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Abstract

We performed electroencephalogram (EEG) recording in a precuing task to investigate the planning processes of reach-
to-grasp movements in human. In this reaction time (RT) task, subjects had to reach, grasp, and pull an object as fast
as possible after a visual GO signal. We manipulated two parameters: the hand shape for grasping (precision grip or
side grip) and the force required to pull the object (high or low). Three seconds before the GO onset, a cue provided
advance information about force, grip, both parameters, or no information at all. EEG data show that reach-to-grasp
movements generate differences in the topographic distribution of the late Contingent Negative Variation (ICNV)
amplitude between the 4 precuing conditions. Along with RT data, it confirms that two distinct functional networks
are involved with different time courses in the planning of grip and force. Finally, we outline the composite nature of
the ICNV that might reflect both high- and low-level planning processes.

Descriptors: Contingent negative variation, Reaction time, Grasping, Precuing

Human and nonhuman primates naturally position their hand
and fingers for stable object grasp. Reach-to-grasp movements
require the transformation of target-related visual information
into a well-defined pattern of muscular contraction for grasping
(Jeannerod, Arbib, Rizzolatti, & Sakata, 1995). Many authors
consider “‘planning” to be a major stage among the processes
that link perception to action (Andersen & Cui, 2009; Church-
land & Shenoy, 2007; Crammond & Kalaska, 2000; Herbort &
Butz, 2010; Hoshi & Tanji, 2007; Leuthold, Sommer, & Ulrich,
2004; Requin, Brener, & Ring, 1991; Riehle, 2005; Rosenbaum,
1980; Rosenbaum, Cohen, Jax, Weiss, & van der Wel, 2007;
Summers & Anson, 2009; Wise, 1985). The term ‘“‘planning”
often refers, more or less explicitly, to the concept of motor pro-
gram (Ghez et al., 1997; Lépine, Glencross, & Requin, 1989;
Leuthold & Jentzsch, 2009; Prabhu et al., 2007; Requin et al.,
1991; Riehle & Requin, 1989; Rosenbaum, 1980; Rosenbaum et
al., 2007; Summers & Anson, 2009; Wise, 1985). According to
this concept, kinematics (e.g., direction, extent, and velocity) and
kinetics (e.g., muscle activity, forces, and joint torques) param-
eters are specified before movement execution to form a program
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(or plan). The program is then translated into a motor command
that controls muscle activity (Keele, 1968; Rosenbaum, 1980).

The precuing paradigm (Rosenbaum 1980, 1983) has been
commonly used to characterize the processes related to the plan-
ning of distinct movement parameters (Bock & Eversheim, 2000;
Favilla & De Cecco, 1996; Lépine et al., 1989). In the precuing
reaction time (RT) task, a preparatory signal (or precue) pro-
vides advanced information about one or several parameters of a
movement (e.g., direction, amplitude, or force) that has to be
executed as fast as possible after an imperative GO signal. It is
assumed that the precued parameter(s) are planned during the
preparatory period (PP; i.e., the delay between the precue and the
GO) and not during RT. According to Rosenbaum (1980), vari-
ations of RT in the precuing paradigm inform about the times
necessary to specify distinct parameters, whether they are spec-
ified serially or in parallel and in which order they are specified.
However, RT is only the final product of a long chain of covert
processes that link stimulus to response. The reliability of infer-
ences based exclusively on RT has been severely criticized be-
cause this indirect measurement is inappropriate to disentangle
the complex mechanisms involved in movement planning (Good-
man & Kelso, 1980; Requin et al., 1991; Zelaznik, 1978). To
compensate for this weakness, numerous studies enhanced the
precuing paradigm with a psychophysiological approach based
on electroencephalogram (EEG) event-related potentials (ERPs;
Meyer, Osman, Irwin, & Yantis, 1988; for a review, see Leuthold
et al., 2004).

