal’s body axis, at a distance of 21
cm from the home pad. The monkey had 10 s to grasp and lift the
object to receive a liquid reward. The two objects were presented in
a pseudo-random order.

In the location task, three identical objects were positioned on atray
fitted on the primate chair (Fig. 1). The objects were gray plastic
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Location task

FIG. 1. Experimental design of size and location tasks. Location task. Three
cylinders (c), each with aflat translucent base (b), are aligned perpendicularly
to the monkey’s sagittal axis. The monkey puts its hand on a starting position
(home pad), and after adelay (seetext), the base of 1 object isilluminated. The
monkey has 5 sto reach for that object and lift it to receive areward. Size task.
Two concentric cylinders are use, one at atime. A: the small object (S) is up,
while the large one (L) is down. B: opposite to A.

cylinders (height: 20 mm, diam: 15 mm), mounted on a flat base
(height: 10 mm, diameter: 40 mm) that could be illuminated from
underneath. Asin the size task, atrial began when the monkey put its
right hand on the home pad; after a variable delay (250 msto 1 s), the
base of one of the three objects was illuminated. The animal then had
5 sto grasp and lift the illuminated object to obtain a liquid reward.
The objects were spaced 5 cm apart and aligned perpendicular to the
monkey’s sagittal axis so that the central and lateral (left and right)
objects were at a distance of 20 and 21 cm from the home pad,
respectively. Objects were illuminated in a pseudo-random order.

The animals underwent extensive training on both tasks before data
acquisition was initiated, so that they reached a nearly perfect level of
performance during recording sessions. All three animals were tested
on both tasks, in variable order. However, for monkey MK1, data
obtained in asize task were published previously (Roy et al. 2000) and
will not be included in this paper.

Movement recordings

An Optotrak 3020 (Northern Digital) was used to record the spatial
positions of six to seven markers (infrared light-emitting diodes) at a
frequency of 300 Hz and with a spatial resolution of 0.1 mm. One
marker, taped on the wrist, characterized the reaching component.
Two markers, one on the thumb nail, another on the nail of index
finger, defined the grip aperture. For MK2 and MK3, an additional
marker was taped on the tip of the middle finger to assess a second

J Neurophysiol « VOL 88 « SEPTEMBER 2002 « WWW.jN.0rg



REACHING AND GRASPING IN THE MONKEY

grip aperture, i.e., the distance between the thumb and the middle
finger. The three remaining markers were fixed on the primate chair to
define a space in which all recorded movements were systematically
placed from session to session. For each trial, data acquisition started
with object presentation (size task) or illumination (location task) and
ended when the object was lifted.

Data analysis

A second-order Butterworth dual pass filter (cutoff frequency, 10
Hz) was used for raw data processing. Individual movements were
then visualized and analyzed using Optodisp software (Optodisp
copyright UCBL-CNRS, Marc Thévenet et Yves Paulignan, 2001).
For both tasks and all three animals, we measured several parameters
such as: movement time, the latency and amplitude of the peaks of
wrist acceleration and wrist velocity, and the latency and amplitude of
the maximum grip aperture between the thumb and index finger (TI
grip aperture). In addition, for monkeys MK2 and MK3, we measured
the latency and amplitude of the maximal distance between the thumb
and middle finger (TM grip aperture). For the size task, the grip
aperture at the end of movement (final grasp) and the length of the
deceleration phase were also measured (i.e., the time elapsed between
the time of the wrist velocity peak and the end of movement). All the
preceding parameters were assessed for each individual movement. In
afew cases, however, marker visibility was imperfect for a portion of
movement (e.g., due to a light reflection), and the corresponding
parameter was excluded from subsequent statistical analyses.

Figure 2 illustrates the approach used to measure the relevant
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Fic. 2.  Method of measurement of kinematic parameters. A: the transport
component was characterized by the study of wrist kinematics: velocity (thin
line) and acceleration (thick line). The dotted lines represent specific measures
aong the time axis: t0, movement onset; t1 and t2, 1st and 2nd acceleration
peaks, respectively; t3, velocity peak. B: the grasping component was de-
scribed by the evolution of grip size as a function of time. The dotted line
shows the time at which the maximum grip aperture occurs.
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parameters. Movement onset was determined on the basis of the wrist,
index, and thumb velocity profiles as the time of the first of seven
consecutive measures of increasing amplitudes (Roy et a. 2000). The
end of movement was determined as the time when there was no
further change in the amplitude of the TI grip aperture (i.e., when a
stable grasp was achieved, thereby enabling the subject to lift the
object). Peak latencies were defined as the time elapsed between
movement onset and each peak.

