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Abstract This study assessed the reach to grasp move-
ment and its adaptive response to a simultaneous pertur-
bation of object location and size. The aim was to clarify
the means by which integration between the neural path-
ways modulating transport and manipulation is achieved.
Participants (n = 11) were required to reach 30 cm to
grasp a central illuminated cylinder of either small
(0.7 cm) or large (8 cm) diameter. For a small percentage
of trials (20/100) a visual perturbation was introduced un-
expectedly at the onset of the reaching action. This con-
sisted of a shift of illumination from the central cylinder
to a cylinder of differing diameter (large in session A;
small in session B) that was positioned 20° to the left
(n = 10 trials) or to the right (n = 10) of the central cylin-
der. The subject was required to grasp the newly illumi-
nated cylinder. Movement duration for these “double”
(position and size) perturbed trials was much longer than
those of control trials to the central cylinder (session A:
by an average of 250 ms; session B: 180 ms), and the in-
creased values were much greater than those reported pre-
viously in “single” perturbation studies where either size
or location of the object was perturbed. Initial signs of a
response to the “double” perturbation were seen almost si-
multaneously in the transport parameter of peak arm de-
celeration and in the manipulation parameter of maximum
grip aperture, but these changes were not evident until
more than 400 ms after movement onset, a response onset
much later than that found in “single” perturbation stud-
ies. It is proposed that the visual change resultant from
the double perturbation activates integration centres that
at first gate the flow of information to the parallel chan-
nels of transport and manipulation. Following processing
of this information, these centres act to instigate a syn-
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chronised and coordinated response in both components.
These results add support to the existence of neural cen-
tres dedicated to the integration of parallel neural path-
ways, and which exercise flexibility in the degree to
which these components are “coupled” functionally.
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Introduction

The everyday action of reaching to grasp an object is
commonly described in terms of a proximodistal distinc-
tion. The reaching and positioning actions, effected by up-
per arm and forearm musculature, are subserved by cen-
tral nervous system visuomotor mechanisms that are
largely independent of mechanisms subserving the hand
and digit opening and closing upon the object for its
grasp. With this description the two neural channels,
transport and manipulation, are said to be activated simul-
taneously and in parallel (“channel” hypothesis of Jeanne-
rod 1981, 1984), being coupled functionally for the goal-
directed action by a higher-order coordinative structure
(Jeannerod 1994; Paulignan et al. 1991a, b; Hoff and Ar-
bib 1993). The “transport” channel is said to extract infor-
mation about the spatial location of the object for trans-
formation into motor patterns that bring the hand appro-
priately towards the object. The “manipulation” channel
extracts information about the intrinsic properties of the
object (such as size and shape) for the determination of
a suitable grasping pattern.

Many behavioural studies of the kinematics of the hu-
man reach to grasp movement have tested the hypothesis
that the two modules, transport and manipulation, are op-
erationalised through separate neural channels. An ap-
proach common to many of these studies is that of at-
tempting to choose experimental conditions that exert ef-
fects upon only one visuomotor channel. Thus, because
arm transport serves the function of bringing the hand
to the target object, its neural channel could be proposed
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to be more affected by changing the object’s spatial loca-
tion. Indeed, if the same object is presented at different
locations, parameterisation of the manipulation compo-
nent remains constant (Castiello 1996). In contrast,
changing the intrinsic properties of the object, in an at-
tempt to isolate the visuomotor channel subserving ma-
nipulation, affects both components. For example, veloc-
ity of the reaching arm is generally lower and the duration
of its deceleration time longer for objects that are per-
ceived to require greater precision (small, delicate, etc.)
than for objects requiring less precision handling (for re-
view see Weir 1994).

The means by which the two components are coupled
functionally, if indeed they can be considered as separate
visuomotor channels, remains unclear. The results from
studies that have assessed how the two components are
coordinated in time suggest, generally, that the coupling
can be described as “loose”. For example, significant cor-
relations between temporal parameters of the transport
component (e.g. maximum deceleration of the reaching
arm) and parameters of the manipulation component
(e.g. maximum hand aperture) are sometimes found
across a wide range of experimental conditions and partic-
ipant types. Overall it appears that the “neural talking”, or
the degree to which the channels communicate during op-
eration, is flexible, with stronger coupling being evident
in particular participant groups, such as the elderly (Ben-
nett and Castiello 1994) or blind subjects (Castiello et al.
1993).

Studies that change the characteristics of the object be-
tween trials but present the same object prior to and dur-
ing the action of reaching to grasp share the characteristic
of giving participants full visual information prior to trial
onset. This means that it is not possible to assume confi-
dently that a given neural channel is not affected by an
object change, as sufficient time is given prior to move-
ment onset for compensatory adjustments. The use of per-
turbation paradigms has served to address the issue of
how a pre-planned action is adjusted in response to an un-
expected change in the intrinsic or extrinsic characteris-
tics of the target object. By observing the impact of a per-
turbation that is intended to disturb only one channel, in-
ferences about the degree of differential processing can be
made. Thus, if a perturbation directed primarily at one
component affects only the targeted rather than the non-
targeted component greater confidence can be placed up-
on the assumption of channel independence. Conversely,
if effects are observed in both channels when only one is
targeted the implication is that information derived from
the perturbation accesses both channels, simultaneously
or in sequence, or that it activates neural centres common
to or shared by both channels. It could also lend support to
the rejection of “channel” theory, and acceptance of the
notion that grasp and reach are coordinated in common
integrative units (Jakobson and Goodale 1991; Haggard
and Wing 1995; Desmurget et al. 1996).