Most of these ERP studies examined the Contingent Negative
Variation (CNV; Walter, Cooper, Aldridge, McCallum, & Win-
ter, 1964), a sustained EEG negativity recorded during the PP.
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When the PP is long enough, the CNVcan be subdivided into two
components: the early CNV (eCNV) and the late CNV (ICNV;
Rohrbaugh & Gaillard, 1983). The ICNV has a centro-parietal
distribution with maximum amplitude on the vertex (electrode
Cz) and starts 1-1.5 s before the GO for fixed PP. ICNV is
considered to be an index of motor planning, as it is preferentially
elicited in motor tasks and strongly influenced by motor variables
(Bares, Nestrasil, & Rektor, 2007; Prescott, 1986; Rohrbaugh &
Gaillard, 1983). Typically, RT decreases and ICNV amplitude
increases with the amount of advanced information. This
classical precuing effect on ICNV amplitude is approximately
the same on all electrodes where a ICNV is present. These ob-
servations were validated for a number of kinematics and kinetics
parameters such as movement direction (Jentzsch, Leuthold, &
Ridderinkhof, 2004; Leuthold, Sommer, & Ulrich, 1996; Mac-
Kay & Bonnet, 1990; Wild-Wall, Sangals, Sommer, & Leuthold,
2003), force at a single joint (MacKay & Bonnet, 1990; Ulrich,
Leuthold, & Sommer, 1998), movement duration (Leuthold &
Jentzsch, 2009; Vidal, Bonnet, & Macar, 1995), movement am-
plitude (Leuthold & Jentzsch, 2009), and effectors (Jentzsch
et al., 2004; Leuthold et al., 1996; Ulrich et al., 1998; Wild-Wall
et al., 2003). Leuthold et al. (2004) interpreted the inverse rela-
tionship between RT and CNV in the framework of a ““dual-
process model of motor preparation.” According to this model,
movement planning is achieved by successive stages of informa-
tion processing.

The first stage is reflected in ICNVamplitude. It would specify
each movement parameters independently because each param-
eter, when precued alone, increases ICNV amplitude. The move-
ment parameters would also be specified in an abstract, ““muscle-
unspecific” manner. Indeed, ICNV amplitude increases even
when the precued parameters are insufficient to plan which mus-
cles will be required to perform the movement. For instance, a
force precue increases ICNV amplitude even in the absence of a
direction precue that specifies if the movement will involve ac-
tivation of the flexor or extensor muscles (Ulrich et al., 1998).
Finally, ICNV modulations suggest a parallel organization of
the planning processes for the different movement parameters
(Ulrich et al., 1998). The neural activity underlying these parallel
processes would sum up during PP and result in a larger increase
in ICNV amplitude when two parameters are precued compared
to one. Leuthold et al. (2004) assumed that this first stage in
movement planning corresponds to the shaping of a motor pro-
gram by higher order motor areas (supplementary motor area
[SMA] and cingulated motor area [CMA]) and might explain the
precuing effect observed on RT.

The second stage corresponds to the implementation of the
motor program into a muscle-specific motor command in pre-
motor areas (PMAs) and the primary motor cortex (M1; Leut-
hold & Jentzsch, 2001). This assumption is based on the
measurement of another ERP: the lateralized readiness poten-
tial (LRP). The LRP quantifies the asymmetrical distribution of
EEG signals between the two hemispheres. LRP has its phys-
iological origin located within M1 (DeSoto, Fabiani, Geary, &
Gratton, 2001; Kristeva, Cheyne, & Deecke, 1991; Leuthold &
Jentzsch, 2002), and its onset would reflect the time of hand
motor activation within this area (Gratton et al., 1990; Kristeva
et al., 1991). The LRP can be recorded during the PP when the
subject knows in advance which hand to use (Kutas & Donchin,
1980). Thus, the LRP is used as a tool to detect the onset of hand
motor planning (Masaki, Wild-Wall, Sangals, & Sommer, 2004).
Ulrich et al. (1998) suggested that, in contrast to the ICNV, the
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motor processes revealed by the LRP are muscle specific. The
LRP amplitude increases only if the pattern of muscle activation
required for movement execution can be planned in advance, that
is, when all the movement parameters are precued together.