The values obtained for each kinematic parameter were analyzed,
by experimental task and for each monkey, using one-way analyses of
variance (ANOVA, significance level, P < 0.05) to determine the
influence of object size (small vs. large object) or object location
(center, left, and right positions). For the location task, pairwise
comparisons were performed using the Tukey test. Finaly, for both
tasks, the links between kinematic parameters were studied using
Pearson correlation coefficients (rs). For these analyses, data from
each monkey were averaged per daily session and then standardized to
allow comparison across animals.

RESULTS

The present study is based on atotal of 2,142 movementsin
the size task and 2,910 movements in the location task. The
results and their statistical analyses are summarized in Tables
1 and 2. Despite individual variations, the general pattern of
prehension movements was the same for both tasks and all
three animals. Figure 3 shows examples of movement trajec-
tories in the two tasks; movement variability decreased as the
fingers approached the object, indicating that the monkey al-
ways put his fingers at the same place on the object. The
reaching component is characterized by a bell-shaped wrist
velocity profile (Figs. 4A and 5A): the velocity peak is pre-
ceded by an acceleration phase presenting two peaks (Fig. 4B)
and followed by a deceleration phase. The grasping component
is characterized by the grip aperture(s), which increased up to
asingle peak and decreased as the hand approached the object
(Figs. 4, C and D, and 5B). Maximum grip aperture(s) always
occurred after the peak of wrist velocity.

Effect of object size

We analyzed 1,029 movements in MK2 and 1,113 move-
ments in MK3 (i.e., about 500 movements for each object size).
Table 1 summarizes the means and statistics for each of the
recorded kinematic parameters. Movement time and most of
the parameters of the reaching component changed signifi-
cantly with object size in both monkeys alike. By contrast,
object size differentially affected the grasping parameters
across monkeys. These differences may be related to the type
of grip used by individual animals.

Effect on movement time. For both monkeys, total movement
time was significantly longer for the small than for the large
object. These differences in movement time are particularly
appreciable on the wrist velocity and grip aperture profiles
displayed in Fig. 4 (A, C, and D).

Effect on reaching. In both animals, wrist parameters pre-
sented longer latencies and smaller peaks for movements di-
rected to the small, relative to the large object (Table 1).
Specifically, size reduction led to: increased latency of either
the first acceleration peak (MK3, Fig. 4B) or the subsequent
velocity peak (MK2, Fig. 4A), lengthened deceleration phase
(Fig. 4B), and smaller amplitude of the second acceleration and
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TABLE 1. Effect of object size on the transport and grasp components

Object Size
Monkey Large Small Statistics
Movement time, ms MK2 325=*1 3621 O F11020 = 417, P < 0.001
MK3 353+ 1 383+ 1 O Fii1s = 1719, P < 0.001
Reach
Time to the 1st acceleration peak, ms MK2 102 =1 102+ 1 F11017 = 0.050, P: ns.
MK3 82+1 86+ 1 O F1110 = 5351, P < 0.021
Time to the 2nd acceleration peak, ms MK2 139+ 1 141+ 1 Fi43s = 0.722,P:ns.
MK3 161+ 1 162+ 1 Fii012 = 0.236,P:ns.
Time to the velocity peak, ms MK2 203+ 1 211 +1 | F11023 = 33.56, P < 0.001
MK3 213+ 1 215+ 1 Fieso = 0.949, P ns.
Deceleration phase, ms MK2 122 + 0.8 151+ 0.7 | F1 1024 = 602.3, P < 0.001
MK3 1381 168+ 1 O F11112 = 366.0, P < 0.001
Amplitude of the 1st acceleration peak, mm/s MK2 9436 + 78 8764 £ 73 | F11017 = 39.49, P < 0.001
MK3 7019 *+ 80 7003 = 87 F11110 = 0.019,P:ns.
Amplitude of the 2nd acceleration peak, mmy/s? MK2 8199 + 120 7383 = 112 | F1 436 = 24.37, P < 0.001
MK3 9297 + 83 8918 + 92 O F11012 = 9.29, P < 0.002
Amplitude of the velocity peak, mm/s MK2 1033+ 3 957 =3 O F11023 = 267.2, P < 0.001
MK3 1156 = 5 1130+ 5 O Fieso = 12.94, P < 0.001
Grasp
Time to the maximum thumb-index grip aperture, ms MK2 250 £ 1 265+ 1 O F1 906 = 106.3, P < 0.001
MK3 2710 =1 266 =1 O F1.1020 = 6.09, P < 0.014
Time to the maximum thumb-middle finger grip aperture, ms MK2 256 = 1 2711 O F1 861 = 80.19, P < 0.001
MK3 2711+ 1 266 =1 O F110s1 = 6.29, P < 0.012
Maximum thumb-index grip aperture, mm MK2 3528+ 0.1 37.79 = 0.1 O F1 006 = 189.5, P < 0.001
MK3 4179 = 0.1 3997 =01 O F11020 = 123.4, P < 0.001
Maximum thumb-middle finger grip aperture, mm MK2 445+ 0.1 453+0.1 O F1g61 = 24.76, P < 0.001
MK3 509 £ 0.1 488 = 0.1 O F110s = 169.7, P < 0.001
Final thumb-index grip aperture, mm MK2 268+ 0.1 20.7 = 0.1 O F11018 = 1023, P < 0.001
MK3 36.1 0.1 23.7x0.1 O F11075 = 4752, P < 0.001