To target a perturbation at the transport component the
spatial location of the object to be grasped is unexpected-
ly changed. Paulignan et al. (1991a; see also Castiello et

al. 1991; Gentilucci et al. 1992) employed such a para-
digm. The usual target to reach and grasp was the central
cylinder of three placed directly in front of the participant
on a table. Perturbation was achieved by unexpectedly
shifting illumination (20% of trials) at reaching move-
ment onset from this central to one of the laterally placed
cylinders. As expected, the spatial and temporal parame-
terisation of the transport component reflected disruption
to the planned action, with the earliest behavioural change
manifest in the parameter of maximum arm acceleration,
on average, 100 ms after movement initiation. Of partic-
ular interest, however, was the finding of changes to the
manipulation component despite the fact that the intrinsic
properties had not been altered. Shortly before the reach-
ing arm began to veer towards the new target location (at
an average of 275 ms) the hand reached a maximum ap-
erture (at an average of 217 ms) that was of lower magni-
tude and earlier than the peak of non-perturbed trials. Fol-
lowing this peak the hand began to close slightly before
reopening and re-closing for the final grasp. In other
words, information derived from the perturbation had ac-
cessed both channels — a result which is in accordance
with the findings of Haggard and Wing (1995) for a me-
chanical, as opposed to a perceptual, perturbation of the
reaching action.

To target perturbation at the manipulation component,
an intrinsic property can be changed prior to or during the
action. For example, in experiments by Paulignan et al.
(1991b; see also Castiello and Jeannerod 1991; Castiello
et al. 1992, 1993) the size of the target object was per-
turbed. Participants were presented with two targets: a
small-diameter cylinder inserted vertically into the centre
of a slightly shorter large-diameter cylinder. Using light-
emitting diodes implanted in the supporting table surface,
either cylinder could be selectively illuminated. Perturba-
tions (20% of trials) could be achieved by shifting this il-
lumination at the onset of the reaching action, from the
small to the large cylinder or vice versa. Once again,
the results supported the concept of shared processing.
Not only did the timing and magnitude of hand aperture
reflect the introduction of perturbation, but changes to
the transport component were evident during the deceler-
ation phase of the movement. In particular, the time of
reaching arm peak deceleration was earlier (Castiello et
al. 1992, 1993) and deceleration time was longer for per-
turbed than for non-perturbed trials (Paulignan et al.
1991b).

Results from studies that have attempted to isolate the
perturbation to one channel give confidence to the con-
cept of neural communication between the two channels,
and to the idea that this neural cross-talk may act in a se-
quential mode. A given channel appears to show earlier
changes when it is targeted than when it is not the prime
intended target. Thus, the response to a perturbation of the
transport component is first manifest in the acceleration,
or early, phase of the reach, followed by changes in the
manipulation component. Conversely, the response of
the transport component to a perturbation of the manipu-
lation component is in the deceleration phase as the hand



hones in upon the object. In processing terms such results
suggest that the visual change information resulting from
perturbation influences primarily the targeted channel but
can be forwarded to influence the non-targeted channel.
Such interchannel transmission can be proposed to oper-
ate through separate channels — one from the transport
to the manipulation visuomotor channel, the other from
the manipulation to the transport (see Haggard 1994) —
or through a neural module, or synchronising centre,
which can be accessed by both channels. This module
can be conceptualised as being dedicated to the transmis-
sion, and possibly processing and filtering, of information
that is relevant to both channels.

In the current study perturbation is targeted at both
channels by changing both the position and the size of
the object at the onset of the reaching movement. The
aim is to clarify the means by which cross-talk between
the visuomotor pathways is achieved. If interchannel
transmission channels are independent the expectation
would be for evidence of adjustments in both the acceler-
ation and deceleration phases of both components, and im-
plementation of the entire reach to grasp action within a
duration similar to that observed when only one compo-
nent is targeted (approximately 80-200 ms greater than
the movement duration of non-perturbed trials). In other
words, the transmission of information from, say, transport
to manipulation channels would not be subject to interfer-
ence from the transmission of information from manipula-
tion to transport channels. In contrast, if information is
transferred through a shared neural centre, the expectation
would be for some evidence of processing overload as the
two components compete for similar resources.

Materials and methods

Participants

Twelve university students (6 female, 6 male; aged 24-30 years)
volunteered to participate, but data from one participant were dis-
carded due to abnormally noisy signals. All participants showed
right hand dominance (Edinburgh Inventory: Oldfield 1971) and
were naive as to the experimental design or purpose. None reported
visual or psychomotor dysfunction.

Apparatus

The working surface was a semicircular table the surface of which
was implanted with concentric rows of light-emitting diodes
(LEDs). The participant was seated on a height-adjustable chair so
that the thorax pressed gently against the front edge of the table
and the feet were supported. A pressure-sensitive starting switch
was positioned 10 cm anterior to the mid-line of the participant’s
thorax. With the hypothenar eminence of the right hand placed upon
this switch, the starting position was slight shoulder flexion and 70—
80° of internal rotation, 90° of elbow flexion, semipronation of the
forearm, 5—10° wrist extension and opposition between the pads of
the index finger and thumb.