So far, almost all ERP studies of movement planning have
focused on single-joint movements or simple key press responses
(for a review, see Leuthold et al., 2004). Some authors investi-
gated planning processes of more complex reaching (Leuthold &
Jentzsch, 2009) or grasping and transport movements (van Schie
& Bekkering, 2007). However, to our knowledge, planning of
visually guided reach to grasp in a precuing reaction-time task
was never investigated with an EEG approach. This is, in our
view, a gap that has to be filled for several reasons. First, findings
about single-joint movements can hardly be used to make direct
inferences about the mechanisms underlying the control of a
grasping movement. Indeed, grasping implies the control of
multiple degrees of freedom and the interaction between multiple
limb segments that do not occur in single-joint movement tasks
(Kalaska, 2009). Second, grasping movements are everyday life
actions, with more ecological value than single-joint movements.
They are of particular interest in the growing field of brain—
machine interfaces (BMI), because the hand is an essential
effector for direct interaction with the outside world. Recent re-
ports suggest that EEG-based BMIs have the potential to enable
brain control of a simple neuroprosthetic hand (Logar et al.,
2008; Miiller-Putz, Scherer, Pfurtscheller, & Rupp, 2005). Fi-
nally, whereas the neuronal correlates of grasping movement
have been extensively studied in monkeys (Brochier & Umilta,
2007; Rizzolatti & Luppino, 2001), they are less precisely de-
scribed in humans (Castiello, 2005). Most of our knowledge
comes from neuropsychological (Jeannerod, 1988) and func-
tional magnetic resonance imaging studies (Culham, Cavina-
Pratesi, & Singhal, 2006) and more recently from transcranial
magnetic stimulation (TMS) studies (Koch & Rothwell, 2009).
These approaches suggest that in humans, like in monkeys,
reach-to-grasp movements involve a large network of intercon-
nected structures in the parietal and frontal lobes (Brochier &
Umilta, 2007; Castiello & Begliomini, 2008; Rizzolatti & Lup-
pino, 2001). Virtual lesions induced by TMS reveal that this
cortical network is differentially involved for the control of dis-
tinct reach-to-grasp movement parameters. In particular, a tem-
poral dissociation between planning processes for hand shaping
and grip force scaling is observed when TMS is applied over the
anterior intraparietal area (AIP), a parietal structure closely in-
volved in reach-to-grasp movement (Davare, Andres, Clerget,
Thonnard, & Olivier, 2007). Complementary to TMS and other
approaches, EEG provides a quantitative measure of the whole
brain’s electrical activity and reveals the time course of brain
activity modulations throughout movement planning and
execution. It is only through the use of converging techniques
with different characteristics that we might fully understand how
the human brain controls the grasping function (Castiello &
Begliomini, 2008).

This article has two main objectives: The first one is to in-
vestigate whether RT and CNV modulations in visually guided
reach-to-grasp movements are consistent with the modulation
reported by others in single-joint movements. The second objec-
tive is to provide deeper insights into the neuro-functional basis
of grasping in human. We used a precuing paradigm in which
subjects had to perform a natural grasping movement toward a
visually perceived target object. We manipulated two different
movement parameters that could be jointly or independently
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precued: the hand shape for grasping and the overall force re-
quired to pull the object.

Following the dual-process model of movement planning
(Leuthold et al., 2004), we predicted a classical precuing effect on
ICNV amplitude: ICNV should be larger when either the grip or
the force are precued alone when compared to the situation in
which no information is given in the precue. Moreover, if the
planning processes related to hand position and force scaling are
organized in parallel, ICNVamplitude should be the largest when
both parameters are simultaneously precued. We also hypothe-
sized that EEG may reveal differential cortical activation for the
control of grip and force, as these two parameters can be inde-
pendently perturbed by TMS during movement preparation
(Davare et al., 2007).

Methods
Participants

Fourteen subjects (5 men, age mean = 24 years, age range = 21
to 41 years) verbally attested to be right-handed, to have normal
or corrected-to-normal vision, and to have no medical history
that might interfere with the task. Subjects gave their informed
consent according to the declaration of Helsinki. The experiment
was performed under a license obtained from the ethics com-
mittee of the Aix-Marseille University.

Apparatus

Subjects sat in an adjustable chair in front of the experimental
apparatus at a comfortable distance and height (Figure 1A). Two
switches were located at the front and were used to initiate each
trial. The target object was a parallelepiped (60 x 38 x 30
mm) located 13 cm away from the switches at 14 cm high and
rotated 45° from the vertical axis. The object was attached to the
anterior end of a low-friction horizontal shuttle. A Hall-effect
sensor was used to measure object displacement over a maximal
distance of 15 mm. Force sensitive resistance (FSR) sensors were
used to measure contact forces on the four object sides. To op-
timize the quality of force measurements, the FSR were inserted
between the object surface and thin stainless steel plates (1 mm
thickness) on which subjects positioned their fingers for grasping.