Values are means = SE. Each kinematic parameter (left column) was measured for the small and the large object in each monkey. When the difference is
significant (right column), an arrow indicates the direction of variation: a decrease (1) or increase (L) for the small object, relative to the large one; n.s., difference

is not statistically significant.

velocity peaks (this effect was also noticeable on the first
acceleration peak on MK2; Fig. 4B).

Effect on grasping. Object size differentially affected the
grasping parameters in the two animals. Both the latency
and amplitude of maximum Tl and TM grip apertures de-
creased for the small object in MK3, whereas they unex-
pectedly increased in MK2 (Fig. 4, C and D). These inter-
subject differences are further materialized by the
differences in the final grip. As Table 1 shows, the final
grip is smaller in MK2 (20.7 and 26.8 mm for the small
and the large object, respectively) than in MK3 (23.7 and
36.1). Note that in general the final grasp is larger than the
real object size, as the markers were placed on the external
surface of the fingers (therefore adding the thickness of
the fingers to the object diameter). Thus for a 10-mm change
in object size, the final grip varied with only 6.1 mm in
MK2 as opposed to 12.4 mm in MK3. These data suggest
that the two animals used different types of grip (see pis-
CUSSION).

Effects of object location

Analyses were performed on 440 movements for MK1 (140
per condition), 990 movements for MK2 (330 per condition),
and 1,480 movements for MK3 (500 movements for each
direction). As summarized in Table 2, object location affected
movement time and reaching parametersin al three animalsin
a comparable manner. Grasping parameters were also affected

by object location although in somewhat different ways across
individuals.

Effect on movement time. Movement time tended to decrease
progressively from the left (contralatera to the hand used) to
the right (ipsilateral) position. The most prominent difference
in al subjects was that movements to the contralateral object
took significantly longer than movements directed to either the
right or the central object. Differences between movements
directed to the right and central objects were minor and reached
statistical significance only in MK2.

Effect on reaching. In line with increased movement time for
leftward movements, reaching to the left object was characterized
by longer latencies and smaller peaks compared with movements
to the right or the center. The increase in latencies for leftward
movements was detectable on the first acceleration pesk in MK1
and on the second acceleration pesk in MK2 and MK3. This
latency increase was, however, most salient on the velocity peak,
which, like movement time, diminished gradually from the left to
the right position in al monkeys (Fig. 5A). The decrease in
amplitude for leftward movements (or conversely the increase for
rightward movements) was obvious on the first acceleration peak
for all monkeys, as well as on the velocity peak for MK1 and the
second acceleration and velocity peaks for MK3.

Effect on grasping. The effect of object location on the time
to maximum grip aperture was homogeneous across monkeys
(Table 2): it was longer for movements to the left position than
for movements to the other two positions (Fig. 5B). By con-
trast, the effect of object location on the maximum grip aper-
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Object Location