Reflective passive markers (0.25 cm diameter) were attached to
the following points of the reaching limb: (a) wrist — radial aspect of
the distal styloid process of the radius; (b) index finger — radial side
of the nail; and (c) thumb — ulnar side of the nail. Movements were
recorded with the ELITE system (Ferrigno and Pedotti 1985). This
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Fig.1 The experimental setup
showing a view of the partici-
pant from above and behind the
working surface. In session A
the stimulus array consisted of a
small diameter cylinder 30 cm
directly in front of the partici-
pant, and two large diameter
cylinders, one 20° to the left and
one 20° to the right of this cen-
tral cylinder. In session B, the
array consisted of a large diam-
eter cylinder placed centrally,
and small diameter cylinders
placed laterally. (Note: this dia-
gram is not drawn to scale)

Session A

Session B

consisted of two infra-red cameras (sampling rate 100 Hz) inclined
at an angle of 30° to the vertical, and placed 3 m in front of the table
and 3 m apart. The calibrated working space was a parallelepiped
(length 60 cm, breadth 30 cm, height 60 cm) from which the spatial
error measured from stationary and moving stimuli was 0.4 mm. Co-
ordinates of the markers were reconstructed with an accuracy of 1/
3000 over the field of view and sent to a host computer (Pentium).
The SD of the reconstruction error was 1/3000 for the vertical (Y)
axis and 1.4/3000 for the two horizontal (X and Z) axes.

The target stimuli were three translucent Perspex cylinders
placed vertically upon the table surface above the implanted LEDs.
One, the central cylinder, was placed 30 cm directly in front of the
starting switch. The other cylinders were placed 20° to the right and
left of the mid-sagittal plane, 30 cm from the switch. Each cylinder
could be selectively illuminated in pink/red hues by computer acti-
vation of the underlying LEDs. In the case of the small cylinder one
underlying LED was activated; in the case of the large cylinder three
LEDs were activated. Two types of cylinders were employed. The
small cylinder was of diameter 0.7 cm, height 10 cm and weight
9 g. The large cylinder was of diameter 8§ cm, height 8 cm and
weight 202 g. For perturbed trials (see later) these differences in di-
ameter, height and weight would all contribute to the necessity of
recruiting a different grasp from that initially employed at move-
ment onset.

Two target object configurations were presented (Fig. 1). In one
(session A), a small cylinder was placed centrally and large cylin-
ders were placed laterally to the left and right. In the other (session
B), a large cylinder was placed centrally and small cylinders were
placed in the two lateral positions. Perceptual perturbation of both
object size and position could be achieved by deactivating the
LED(s) under the central cylinder, to extinguish illumination, while
activating simultaneously the LED(s) under a lateral cylinder so that
it became illuminated. For a low percentage of trials (see Proce-
dure), release of the starting switch activated the computer control
of this shift in illumination.
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Procedure

To avoid fatigue and lack of concentration/attention, each partici-
pant performed two experimental sessions (A and B) conducted at
the same time of day on separate days over a 1-week period. The
order of sessions was counterbalanced across participants. The ana-
tomical landmarks for the markers were dotted with indelible ink to
ensure that the same points were recorded across sessions.

At the beginning of each session, the experimental requirements
were explained. The participant was informed that shortly after po-
sitioning the hand upon the starting switch a tone would be heard to
indicate that a cylinder would become illuminated soon after. The
instruction was to begin the movement as soon as a cylinder became
illuminated, and then reach for, grasp and lift the illuminated cylin-
der a small distance off the table. The participant was advised to per-
form the movement without undue emphasis on speed or on the
demonstration of high performance. No instructions were given as
to the type of grasp to adopt for each size of cylinder. Prior to
blocked trials each participant was informed that only one cylinder
would be illuminated for a series of trials. Prior to control/perturbed
trials the participant was informed that for most trials the central cyl-
inder would be illuminated but that for some trials illumination
could change unexpectedly, and that, in this case, the requirement
was to grasp the cylinder that became illuminated.

From each of the two sessions, 130 trials were recorded. At the
beginning of each trial the participant placed the hand on the starting
switch and the experimenter initiated a computer-generated tone
(880 Hz; duration 250 ms). To reduce expectancy and rhythmical ef-
fects, the duration between this tone and subsequent illumination of a
cylinder was randomly set at 500, 1000, 1500 or 2000 ms. Data ac-
quisition began with illumination of the cylinder and continued until
after the cylinder had been lifted. The experimenter was given com-
puter screen feedback of the three-dimensional position of each
marker; if one marker was “missing” (indicating that the cameras
were not detecting the signal) during task performance the trial
was manually discarded. Following each trial, the cylinder was re-
placed in its original position by the experimenter. Experimentation
continued until the required number of successful trials was collect-
ed.

Prior to each recording session the participants were given 10
practice trials, including one example of a perturbation. During this
practice session, all participants naturally adopted a precision grip
(PG, opposition between the index finger and thumb) to grasp the
small cylinder and whole hand prehension (WHP, all fingers oppos-
ing the thumb) to grasp the large cylinder.