A Visual feedback
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Inside the apparatus, a 200-g weight was attached to the pos-
terior end of the shuttle by way of a string—pulley system. An
electromagnet was used to add or remove an additional 500 g to
the object weight (total weight = 700 g). The turning on or off of
the magnet was undetectable by the subject. A purpose-built
force gauge fitted with one FSR sensor was used to measure load
force during object pull.

A CRTcomputer monitor (17-in.) stood behind the apparatus
at 1 m viewing distance. Arbitrary cues were made up of five large
LED-like signals and were displayed in the bottom center part of
the screen to minimize the visual distance between the cues and
the object. In this situation, subjects could grasp the object while
keeping their gaze on the cue, that is, without the necessity of a
vertical ocular saccade. Four red LEDs (13 mm diameter) were
positioned in a virtual square (4° visual angle). In the middle of
this square a yellow LED (8 mm diameter) was used as a fixation
point (FP).

Task

We manipulated two movement parameters during the experi-
ment: the hand shape to grasp the object and the overall force
required to pull it. The illumination of the two left or right LEDs
instructed the subject to use one of two different grips: a precision
grip (PG), between the tips of the index finger and thumb, or a
side grip (SG), between the tip of the thumb and the lateral
surface of the index finger (Figure 1B). Illumination of the two
bottom or top LEDs instructed the subject that pulling the object
required a low (LF) or high (HF) force, respectively (Figure 1C).
The grip and force cues could be combined to instruct the subject
to perform one of the four different response types (Figure 1D).

Every trial followed the same sequence of events (Figure 2A).
Subjects self-initiated the trial at their own pace by positioning
their hands on the two front switches. Switches’ closure triggered
FP illumination. Five hundred milliseconds after FP onset the
precue was illuminated for 200 ms. The preparatory period (PP)
between the precue onset and the imperative GO signal lasted 3 s.
The GO signal instructed the subjects to reach, grasp, and pull
the object using the right hand. The subject had to hold the object
for 1 s to complete the trial. A successful trial ended at the ex-
tinction of all LEDs and the appearance of a positive feedback

LED-like visual cues

Cc

-
1
BB
B K8

SG + HF PG + HF

SG +LF PG +LF

Figure 1. Experimental apparatus and visual cues. A: Schematic illustration of the experimental apparatus. B: The precision grip (PG) and the side grip
(SG) and their corresponding visual cues. C: The two different force levels and their corresponding visual cues (HF: high force, LF: low force). D: The
four combined cues associated with the four response types required in the task (PG+HF: precision grip and high force, PG+LF: precision grip and low

force, SG+HF: side grip and high force, SG+LF: side grip and low force).
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Figure 2. Trial sequence and precuing conditions. A: The different steps of a typical trial sequence. B: Example of visual cues when a side grip and a high
force were required (SG+HF response type) in the four different precuing conditions.

message above the LEDs (“essai réussi,” i.e., correct trial). The
subject could then release the object and relax. Because CNV
amplitude and RT are known to vary with PP duration (van der
Lubbe, Los, Jaskoweeki, & Verleger, 2004), we opted for a fixed
PP duration (3 s). To prevent subjects anticipating the GO onset,
trials in which the RT was below 150 ms were aborted. In ad-
dition, no-go trials were randomly presented. No-go trials were
similar to other trials except that the GO did not appear. The
subjects had to keep their hands on the switches and wait until a
positive feedback appeared on the screen (“NOGO réussi,” i.e.,
successful no-go), which indicated the end of the trial.

Subjects were instructed to react as fast as possible to the GO
signal. Trials in which they reacted too slowly (RT>700 ms)
were aborted. They had to use both the grip and force cues to
properly execute the movement. In particular, they were con-
strained to anticipate the object weight in order to keep the object
displacement velocity within a narrow range (90 mm/s < velocity
peak <160 mmy/s) for both the high and low weights. The trial
was aborted when the subject’s performance failed to match these
task requirements. Flickering of the 4 red LEDs indicated trial
failure and an error message specified the error type to the subject
(Table 1). Subjects were instructed to avoid impeding movements
such as eyeblinks, left hand movements, leg movements, or oc-
ular saccades throughout the trial.

We used four experimental precuing conditions in which the
precue provided full, partial, or no information about the move-
ment parameters (Figure 2B). In the four conditions, the GO
always provided all the information about grip and force.