Monkey Left Center Right Statistics
Movement time, ms MK1 489 + 3.9e0 455 + 3.6 447 = 3.4 F2 440 = 37.84, P < 0.001
MK2 382 + 2200 373+ 22 363+ 25 F, 080 = 17.25, P < 0.001
MK3 423 = 2.1 €0 410 = 2.0 406 * 2.0 F, 1480 = 18.4, P < 0.001
Reach
Time to 1st acceleration peak, ms MK1 125 + 2 @0 117+ 2 1172 F, 43 = 4.36, P < 0.013
MK2 110+ 2 1042 106 = 2 Foe50 = 2.30,P:ns.
MK3 88+ 1 86+ 1 88+ 1 Fo1416 = 1.3, P:ns.
Time to 2nd acceleration peak, ms MK2 144 =3 e 133+ 2 143+1e Fo 045 = 7.34, P < 0.001
MK3 171+ 20 167 =2 165+ 2 F, 1326 = 3.05, P < 0.047
Time to velocity peak, ms MK1 238+ 2 €0 213+ 2 198+ 2e F, 440 = 69.68, P < 0.001
MK2 227 + 2 @0 214+ 1 210+ 2 F,es5 = 28.94, P < 0.001
MK3 254 + 2 @0 243+ 1 235+ 2e F,1405 = 38.8, P < 0.001
1st acceleration peak, amplitude, mm/s? MK1 7558 * 130 @0 8903 + 151 9042 + 160 F, 43, = 31.76, P < 0.001
MK2 8462 = 151 e 9006 *+ 159 8958 + 181 F, 650 = 3.58, P < 0.028
MK3 6092 * 98 @0 6701 = 94 7115+ 96 e F, 1416 = 27.7, P < 0.001
2nd acceleration peak, amplitude, mm/s* MK2 8521 + 236 8581 + 208 8504 + 217 F045 = 0.03,P:ns.
MK3 6399 *+ 76 0 6632 = 72 7041+ 76 @ F, 1326 = 18.1, P < 0.001
Velocity peak, amplitude mm/s MK1 747 = 6 @0 79 =5 809 =7 F2 440 = 26.46, P < 0.001
MK2 1039 + 4 @0 1000 = 4 991 + 6 F, e85 = 24.08, P < 0.001
MK3 1044 + 50 1047 =5 1077 £ 5e F,1405 = 13.4, P < 0.001
Grasp
Time to maximum thumb-index finger MK1 367 = 300 333x3 326+ 3 F, 406 = 48.80, P < 0.001
grip aperture, ms MK2 278 = 2 @0 259+ 2 258 + 2 F2 750 = 33.16, P < 0.001
MK3 337+ 2e0 321+2 318 + 2 F,1311 = 23.8, P < 0.001
Time to maximum thumb-middle finger MK2 285 + 2 @0 268 = 1 270 = 2 F, 017 = 34.6, P < 0.001
grip aperture, ms MK3 337 £ 2e0 320+ 2 318+ 2 F2.1310 = 25.3, P < 0.001
Maximum thumb-index finger grip MK1 355+ 0.1e0 342+01 328+ 02e F, 426 = 51.46, P < 0.001
aperture, mm MK2 353*0.10 354 +01 345+ 0.09e F, 750 = 25.95, P < 0.001
MK3 316 0.1 315+01 315*01 F, 1311 = 0.05 P:ns.
Maximum thumb-middle finger grip MK2 441+ 0.2 441+ 0.1 441+ 0.1 Fy017 = 0.05P:ns
aperture, mm MK3 402 *+0.10 402 *=0.1 411*+01e Fs 1310 = 8.14, P < 0.001

Values are means = SE. e, different from the center; o, different from the right. n.s., no significant differences.

ture varied from one individual to the other (Fig. 6). MK1
displayed a peak of Tl grip aperture increasing in steps from
the right to the left position. MK2, likewise, showed the small-
est Tl (though not TM) grip aperture for movements to the
right. By contrast, MK3 showed the largest TM (though not T1)
grip aperture for movements to the right.

Correlation between the different kinematic parameters

Szetask. Correlation analyses over the two subjects and two
object sizes underlined the links existing between the different

A B

&

\ AR -

wrist parameters, in particular between the second accel eration
and velocity peaks (r = 0.87, P < 0.001, for latency; r = 0.62,
P = 0.002, for amplitude). The amplitude of these two reach-
ing parameters was aso strongly correlated with movement
time (r = —0.72, P < 0.001, for 2nd acceleration peak; r =
—0.66, P = 0.001, for velocity peak). Separate analyses for
each object size yielded similar findings. By contrast, grasping
variables were reliably correlated neither with the reaching
parameters, nor with movement time, regardless of whether the
two conditions were considered separately or together. Grasp-

FIG. 3. Spatial path of movementsin the size and location tasks.
A and B: movements to the small and large objects, respectively. C:
movements to the centra (black), Ieft (green), or right (red) objects
in the location task. All examples are taken from MK3 but are
representative of the behavior of all the animals tested. Averaged
XY spatial path of 10 movements of the wrist (W) and thumb (T)
and index (1) and middle (M) fingers. Trajectories are viewed from
x  above, thusthe zaxisis not shown. The horizontal and vertical lines
attached to the trajectories represent the amplitude of one SD with
respect to the mean spatial path in the X and Y dimensions. Note
that the variability is very low at the end of the movement irre-
spective of object size or location.
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ing analysis showed only a correlation between the latency and
amplitude of the maximum TI grip aperture (r = 0.52, P =
0.014).