During both sessions four sets of trial types were presented. All
three cylinders were placed on the table to ensure consistency of vi-
sual display. The sets were as follows: (a) blocked central cylinder,
(b) blocked lateral right cylinder, (c) blocked lateral left cylinder,
and (d) control/perturbed trials. The order of set presentation was
counterbalanced across participants. For each blocked set (a, b, ¢),
ten trials were performed to the same cylinder, in session A the cen-
tral cylinder being of small diameter and both lateral cylinders being
of large diameter, and in session B the central cylinder being of large
diameter and both lateral cylinders being of small diameter. For the
control/perturbed set (d) 100 trials were conducted, 80 of these be-
ing control trials to the central cylinder and 20 being perturbed trials,
ten to the left and ten to the right cylinder. The perturbed trials were
randomly interspersed with the control trials. In session A the pertur-
bation was thus from a small central cylinder to one of the lateral
large cylinders. In session B the perturbation was from a large cen-
tral cylinder to one of the small lateral cylinders.

Data processing and analysis

The ELIGRASP (BITISI 1994) software package was used to assess
the data. This gave a three-dimensional reconstruction of the marker
positions. The data were then filtered using a finite impulse response
(FIR) linear filter-transition band of 1 Hz (sharpening variable = 2;
D’Amico and Ferrigno 1990, 1992). The transport component was
assessed by analysing the trajectory, velocity and acceleration pro-

files of the wrist marker. The manipulation component was assessed
by analysing the trajectory of each of the hand markers, and the dis-
tance between these two markers. Movement initiation time, so
called because no emphasis was placed on a rapid response, was tak-
en from release of the starting switch. The end of the movement was
taken as the time when the fingers closed on the cylinder and there
was no further change in the distance between the index finger and
thumb. The period following this, during which the cylinder was lift-
ed, was not assessed.

The dependent variables were (a) initiation time, (b) movement
duration, (c) transport component parameters — times to peak veloc-
ity, peak acceleration, peak deceleration of the wrist marker, and the
amplitudes of these peaks (amplitude peak velocity, amplitude peak
acceleration and amplitude peak deceleration, respectively) — and
(d) manipulation component parameters — time to maximum grip ap-
erture and amplitude of maximum finger aperture. Each temporal
value of the transport and manipulation component was also calcu-
lated as a percentage of movement duration (relative values).

Mean values (absolute and relative) of each measure for each par-
ticipant were entered into analyses of variance (ANOV As; 0.05 alpha
level of significance). Post hoc contrasts were conducted using the
Newman-Keuls procedure. For each session three repeated measures
ANOVAs were conducted with the independent variable being “Trial
Type’. In one analysis (three levels) the comparison was between
central control (ten trials randomly selected from 80), perturbed right
and perturbed left trials. Thus in the case of session A, trials to the
small central cylinder were compared with perturbed trials to the
large lateral cylinders. In the case of session B, trials to the large cen-
tral cylinder were compared with perturbed trials to the small lateral
cylinders. This analysis was conducted to assess the effect of the dou-
ble perturbation upon movement kinematics. A second analysis (two
levels) compared central blocked trials with central control trials to
determine whether the participant’s knowledge of the possibility of
perturbation affected performance. A third analysis (two levels) com-
pared blocked right with blocked left trials to assess the difference
between trials performed to an ipsilateral target and those performed
to a contralateral target.

Perturbed trials were characterised by a double step movement,
evident for both transport and manipulation parameters (see Results),
whereby the first movement was halted and a secondary movement
initiated. For the dependent variables measured from the secondary
movements (times and amplitudes of peak wrist velocity, accelera-
tion and deceleration, and of peak grip aperture) a comparison was
performed only between perturbed right and perturbed left trials giv-
en that control trials did not show such a patterning. The onset of the
second movement was determined from the velocity and grip aper-
ture profiles, being taken arbitrarily as the minimal value between
the first and second peaks that preceded a clear rise to peak.

Results

For all parameters and in both sessions A and B, no dif-
ferences were detected between central control and cen-
tral blocked trials, indicating that the expectation of per-
turbation did not affect the results. A comparison between
the first ten control trials and the last ten control trials of
each session showed no differences, suggesting that fa-
tigue effects were absent. The following sections present
the results separately for sessions A and B.

Session A (small central cylinder; large lateral cylinders)

Comparison between control and perturbed trials

Means, standard deviations and results from the statistical
analyses are presented in Table 1.



Table 1 Means (and standard deviations) of kinematic parameters together with significant ANOVA results

rameters, ANOVA results are for relative values unless indicated)
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: session A. (For temporal pa-

Control
Central small

Perturbed

To large left

To large right

F value and significance

Movement duration (ms)
Transport component

Time to peak acceleration (ms & %)
Time to peak velocity (ms & %)
Time to peak deceleration (ms & %)
Amplitude of peak acceleration (mm/s?)
Amplitude of peak velocity (mm/s)
Amplitude of peak deceleration (mm/s?)
Secondary movement

Time to 2nd peak acceleration (ms & %)
Time to 2nd peak velocity (ms & %)
Time to 2nd peak deceleration (mm/s?)
Amplitude of 2nd peak velocity (mm/s)
Amplitude of 2nd peak acceleration  (mm/s)*

Amplitude of 2nd peak of deceleration (mm/s?)