Table 1. The Different Error Types and Their Total Number across
All Subjects (n=14)

Error type No. (%)
Switch inappropriately released 33 (3.4%)
Too short RT (<150 ms) 4(0.4%)
Too long RT (> 700 ms) 31 (3.1%)
Too long MT (>400 ms) 289 (29.4%)
Object grasped with the wrong grip 68 (7%)
Object prematurely released (holding time <1 s) 0(0%)

Object pulled too slowly
Object pulled too fast
Right switch released to reach the object in a no-go trial

324 (33%)
233 (23.7%)
0 (%)

e In the “ALL” condition, the precue provided information
about grip and force (four different precues, PG+HF,
PG+LF, SG+HF, SG+LF).

e In the “GRIP” condition, the precue provided only partial
information about the grip (two different precues, SG or PG).

e In the “FORCE” condition, the precue provided only partial
information about the force (two different precues, HF or LF).

e In the “NO” condition, the precue provided no information
(all four red LEDs illuminated).

The subject had to wait for the GO to know which movement to
perform.

Procedure

The experiment was divided into two sessions: a training session
and an experimental session the following day. During the train-
ing session, task instructions were given to the subjects. The ex-
perimenter made a short demonstration and explained the
different errors types. The subjects first performed several prac-
tice trials with no constraint on the RT and movement time
(MT). Once the subjects felt comfortable in the task, they did 4
blocks of 16 trials (one per precuing condition) with all exper-
imental constraints applied.

The following day, the subjects first performed another training
set (4 blocks of 10 trials) before being prepared for EEG record-
ings. The experimental session per se was divided into two succes-
sive subsessions (S1 and S2). Each subsession was composed of
four blocks of trials (one per precuing condition) presented in a
pseudorandom order (e.g., GRIP, NO, ALL, and then FORCE).
Within each block, the subjects had to perform 44 correct trials
presented in a random order, 10 for each response type (PG+HF,
PG+LF, SG+HF, or PG+LF) and four no-go trials (10%). All
failed trials were reintegrated and presented randomly later in the
block. Each subject performed a total of 352 correct trials (88 per
precuing conditions) during the experimental session.

Data Recordings

EEGs were recorded from 62 Ag/AgCl electrodes mounted
on an elastic cap (Waveguard Active Shield, Advanced Neuro
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Technology [ANT], Enschede, the Netherlands) positioned ac-
cording to the 10-20 method. The ground electrode was posi-
tioned over the frontal cortex. The EEG signals were recorded
using a common average reference. Skin—electrode impedances
were kept below 10 kQ and checked after each block of trials.
EEGs were amplified using a Refa8 high-density amplifier
(ANT). No filtering was applied during acquisition. Bipolar
electrodes were used to record electrooculogram (EOG) along
with task-related analog signals (grip and load forces, object
displacement). All signals were sampled at 1024 Hz with ASA 4.0
(ANT Software). A custom-written software in Labview 8.5
(National Instruments) was used to control the task and to mea-
sure RT, MT, and errors.

Data Analysis

All trials with a behavioral error (cf. Table 1) were excluded from
the analyses. Because eye movements are known to provoke po-
tential variation diffusing from corneo-retinal dipole to scalp
(Hillyard & Galambos, 1970), correct trials with visually iden-
tified EOG artifacts (blink or saccade) were also excluded. Sim-
ilarly, we excluded correct trials showing slow drifts in the signal
(>100 pV) between the beginning of the trial and the GO onset
because slow drifts might alter slow ERP potentials.

Behavioral data. The RT was defined as the time between the GO
onset and the right switch release. The MT was defined as the
time between the switch release and object contact (i.e., the
reaching time). For each subject, RTand MT were averaged for
precuing conditions (ALL, GRIP, FORCE, NO) and response
types (PG+HF, PG+LF, SG+HF, SG+LF). We also com-
puted the number of errors for each precuing conditions and
response types. Force signals were filtered off-line with a 40-Hz
low-pass Butterworth filter. They were averaged for response
types time-locked to object contact in a 2400-ms analysis window
(150 ms before to 2250 ms after object contact). The peak grip
force was used as an index to statistically compare the amount of
grip force applied by the subjects on the object. To assess how
rapidly the subjects applied forces on the object, the rates of
change of the grip and load forces as well as the object horizontal
velocity were computed from the first derivative of the filtered
data (Johansson & Westling, 1988). The peak grip force rate and
load force rate as well as the peak velocity were used for statistical
analyses.