Location task. Analyses across the three subjects and three
object positions unveiled links between grasping, on the one
hand, and both reaching and movement time, on the other
hand. Indeed, the latency of maximum TI aperture was corre-
lated with the latency and amplitude of the wrist velocity peak
(r=0.73,P<0.001andr = —0.63, P < 0.001, respectively),
as well as with movement time (r = 0.89, P < 0.001). In
addition, as for the size task, reaching (i.e., the velocity peak
amplitude) was correlated with movement time (r = —0.67,
P < 0.001). Finally, separate analyses of the maximum TI grip
aperture for each condition revealed a contrast between the | eft
and the other two positions that was present in al animals
despite the grip inter-individual variability described above.
Namely, for leftward movements, the amplitude and latency of
Tl maximum aperture were positively correlated (r = 0.49,
P = 0.049); in addition, an increase in TI maximum aperture
was associated with smaller velocity peaks and longer move-
ment times (r = —0.66, P = 0.004 and r = 0.68, P = 0.003,
respectively). None of these relationships were observed for
rightward and central movements.

DISCUSSION

The present study examined the influence of object size and
location on the kinematics of prehension movements in ma-
caque monkeys. The results showed that the object’s visual
properties, whether intrinsic (size) or extrinsic (location), in-
fluenced both the reaching and the grasping components of the
monkey’ s movements. More specifically, for both the size and

location tasks, we observed highly consistent changes of the
reaching parameters, movements directed to the small, or to the
left position being the longest and slowest in al monkeys. By
contrast, modifications of the grasping parameters differed
markedly across individuals. For the size task, these variations
are likely to reflect the influence of the type of grip selected by
the animal. Overall, the present findings converge with earlier
data (Roy et al. 2000) to indicate that non human primates
provide a highly relevant model to examine the kinematics but
also the neural control of prehension.

Influence of the type of grip and not only of object
size on grip scaling

In monkey MK3, the larger object induced the latest and
highest peak of maximum grip aperture (both Tl and TM), thus
confirming a well established phenomenon in humans
(Churchill et al. 2000; Gentilucci et a. 1991; Jakobson and
Goodale 1991; Jeannerod 1981, 1984; Kudoh et al. 1997;
Marteniuk et al. 1990; Paulignan et al. 1991a, 1997; Pryde et
al. 1998) and replicating data obtained in MK1 for the same
object diameters (Roy et a. 2000). Unexpectedly, monkey MK2
showed the opposite pattern, i.e., the small object leading to a
larger grip. Pilot data (200 movements) recorded when MK2 was
naive indicated, however, that this anima had a classica grip
scaling (larger aperture for the larger object) at the beginning of
the experiments. This suggested that this monkey has developed a
particular grasping behavior, a hypothesis that is supported by the
analysis of the final grasp. Analysis of the fina grip size suggests
that MK2 used a power grip, whereas MK3 used a precision grip.
These types of grasping are characterized by different opposition
axes, i.e., the axis along which the forces are gpplied to the object.
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Fic. 5. Effect of object location on prehension movements. Representative
examples taken from MK3: wrist velocity (A) and grip aperture (B) profiles of
3 individual movements directed to the 3 object locations. Note that leftward
movements showed later wrist velocity and grip aperture peaks.

The opposition axis is between the thumb and fingers in the
precision grip, the thumb and the palm in the power grip. There-
fore in the case of a precision grip (i.e., without palmer contact
with the object), the fina aperture is roughly equal to object size,
and it changes in close correlation with it. By contrast, a power
grip does not require the fina aperture to change in the same
magnitude as the change in object size, as the fingers are wrapped
around the object. In MK2, the 10-mm difference between the
smadll and the large objectsresulted in only a6.1-mm differencein
final grip amplitude, as opposed to 12.4 mm in MK3. Further-
more, the final grip szeissmdler in MK2 than in MK3 (see Table
1), supporting our proposal that the former used a power grip,
whereas the latter used a precision grip.