Manipulation component

748 (139)

154 (44) 20 (4)

326 (81) 43 (3)

461 (99) 61 (5)
4657 (1976)
783 (202)
3282 (1226)

993 (112)

160 (36) 16 (3)

329 (80) 33 (6)

432 (86) 43 (7)
4445 (1949)
725 (196)
4251 (1513)

549 (73) 53 (5)
648 (61) 65 (3)
764 (91)
500 (67)
3375 (1870)
2682 (1235)

452 (174) 45 (14)

999 (107)

163 (47) 16 (3)

303 (42) 30 (2)

416 (45) 42 (3)
4900 (2269)
750 (208)
5458 (1772)

571 (66) 57 (6)
681 (59) 68 (2)
766 (76)
566 (80)
4623 (1394)
3414 (801)

474 (131) 48 (14)

F(2720)=12.27, P<0.0001

F(2720)=8.26, P<0.05
Fi2.20=29.89, P<0.0001
F(2720)=41.95, P<0.0001
n.s.

n.s.
F2,0=14.89, P<0.0001

F(|710)=4.8, P<0.05
F(1’10)=4.94, P<005
n.s.

n.s.

F(1’10)=5.26, P<005
F(|7]0)=5.68, P<0.05

F(2720)=3.76, P<0.05

Time to peak grip aperture (ms & %) 427 (102) 57 (11)
Amplitude of peak grip aperture (mm) 60 (17)
Secondary movement

Time to 2nd peak grip aperture (ms & %)

Amplitude of 2nd peak grip aperture  (mm)

96 (29) 98 (20) F220=38.41 P<0.0001

760 (62) 78 (6)
103 (12)

853 (98) 82 (5)
108 (8)

F(1,10=8.05, P<0.05 (abs)

Movement Duration
(milliseconds)

009
0001

®
S
S

Central S

Pert CS—RB )

Pert CS—LB

Central B

Pert CB—RS'

Pert CB— LS|

Fig.2 Average values for the parameter of movement duration for
perturbed and control trials in session A (above) and session B (be-
low). Central control trials to central cylinder, Pert perturbed trials,
C central, § small cylinder, B large cylinder, R right, L left. The ar-
row indicates the direction of the perturbation, e.g. CS — RB refers
to trials where illumination shifted from the small central cylinder to
the right large cylinder. Note the significantly longer movement du-
rations for perturbed trials

On average, movement duration was 248 ms longer for
perturbed than for control trials (996 vs 748 ms; Fig. 2).
Kinematics of the reaching action showed differences in
relative terms, with the first peaks of wrist acceleration,
velocity and deceleration all being earlier for perturbed
than for control trials (acceleration: 16% vs 20%; veloci-
ty: 31.5% vs 43%; deceleration: 42.5% vs 61%). The ab-

solute values of these parameters showed no significant
differences. The amplitude of the first peak of decelera-
tion was greater for perturbed than for control trials
(4855 vs 3282 mm/s?). In absolute temporal terms, this
peak occurred at an average of 424 ms (Fig. 3).

Deceleration time, the time from peak arm velocity to
the end of the movement, was absolutely and relatively
longer for perturbed than for control trials (659 vs
385 ms; 65.5% vs 52%). Kinematics of the hand open-
ing/closing action showed differences, but again only in
relative terms, with the first peak of grip aperture occur-
ring at an average of 46.5% for perturbed trials but at
57% for control trials. In absolute terms this parameter
occurred at an average of 463 ms for perturbed trials
(Fig. 3). The amplitude of this aperture was significantly
greater for perturbed (97 mm) than for control trials
(60 mm).

All participants showed secondary movements for per-
turbed trials. This was evidenced by second peaks of ac-
celeration (at 55% of movement duration), velocity
(66.5%) and deceleration (76%), and a second peak on
the grip aperture profile that was of 105.5 mm, and at
an average of 80% of movement duration (Fig. 4).

Movement duration and the relative times of the first
movement’s kinematic parameters did not differ accord-
ing to the direction of perturbation to the large cylinder.
However, there were some differences, particularly with
regard to later phases of the perturbed transport action.
Deceleration time of the reaching arm was relatively lon-
ger, and the amplitude of the first peak of deceleration
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Fig.3 Average times at which a response to perturbation was first
observed in the transport (black rods) and manipulation (white rods)
components. Pert perturbed trials, C central, S small cylinder, B
large, R right, L left. The arrow indicates the direction of the pertur-
bation, e.g. CS — RB refers to trials where illumination shifted from
the small central cylinder to the right large cylinder. Note that re-
sponses to perturbation do not occur until more than 400 ms after
reaching onset. For both types of perturbation the change was noted
in peak arm deceleration (transport component) and in the aperture
between the thumb and index finger

n

800

Wrist Velocity (mm/s)

120 -

Amplitude Grip Aperture (mm)

0 1000
Time (ms)

Fig.4 An example of submovements in both the transport (velocity
profile) and manipulation (aperture profile) components with the
perturbation from small central cylinder to large right lateral cylin-
der (participant 6)

greater, for right (68% and 5458 mm/s? respectively) than
for left (63% and 4251 mm/s?) perturbations (Ps < 0.05).
The amplitudes of the second peaks of acceleration and
deceleration were also greater for right (4623 mm/s’
and 3414 mm/s?, respectively) than for left (3375 mm/s’
and 2682 mm/s?) perturbations, and the second peaks of
arm acceleration and velocity were earlier for right
(53% and 65%, respectively) than for left (57% and
68%) perturbations. Parameters of the manipulation com-
ponent showed no differences according to direction.