Electrophysiological data. EEG signals were analyzed in a 3400-
ms time window encompassing the whole PP (400 ms before cue
onset to 200 ms after GO onset). For each trial and electrode, a
baseline voltage was computed over a 400-ms time window pre-
ceding cue onset. This baseline was subtracted from the raw EEG
signals trial by trial. EEGs were then averaged time-locked to
GO onset for precuing conditions and response types. This av-
eraging procedure was repeated for all electrodes and subjects.
Our statistical analysis focused on the late part of the CNV. Asin
previous studies (Jentzsch et al., 2004; Leuthold & Jentzsch,
2009; Ulrich et al., 1998; Wild-Wall et al., 2003), we computed
the average CNVamplitude in the last 200-ms window preceding
GO onset when the ICNV amplitude is the largest. Difference
voltage maps (see below, Figure SA, bottom row) were calcu-
lated by subtracting the topographic map for the noninformative
condition (NO, Figure 5A, top row) to the three informative
conditions (ALL, GRIP, and FORCE, Figure 5A, top row).

21

Visual inspection of the difference voltage maps and all individ-
ual electrodes revealed that groups of adjacent electrodes local-
ized in a distinct region of the scalp were characterized by a
similar precuing effect on ICNV amplitude. On the basis of these
observations, we compared the precuing effects by pooling 14
electrodes in four regions of interest with approximately the same
number of electrodes in each of them (Figure 5B, bottom right).
We selected a mid-fronto-central cluster (MFC, electrodes Cz
and FCz); a controlateral fronto-central cluster (CFC, electrodes
C1, C3, FC1, and FC3), and a parietal cluster (P, electrodes CPz,
Pz, P1, and P2). Although difference voltage maps only revealed
a marginal precuing effect over the ipsilateral side of the scalp, we
still included an ipsilateral fronto-central cluster in the analyses
(IFC, electrodes C2, C4, FC2, and FC4) to statistically assess
differences in precuing effects between the two hemispheres. The
four clusters covered approximately the entire zone of the scalp
where the ICNV was present.

Statistical Analysis

For RT, MT, errors, and forces, we used a three-way repeated
measures analysis of variance (ANOVA) with precuing conditions
(ALL, GRIP, FORCE, NO), grip (PG, SG), and force (HF, LF)
as within-subject factors. Prerequisite assumptions for repeated
measures ANOVAs, normality and sphericity, were systematically
checked using Shapiro-Wilk’s test and Mauchly’s test, respec-
tively. When the normality assumption was not met, we used a
nonparametric test, if possible, or data transformation, if not.
When the sphericity assumption was not met, we used a corrected p
value (Greenhouse & Geisser, 1959) and reported the correspond-
ing € value. Post hoc procedures were performed with Tukey’s test.

A four-way repeated measures ANOVA was used to analyze
ICNVamplitude with clusters (MFC, CFC, IFC and P), precuing
conditions (ALL, GRIP, FORCE, NO), grip (PG, SG), and
force (HF, LF) as within-subject factors.

The Clusters x Precuing Conditions interaction was signifi-
cant (see Results), revealing a difference in the spatial distribu-
tion of potentials between the experimental conditions. These
topographic variations may indicate qualitative differences in the
generators (i.e., generator orientation, location, number, and/or
relative strength) responsible for the signal recorded on the scalp.
To test this hypothesis, we statistically compared the topographic
distribution of ICNV amplitudes between the four precuing con-
ditions following data normalization using the vector length
method (McCarthy & Wood, 1985). This method ensures that
interaction effects are not due to overall amplitude differences
between subjects and conditions. It is a well-recognized approach
to compare topographic distributions (Tunney, Fernie, & Astle,
2010) and is suitable for EEG signals recorded with a common
average reference (Jing, Pivik, & Dykman, 2006).

In addition, we investigated the topographic differences in
more detail by performing, on each cluster individually, a three-
way repeated measures ANOVA with precuing conditions (ALL,
GRIP, FORCE, NO), grip (PG, SG), and force (HF, LF) as
within-subject factors. This approach is subject to a Type I error
rate inflation with the number of tests performed (i.e., multiply-
ing the number of tests increases the risk of observing significant
effects by chance). To avoid this risk, we corrected the .05 o
threshold using the Bonferroni-Holm adjustment. This adjust-
ment is less conservative than the typical Bonferroni adjustment
and suitable for EEG/MEG data (Vecchiato et al., 2010).
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Finally, we analyzed in more detail the precuing effect within
the parietal cluster to assess if the planning of grip and force
involves two spatially segregated networks within the parietal
region, as proposed by Davare et al. (2007). We statistically
compared precuing effects for each electrode within this cluster
using a four-way repeated measures ANOVA with electrodes
(CPz, Pz, P1 and P2), precuing conditions (ALL, GRIP,
FORCE, NO), grip (PG, SG), and force (HF, LF) as within-
subject factors.