Effects of accuracy constraints and not only
of object size on reaching

Contrasting with the results on the grasping component, the
effect of object size on the reaching component was homoge-
neous for the two monkeys. Reducing object size induced |ater
and lower wrist acceleration and velocity peaks, lengthened the
deceleration phase, and, as a result, increased the total move-
ment time. The same effect on movement time due to length-
ening of the deceleration phase has been described in several
studies in humans (Bootsma et al. 1994; Castiello et al. 1993;
Gentilucci et al. 1991; Kudoh et al. 1997; Pryde et a. 1998;
Zaal and Bootsma 1993). Although less frequently, previous
studies in humans and monkeys have reported later latency
and/or smaller amplitude of the wrist velocity peak following
adecrease in object size. (Fogassi et al. 2001; Gentilucci et al.
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1991; Jakobson and Goodale 1991). The effects of object size
on the reaching component thus seem very similar in human
and non human primates. Zaal and Bootsma (1993) have
pointed out that reducing object size resultsin a decrease of the
contact surface available for fingers. Their interpretation, how-
ever, remains controversial. These authors argue that this in-
crease of spatial accuracy demands, rather than the decrease in
object size, would be responsible for the changes observed in
the reaching component. Indeed the same effect can be ob-
served in pointing movements (where the grasping component
is absent) following a reduction of target surfaces (Gentilucci
et a. 1991). Also, by keeping constant accuracy demands for
different object sizes, Bootsma et al. (1994) found no alteration
in the reaching component. Does this mean that accuracy
constraint selectively taxes reaching parameters? Probably not.
The grasping component does not seem immune to accuracy
demands. Namely changing the surface of contact without
changing object size (Bootsma et al. 1994) or imposing vari-
able movements speeds (Juengling et al. 2000) results in com-
pensatory adjustments of the grasping parameters. In conclu-
sion, accuracy demands stand out as another important factor
modulating prehension in primates, but one that likely affects
both visuo-motor channels.

Difference between contralateral and ipsilateral movements

Movements directed to the target contralateral to the hand
used tended to be more difficult to control and execute as
revealed by changes in wrist acceleration and velocity and
global movement time. In humans, studies examining pointing
movements reveal ed the same asymmetry: reaches that crossed
the body axis showed longer latencies, weaker velocity, and
longer movement time than reaches toward targets on the
ipsilateral side of the body (Fisk and Goodale 1985; Prablanc
et a. 1979). By contrast, prehension studies have mainly
investigated the effect of movement amplitude (Berthier et .
1996; Churchill et a. 2000; Gentilucci et al. 1991; Jakobson
and Goodale 1991; Kudoh et a. 1997), and fewer studies have
examined the effect of movement direction on prehension
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FIG. 6.  Maximum grip aperture as a function of movement direction in the
3 monkeys. TM, thumb middle finger grip aperture; T1, thumb index finger grip
aperture.
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movements (Connolly and Goodale 1999; Paulignan et al.
1991b, 1997). Nevertheless, Paulignan and colleagues reported
longer movement times and later and higher wrist velocity
peaks for movement with the right hand to the left direction. It
was unclear, however, whether these effects were truly due to
object position or aternatively to the longer distance that
existed between the wrist starting position and the leftmost
object. Our results in monkeys clarify thisissue. Indeed, in our
experimental set-up, the distance between the starting position
and the left and right objects was the same. The lengthened
movements and later velocity observed are therefore clearly
attributable to movement direction. Conversely, the higher
wrist velocity peaks reported in humans might have been due
to movement amplitude.

Nonsystematic effects of object location on the
grasping component

Movement direction affected the grasping component in all
three animals studied. However, the effects were either homo-
geneous or more variable across animals depending on the
kinematic parameter examined. On the one hand, as already
observed in humans (Connolly and Goodale 1999; Paulignan et
al. 1997), the animals presented the same pattern of delayed
time to maximum grip aperture for movements to the left
object location. Later grip aperture for movements to the
leftmost location, which presented the later wrist velocity peak,
may be clearly understood as a temporal coordination between
the reach and grasp channels. On the other hand, contrasting
with the effects on the latencies, the alterations in the ampli-
tude of the grip were variable. In MK1 and MK2, we observed
the smaller grip aperture for rightward movements, whereas
MKS3 displayed the highest grip aperture for this movement
direction (Fig. 6). The explanation of this inter-individual
variability in the amplitude of the grip is unclear. First, it is
unlikely due to a difference in the monkeys behavior as
examination of videotaped samples of movements indicated
that all three animals used a similar type of grip. Second, Fitt's
law (Fitt 1954) on the speed/accuracy trade-off, which predicts
a larger grip aperture for a higher wrist velocity explains the
data of MK2 and MK3 but not of MK1.

Another nonsystematic effect of object location on grip size
concerns the differential evolution of Tl and TM distances. A
change in location significantly affected Tl but not TM in
MK2, whereas the reverse was true in MK3. One possible
functional implication of this finding relates to the concept of
virtual finger, introduced by Arbib and colleagues in 1985
(Arbib et al. 1985). Namely, grasping the handle of a cup or a
mug requires one, two, or three fingers, depending on the size
of the handle. In such a condition, al fingers have the same
function, and move in conjunction as if they were a unique
finger (hencethe term virtual finger). This concept predicts that
the kinematics of the components of a virtual finger should be
identical. In line with this prediction, Castiello et al. (1993)
observed aminor difference between Tl and TM grip size (less
than 3% of the maximal grip size) when subjects grasp big
objects with a whole-hand prehension. In our case, however,
the difference between Tl and TM reached more than 12% of
the maximal grip size, suggesting that the two fingers did not
belong to a single virtual finger and might not have the same
functional role.