Coordination between the two components

Analyses were performed to determine the degree to
which the two components were correlated in time. For
control trials to the small cylinder four participants (P7,
P8, P10, P11) showed significant correlation between
the peaks of arm deceleration and peak grip aperture.
The left section of Table 2 (session A) shows the results
for the perturbed trials (collapsed according to direction
of perturbation). For the first movement, four of the 11
participants showed significant correlation between the
time of the first peak of reaching arm deceleration and
the time of the first peak in grip aperture. Interestingly,
when analysing the same parameters for the submove-
ment, a greater number of participants (nine) showed sig-
nificant correlation, and the mean relative timings of these
two parameters were quite similar (second peak decelera-
tion = 76%; second peak grip aperture = 80% of move-
ment duration).

Correlation between the onset times of the transport
(onset of second velocity peak) and manipulation (onset
of second hand opening) submovements were also found
for nine of 11 subjects, and the timing of these onsets
were similar with velocity onset occurring at an average
of 486 ms, 48.5% of movement duration, and grip open-
ing beginning at an average of 492 ms, 49.5% of move-
ment duration.

In summary, and considering all parameter pairs in this
correlational analysis, all but one participant (P2) showed
significant correlation between the two components of
perturbed trials.

Comparison between right and left blocked trials

Movement duration was longer for left than for right
blocked trials (756 vs 682 ms, respectively;
Fi10=2491, P < 0.001). In absolute terms, the times
of peak arm velocity and deceleration were later for ac-
tions directed to the left than for those directed to the right
(velocity: 337 vs 292 ms, F 1o = 30.15, P < 0.0001; de-
celeration: 461 vs 413 ms, F; 10 = 11.33, P < 0.01). No
differences were found for the relative values. For the ma-
nipulation component, the amplitude of maximum hand
opening was lower when reaching for the left as opposed
to the right cylinder (104 vs 114 mm; Fi 90 = 29.74,
P < 0.0001).



37

Table 2 Results of correlational

analysis of perturbed trials. p Session A Session B

Values are the standardised

Pearson-product moment corre- TPDI-TGAl n  OV2-OG2 TPD2-TGA2 TPDI-TGAl n  OV2-OG2 TPD2-TGA2

lation coefficients (P participant

number, n number of trials with 1 0.63 20 0.74 - - 17 0.77 -

2nd grip aperture peak, TPD 2 - 20 - - - 0 - -

time to peak arm deceleration, 3 - 20 0.93 0.76 0.85 19 0.92 0.85

TGA time to peak grip aperture, 4  0.77 20 0.82 0.88 0.84 8 - -

1 first movement, 2 submove- 5 082 20 - 0.92 - 6 0.81 0.67

ment, OV onset of 2nd velocity 6 - 20 092 0.79 - 13 0.7 0.58

peak, OO onset of 2nd hand 7 - 20 0.78 0.82 - 7 - —

opening) 8 - 20 092 0.95 - 7 - 0.91

9 094 20 0.88 0.96 0.75 18 0.85 0.74

10 - 20 0.9 - 0.82 16 0.95 0.63
1 - 20 091 - - 2 - -

Table 3 Means (and standard deviations) of kinematic parameters together with significant ANOVA results

rameters, ANOVA results are for relative values unless indicated)

: session B. (For temporal pa-

Control Perturbed F value and significance
Central large
To large left To small right

Movement duration (ms) 758 (118) 945 (114) 932 (138) F00=31.23, P<0.0001
Transport component
Time to peak acceleration (ms & %) 180 (75) 23 (6) 168 (57) 17 (4) 155 (40) 16 (4) F(220=15.40, P<0.0001
Time to peak velocity (ms & %) 349 (84) 45 (5) 318 (69) 32 (4) 304 (58) 33 (3) F(220=74.82, P<0.0001
Time to peak deceleration (ms & %) 492 (118)64 (7) 438 (142)42 (3) 408 (92) 45 (4) F(220=97.72, P<0.0001
Amplitude of peak acceleration (mm/s?) 4994 (2157) 4752 (1860) 4838 (2282) n.s.
Amplitude of peak velocity (mm/s) 804 (170) 728 (186) 718 (222) n.s.
Amplitude of peak deceleration (mm/s?) 3492 (1263) 4473 (1886) 5085 (1730) F2,20=9.75, P<0.0001
Secondary movement
Time to 2nd peak acceleration (ms & %) 509 (59) 52 (3) 550 (78) 57 (5) Fq,10=4.76, P<0.05
Time to 2nd peak velocity (ms & %) 581 (70) 61 (3) 624 (70) 67 (3) F(1,10=32.82, P<0.0001
Time to 2nd peak deceleration (mm/s?) 672 (47) 721 (90) n.s.
Amplitude of 2nd peak velocity (mm/s) 3900 (1668) 3842 (1545) n.s.
Amplitude of 2nd peak acceleration  (mm/s?) 537 (71) 440 (81) n.s.
Amplitude of 2nd peak of deceleration (mm/s?) 2784 (1033) 3020 (1201) n.s.
Manipulation component
Time to peak grip aperture (ms & %) 497 (79) 23 (6) 410(59) 17 (4) 416 (64) 16 (6) F(220=15.40, P<0.0001
Amplitude of peak grip aperture (mm) 97 (29) 71 (23) 78 (20) F200=27.71, P<0.0001
Secondary movement
Time to 2nd peak grip aperture (ms & %) 686 (95) 71 (6) 706 (106)74 (9) n.s.
Amplitude of 2nd peak grip aperture  (mm) 57 (19) 64 (9) n.s.