Results
Subsessions

The relatively high number of error trials (an average of 20%
errors per subject) indicates that the task was difficult to perform.
Therefore, we first compared mean RTs, MTs, and number of
errors between the two experimental subsessions (S1 vs. S2) to
detect a possible learning effect during the course of the exper-
iment. A four-way repeated measures ANOVA was used on RT
and MT with sessions (S1, S2), precuing conditions (ALL,
GRIP, FORCE, NO), grip (PG, SG), and force (HF, LF) as
within-subject factors. There was no significant difference be-
tween the two subsessions, RT: F(1,13) =0.636, p = .44; MT:
F(1,13) =4.147, p=.06. For each error type the Wilcoxon
signed-rank test for matched pairs yielded no significant differ-
ences in error number between S1 and S2 (all ps>.05). There-
fore, because behavioral performances did not differ significantly
between the two subsessions, the behavioral and electrophysio-
logical data from S1 and S2 were pooled together for all sub-
sequent analysis.

Behavioral Data

RT. Results obtained on RT are illustrated in Figure 3A. The
three-way repeated measures ANOVA revealed a significant
main effect of precuing conditions, F(3,39) =67.582, p<.01,
€ =.49. A post hoc procedure revealed the following order: ALL
(318 ms) <GRIP (352 ms) < FORCE (400 ms) <NO (431 ms),
all ps<.01. This order is observed for all subjects. We also ob-
served a significant main eftect of grip, F(1,13) = 17.101, p<.01
and a Grip x Force interaction, F(1,13) = 16.884, p<.01. This
result reveals that subjects reacted faster to execute a precision
grip than a side grip (369 ms for PG vs. 381 ms for SG) and that
the difference between PG and SG (12 ms) was larger for the high
force (15 ms) than the low force (9 ms). There was no main effect
of force, F(1,13) = 0.625, p = .44, and no other significant inter-
action (all ps>.05).

MT. Results obtained on M Tare illustrated in Figure 3B. There
was no significant main effect of precuing conditions, F(1,13)
=0.651, p>.59. Therefore, the MT was not influenced by the
number and the nature of advanced information provided by the
cue. The main effect of force, F(1,13) =41.093, p<.01, reveals
that movement was executed significantly faster when
the object was heavy rather than light (284 ms for HF vs. 315
ms for LF). The main effect of grip was also significant, F(1,13) =
24.500, p<.01. The precision grip was executed faster than the
side grip (288 ms for PG vs. 311 ms for SG). None of the in-
teractions were significant (all ps > .05).

Errors. Results obtained on errors are illustrated in Figure 3C.
Error data did not reach the normality assumption criteria. In
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Figure 3. Behavioral results. Mean reaction times (A), mean movement
times (B), and mean error number (C) as a function of precuing condition
(ALL: full informative precue, GRIP: partial hand shape precue,
FORCE: partial force precue, NO: noninformative precue) and
response type (PG+HF: precision grip and high force, PG+LF:
precision grip and low force, SG+HF: side grip and high force,
SG+LF: side grip and low force). Error bars indicate standard deviation.

order to apply the same statistical procedure as for RTand MT,
we first performed a square-root transformation on the raw error
data to reduce right skew and kurtosis. Square-root transfor-
mation is commonly used to reach normality assumption criteria
when the variable is a count (Sokal & Rohlf, 1995). The main
effect of precuing conditions was the only significant effect,
F(3,39) = 4.488, p<.01. This result reveals that the NO condi-
tion in which the error number is maximal (315 for the NO
condition) contained significantly more errors than, at least, the
GRIP condition, in which the error number is minimal (177 for
GRIP, 227 for ALL, and 263 for FORCE). Thus, subjects were
both less accurate and slower to react in the NO condition than in
the other precuing conditions. This latter observation suggests
that the precuing effect observed on RT did not result from a
speed—accuracy trade-off.