A. C. ROY, Y. PAULIGNAN, M. MEUNIER, AND D. BOUSSAOUD

Implications for the visuo-motor channels model of primate
prehension

The present results demonstrate that changing one of the
object’ s visual properties, whether intrinsic or extrinsic, affects
both the grasping and the reaching kinematics of monkeys
prehension movements. They thus converge with earlier find-
ingsin man (Castiello et al. 1993; Jakobson and Goodale 1991)
to refute the postulate of two strictly independent, parallel
visuo-motor channels. Rather our data in monkeys are com-
patible with the idea of two partialy independent, inter-related
channels. First, the fact that grip amplitude modulation induced
by varying object size or location differed across animals,
despite identical reaching modifications, seems to us to plead
for arelative autonomy of the grasping component. Second, the
observation that reaching and grasping variables were corre-
lated for the location, but not for the size task, is evidence for
adaptive coordination between the two channels as a function
of task constraints (Chieffi and Gentilucci 1993).

We thank H. Slimani and B. Messaoudi for expert technical assistance, J.-L.
Charieau for animal care and surgical assistance, and the anonymous referees
for helpful comments on earlier versions of the paper.

This work was supported by Centre National de la Recherche Scientifique.
A. C. Roy was supported by a fellowship from the Ministére de la Recherche
et de I’Education Nationale and by Fondation Bettencourt-Shueller.

Present address of A. C. Roy: Universita Degli Studi di Parma, Facolta di
Medicinae di Chirurgia, Istituto di Fisiologia Umana, via Volturno, 39, 43100
Parma, Italy.

REFERENCES

ARrBiB MA, IBERALL T, AND Lyons D. Coordinated control programs for
movements of the hand. Exp Brain Res Suppl 10: 111-129, 1985.

BERTHIER NE, CLIFTON RK, GuULLAPALLI V, McCaLL DD, AnD RoBIN DJ.
Visual information and object size in the control of reaching. J Mot Behav
28: 187-197, 1996.

BooTtsMA RJ, MARTENIUK RG, MACKENzIE CL, AND ZAAL FT. The speed-
accuracy trade-off in manual prehension: effect of movement amplitude,
object size and object width on kinematic characteristics. Exp Brain Res 98:
535-541, 1994.

CasTieLLo U, BENNETT KMB, AND PAULIGNAN Y. Does the type of prehension
influence the kinematics of reaching. Behav Brain Res 50: 7-15, 1992.

CasTiELLO U, BENNETT KMB, AND STELMACH GE. Reach to grasp: the natural
response to perturbation of object size. Exp Brain Res 94: 163-178, 1993.

CHIEFFI S AND GENTILUCCI M. Coordination between the transport and the
grasp component during prehension movements. Exp Brain Res 94: 471—
477, 1993.

CHURCHILL A, HoprkINs B, RONNQVIST L, AND VoeT S. Vision of the hand and
environmental context in human prehension. Exp Brain Res 134: 81-89,
2000.

ConNoLLY JD AND GoopALE MA. Therole of visua feedback of hand position
in the control of manual prehension. Exp Brain Res 125: 281-286, 1999.
Fisk JD AND GoobALE MA. The organization of eye and limbs movements
during unrestricted reaching to targets in controlateral and ipsilateral visual

space. Exp Brain Res 60: 159-178, 1985.

FiTT PM. The information capacity of the human motor system in controlling
the amplitude of movements. J Exp Psychol 47: 381-391, 1954.

Focass L, GALLESE V, Buccino G, CRAIGHERO L, FADIGA L, AND RizzZOLATTI
G. Cortical mechanism for the visua guidance of hand grasping movements
in the monkey. A reversible inactivation study. Brain 124: 571-586, 2001.

GARDNER ER, Ro JY, Desowy D, AND GHosH S. Facilitation of neuronal
activity in somatosensory and posterior parietal cortex during prehension.
Exp Brain Res 127: 329-354, 1999.

GENTILUCCI M, CASTIELLO U, CoRRADINI ML, ScarRPA M, UMILTA C, AND Rizzo-
LATTI G. Influence of different types of grasping on the transport component
of prehension movements. Neuropsychologia 29: 361-378, 1991.

GeorcorPouLos AP, KaLAskA JF, AND MAssey JT. Spatia tragjectories and
reaction times of aimed movements: effects of practice, uncertainty, and
change in target location. J Neurophysiol 46: 725-743, 1981.