Session B (large central cylinder; small lateral cylinders)
Comparison between control and perturbed trials

Means, standard deviations and results from the statistical
analyses are presented in Table 3.

As was found for session A, movement duration was
longer (by around 180 ms) for perturbed than for control
trials (938.5 vs 758 ms; Fig. 2). Again, kinematics of the
reaching action showed differences in relative but not ab-
solute terms. The peaks of arm acceleration, velocity and
deceleration were all relatively earlier for perturbed than
for control trials (acceleration: 16.5% vs 23%; velocity:
31% vs 46%; deceleration: 43% vs 65%). The amplitude
of the first peak of deceleration (occurring at an average

of 423 ms; Fig. 3) was greater for perturbed (4937 mm/
s2) than for control trials (3492 mm/s?) and deceleration
time was once again longer for the former than the latter
trials (65% vs 49%). For the manipulation component, the
peak of grip aperture (occurring at an average absolute
value of 413 ms; Fig. 3) was relatively earlier and of low-
er amplitude for perturbed than for control trials (44% vs
65% and 74.5 mm vs 97 mm, respectively).

Secondary movements were again evident for per-
turbed trials. The second peaks of acceleration, velocity
and deceleration of the transport component (evident for
all trials of all participants) occurred, on average, at
54.5%, 64% and 73% of movement duration, respective-
ly. For some perturbed trials (49%), a second peak was
also evident on the grip aperture profile. The number of
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trials demonstrating this second peak is shown in Table 2
(right section; session B). The second peak showed an av-
erage amplitude of 60.5 mm (around 14 mm less than the
first peak grip aperture) and occurred at 72.5% of move-
ment duration.

As for session A, movement duration and the relative
times of early kinematic parameters did not differ accord-
ing to the direction of perturbation to the small cylinder,
but some differences were evident in the later movement
stages. Reaching deceleration time was relatively longer,
and the amplitude of the first peak of deceleration greater,
for right (67% and 5085 mm/s” respectively) than for left
(63% and 4473 mm/s?) perturbations (P; < 0.05). The
temporal parameters of peak acceleration and peak veloc-
ity of the second movement’s transport component were
later for perturbed right than for perturbed left trials (ac-
celeration: 57% vs 52%, respectively; peak velocity: 67%
vs 61%) and peak deceleration showed a non-significant
trend in the same direction (70% vs 76%). Parameters
of the manipulation component showed no differences ac-
cording to direction.

Coordination between the two components

For control trials to the large cylinder, eight participants
(excluding P2, P4 and P9) showed significant correlation
between the peaks of arm deceleration and grip aperture.
The right section of Table 2 shows the results for the per-
turbed trials. For the first movement, and as also found for
session A, four of the 11 participants showed significant
correlation between the time of peak reaching arm decel-
eration and the time of the first maximum grip aperture.
As also found for session A perturbed trials, the number
of participants with significant correlation between peak
deceleration and peak grip aperture was greater for the
submovement (6/11).

Six subjects showed correlation between the onset of
the second velocity peak and the onset of the second hand
opening; however, unlike the findings for session A, the
onset times were not similar, with velocity onset at an av-
erage of 477 ms (51% of movement duration) and second
grip opening at an average of 458 ms (59.5%). This may
reflect measurement difficulties in determining the onset
time of the second grip opening (going from a large to
a small object there is a continuum in the grip aperture
profile as the hand closes).

In summary, and considering all parameter pairs in this
correlational analysis, all but three participants (P2, P7
and P11) showed significant correlation between the
two components in perturbed trials.

Comparison between right and left blocked trials

As found for session A, movement duration was longer
for blocked trials to the left than for those to the right
(774 vs 690 ms; F 19 = 36.24, P < 0.0001). Differences
were again found with the absolute but not the relative

temporal values of the transport component. The times
of peak arm velocity and deceleration were later for ac-
tions directed to the left than for those directed to the right
(velocity: 345 vs 293 ms, F 19 = 26.77, P < 0.0001; de-
celeration: 483 vs 421 ms, Fy 10 =31.67, P < 0.0001). For
the manipulation component, maximum grip aperture was
later for left than for right blocked trials (460 vs 423 ms;
F110=36.24, P < 0.01), and of lower amplitude for the
former trial types (51 vs 63 mm; Fy 10 =17.34, P < 0.002).

Discussion

In this study, participants were presented with a central
target that they were required to reach towards and grasp.
For 20% of trials, and at the onset of movement to the ini-
tially processed stimulus, the location and size of the tar-
get to grasp was altered, requiring that the participant
modify the initially recruited motor pattern. This type of
“double” perturbation is used in an attempt to target both
transport and manipulation visuomotor channels, in con-
trast to the single-channel focus in previous perturbation
studies. The aim is to clarify the means by which cross-
talk between the simultaneously activated channels is
achieved under conditions that place demands upon the
on-line execution of both channels.

The main results of this study are (1) that movement
duration of perturbed trials is much longer than that of
control trials, (2) that the response to perturbation is in
both the transport and manipulation components, and al-
most synchronous, and (3) that this response is late
(400-460 ms after the introduction of the perturbation).

Discussion of these results will focus on various mod-
els of the neural mechanisms underlying the organisation
of reach and grasp movements. One model is that the
channel for transport operates independently of that for
manipulation (Jeannerod 1981). The results do not sup-
port this model. Movement duration is well above that
which might be expected if two channels reacted indepen-
dently to the perturbation. Further the response to pertur-
bation is not simply a combination of responses to “sin-
gle” perturbations; for example, with both adjustments
to the acceleration phase of the action, reminiscent of
the response to a perturbation of object location (Paulig-
nan et al. 1991a; Castiello et al. 1991; Gentilucci et al.
1992), and adjustments to the deceleration phase, reminis-
cent of the response to a perturbation of object size (Pau-
lignan et al. 1991b; Castiello and Jeannerod 1991; Casti-
ello et al. 1992, 1993).

Another model is that the transport channel communi-
cates with that of manipulation in a sequential mode. This
could explain the “additive” increase in movement dura-
tion — processing occurring first in one and then in the
other channel. In fact, using the results from studies that
have found increases of movement duration under pertur-
bation conditions (although this is not always the case: see
Desmurget et al. 1996), the increase in movement dura-
tion of around 250 ms for perturbed trials of the current
study is remarkably similar to the value obtained by add-



ing a “location perturbation” movement duration increase
value (of around 100 ms; Paulignan et al. 1991a; Castiello
et al. 1991; Gentilucci et al. 1992) to a “size perturbation”
increase value (80—170 ms; Paulignan et al. 1991b; Casti-
ello and Jeannerod 1991; Castiello et al. 1992, 1993). This
effect occurs despite differences in the experimental par-
adigms such as the extent of directional change. However,
the late concurrent response in both components argues
against a sequential mode of processing.

The results favour a model that incorporates common
processing. One way of viewing this is that communica-
tion between the channels is achieved by a processing
centre common to both channels. An alternative view is
that the processing of grasp and transport is coordinated
in an integrated centre rather than via two channels that
communicate. In this latter model, the two functions
may be recruited to varying degrees, at various times
and with a varying degree of cross-coordination according
to specifications dictated by the integrating centre. The
current study does not allow support for one over the oth-
er of these common processing centre options.

The late response to perturbation, together with the
very long movement duration, could suggest overloading
of the common processing centre. However, the absence
of obvious errors in movement performance, the evidence
for a distinction between contralateral and ipsilateral
movements even for perturbed trials (Prablanc et al.
1979; Fisk and Goodale 1985), and the synchronous na-
ture of the response more suggest a controlled response
to perturbation. In particular, this control appears to con-
sist of gating, information processing and timing/coordi-
nation functions.

The evidence for a gating function is provided by the
similarity of kinematic parameterisation between per-
turbed and non-perturbed trials. Neither grasp nor reach
“react” until more than 400 ms following the change to
the stimulus, suggestive of a strategy that allocates an in-
terim period for signal reorganisation. The lack of the very
early responses that have been reported in “single” pertur-
bation paradigms, also suggests that this gating mechanism
operates at a very early processing stage. To date, howev-
er, evidence for the existence of gating mechanisms in the
visual cortex, such as post-synaptic gating, is formalistic
(for review see Van Essen et al. 1994). The reasons for
such gating may include processing to bind the two chan-
ged object features (i.e. size and location). With respect to
size, this would entail the need to refocus attention upon
the attributes of a newly presented object and process these
elementary features into a meaningful entity to be grasped.
With respect to location, a new spatial locus would need to
be processed for contribution to the planning of the reach-
ing action. The sum of the time taken to perform these pro-
cesses could explain the late correction.

The similarity of the timings of response onset in the
grasp and reach actions provides evidence for timing
and coordination functions. Further, the majority of par-
ticipants (9/12) show some form of significant correlation
between temporal parameters of the transport and manip-
ulation components of the perturbed trials. Such a high in-
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cidence of overt coordination contrasts with the results
from previous perturbation studies. For example, Paulig-
nan et al. (1991a, b) found that the correlation between
the time of maximal finger aperture and the time of peak
reaching velocity in size or position perturbed trials was
significant only for a few participants. In another study,
Gentilucci et al. (1991) correlated the time of maximal
finger aperture with the time of maximum peak decelera-
tion and reported a larger number of significant correla-
tions than found in the Paulignan et al. studies (1991a,
b). However, this number was still insufficient for claim-
ing the existence of a consistent pattern of temporal coor-
dination. The results of the current study imply that inte-
grative centres act to modulate the degree to which the
components are coordinated in time (“coupled”) accord-
ing to output requirements.

In conclusion, simultaneous perturbation of both object
position and size at the onset of a reach to grasp action re-
sults in a prolonged movement duration, and a late but syn-
chronised and coordinated response in both the transport
and manipulation components. It is proposed that integra-
tion between these parallel functional neural networks is
achieved by mechanisms that actively control the passage
of information to and between the channels. It is only spec-
ulation that can be applied to the proposal of a neural basis
for this integration function. Brain-imaging studies of
grasping actions point to the existence of distributed net-
works involving several cortical and subcortical regions
(Grafton et al. 1991, 1992, 1996). These include the pari-
etal cortex and thalamus, areas proposed by Goldman-Ra-
kic (1988) as being possible candidates for integrating the
form of an object with its position in space.
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