J Neurophysiol « VOL 88 « SEPTEMBER 2002 « WWW.jN.0rg



REACHING AND GRASPING IN THE MONKEY

HAGGARD P AND WING AM. Coordination of hand aperture with the spatial
path of hand transport. Exp Brain Res 118: 286—292, 1998.

JakoBsoN LS AND GoopALE MA. Factors affecting higher-order movement
planning: a kinematic analysis of human prehension. Exp Brain Res 86:
199-208, 1991.

JEANNEROD M. Intersegmental coordination during reaching at natural visual
objects. In: Attention and Performance IX, edited by Long J and Baddeley
A. Hillsdale, NJ: Erlbaum, 1981, p. 153-168.

JEANNEROD M. Thetiming of natural prehension movements. J Mot Behav 16:
235-254, 1984.

JEANNEROD M. Mechanisms of visuo-motor coordination: a study in normal
and brain-damaged subjects. Neuropsychologia 24: 41-78, 1986.

JEANNEROD M. Visuo-motor channels: their integration in goal directed pre-
hension. Hum Mov Sci 18: 201218, 1999.

JEANNEROD M, ARBIB MA, RizzOLATTI G, AND SAKATA H. Grasping objects:
the cortical mechanisms of visuo-motor transformation. Trends Neurosci 18:
314-320, 1995.

JEANNEROD M AND BIGUER B. Visuo-motor mechanisms in reaching within
extrapersonal space. In: Advances in the Analysis of Visual Behavior, edited
by Ingle D, Goodale MA, and Mansfield R. Boston, MA: MIT Press, 1982,
p. 387—-409.

JUENGLING S, Bock O, AND GIRGENRATH M. The speed-accuracy trade-off in
grasping movements. Soc Neurosci Abstr 26: 2210, 2000.

KuboH, N., HATTORI, M., NUMATA, N. AND MARUYAMA, K. An analysis of
spatiotemporal variability during prehension movements: effects of object
size and distance. Exp Brain Res 117: 457—-464, 1997.

MARTENIUK RG, LEAVITT JL, MACKENzIE CL, AND ATHENES S. Functional
relationships between grasp and transport components in a prehension task.
Hum Mov i 9: 149-176, 1990.

MoN-WiLLiAMS M, AND McInTosH RD. A test between two hypotheses and a
possible third way for the control of prehension. Exp Brain Res 134:
268-273, 2000.

1499

PauLieNAN Y, FRak VG, Toni |, AND JEANNEROD M. Influence of object
position and size on human prehension movements. Exp Brain Res 114:
226-234, 1997.

PAULIGNAN Y, JEANNEROD M, MAcCKENzIE CL, AND MARTENIUK RG. Selective
perturbation of visua input during prehension movements. |l. Effects of
changing object size. Exp Brain Res 87: 407—420, 1991a.

PauLIGNAN Y, MACKENzIE CL, MARTENIUK RG, AND JEANNEROD M. Selective
perturbation of visual input during prehension movements. |. The effects of
changing object position. Exp Brain Res 83: 502-512, 1991b.

PraBLANC C, ECHALLIER JF, JEANNEROD M, AND KowmiLis E. Optimal response
of eye and hand motor systems in pointing at a visual target. Il. Static and
dynamic visua cues in the control of hand movement. Biol. Cybern 35:
183-187, 1979.

PrYDE KM, Roy EA, AND CampBELL K. Prehension in children and adults: the
effects of object size. Hum Mov Sci 17: 743-752, 1998.

RizzoLatTi G, CAMARDA R, Focass L, GentiLuccl M, Luppino G, AND
MATELLI M. Functional organization of inferior area 6 in the macaque
monkey. I1. Area F5 and the control of distal movements. Exp Brain Res 71:
491-507, 1988.

RizzoLATTI G, Focassl L, AND GaLLEsE V. Parietal Cortex: from sight to
action. Curr Opin Neurobiol 7: 562-567, 1997.

Roy AC, PaULIGNAN Y, FARNE A, Jourrrals C, AND Boussaoub D. Hand
kinematics during reaching and grasping in the macague monkey. Behav
Brain Res 117: 75-82, 2000.

SAKATA H AND TAIRA M. Parietal control of hand action. Curr Opin Neurobiol
4: 847-856, 1994.

ScotT SH AND KaLAskA JF. Reaching movements with similar hand paths but
different arm orientations. |. Activity of individual cells in motor cortex.
J Neurophysiol 826—852: 1997.

SMEeeTs JBJ AND BRENNER E. A new view on grasping. Mot Control 3:
237-271, 1999.

ZaAL FT anD BooTtsma RJ. Accuracy demands in natural prehension. Hum
Mov Sci 12: 339-345, 1993.

J Neurophysiol « VOL 88 « SEPTEMBER 2002 « WWW.jN.0rg