Forces. Figure 4 shows the average force and object position
traces for one typical subject. The same three-way ANOVA
procedure as for RT, MT, and errors was used to analyze, sep-
arately, grip force peaks, grip force rate peaks, load force rate
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Figure 4. Force, object position, and velocity traces. Mean grip force, mean load force, and mean object position traces (left) and grip force rate, load
force rate, and object horizontal velocity traces (right) for one typical subject as a function of the two different force levels (HF: high force, LF: low force).

Traces are time-locked to object contact (vertical lines).

peaks, and object velocity peaks. Analysis revealed significant
main effects of force, significant main effects of grip and Force

x  Grip interactions for grip force peaks, grip force rate peaks,
and load force rate peaks (all ps<.01). Thus, grip force and load
force were greater and applied faster when the object was heavy
rather than light. This effect was more pronounced for SG than
for PG. Grip force peak analysis yielded also a main effect of
precuing conditions, F(3,39) = 6.264, p<.01. A post hoc proce-
dure revealed that the NO condition was significantly different
from ALL and GRIP (ps<.01). More force was applied on the
object when no information was provided in advance. This was
specific to HF as revealed by the significant Precuing Condition

x Force interaction, F(3,39) = 3.370, p = .03. Analysis on ob-
ject velocity peak revealed a significant main effect of force,
F(1,13) =10.413, p<.01, and grip factor, F(1,13)=8.369,
p =.01. Object velocity was greater when the object was heavy
and when a SG was used for grasping.

In sum, RT decreased with the amount of advance in-
formation. In partial conditions in which information
about a single variable was provided in advance, subjects re-
acted faster with advance information about grip rather
than force. Moreover, subjects reacted faster when a PG was
required, and this effect was even larger for HF movements.
Force rates, object velocity, and MT varied neither with the
type of advance information nor with their number. MT varied
with response types: PG+HF <SG+HF <PG+LF<SG+LF.
This was also the case for the peak grip force, peak grip force rate,
peak load force rate, and peak velocity: SG+HF >PG+HF >
SG+LF>PG+LF. In every precuing condition, subjects
applied the grip and load forces faster to grasp the heavy ob-
ject. Similarly, subjects applied more force and at a faster rate
when using a SG. Finally, subjects used, on average, more grip
force to grasp the object when no information was provided in
advance.

Electrophysiological Data

Figure SA (top row) shows topographic voltage maps of ICNV
amplitude (average signal on a 200-ms window before GO onset).
For all precuing conditions the ICNV was centro-parietally and
bilaterally distributed and maximal at the vertex. The ANOVA
showed a main effect of clusters, F(3,39) =5.717, p<.01, which
indicated that the ICNV amplitude was different across regions of
the scalp. It is maximal on the MFC cluster as shown in Figure 5B
(maximum at Cz, mean amplitude: —9.3 pV). The signifi-
cant main effect of precuing conditions, F(3,39) = 8.860, p<.01,
and the significant Cluster x Precuing Condition interaction,
F(9,117) =2.001, p = .04, indicated that the ICNV amplitude was
modulated by the precuing conditions and that this modulation
varied across the clusters (Figure 5B). Moreover, the clusters x
precuing conditions interaction survived the vector length normal-
ization, F(9,117) = 2.331, p = .04. The analysis performed on each
cluster individually revealed that three main significant effects of
precuing conditions survived the Bonferroni-Holm adjustment,
MEC cluster: F(3,39) = 8.042, p <.01 (0adjustea = -012); CFC clus-
ter:  F(3,39)=5.108, p<.01 (dagjusiea =-016); P cluster:
F(3,39) =3.906, p = .02 (dtagjusted = -025). The main effect of pre-
cuing conditions for the IFC cluster was not significant,
F(3,39) = 1.842, p = .19 (dtagjustea = -05), € =".55. Post hoc proce-
dures revealed the following orders:

e MFC: ALL (-89 pV)=FORCE (-8.6 pV)<GRIP
(—6.9 uV) =NO (- 6.4 V).

e CFC:ALL(—4.1pV)<FORCE (—2.1nV)=GRIP(—1.9
uV) =NO (- 1.4 V).

e P: ALL (—3.9 pV) = FORCE (—3.8 pV) = GRIP (—4.0
UV)<NO (— 1.6 pV).

e IFC: ALL (—4.4 V)= FORCE (- 3.9 uV) = GRIP (- 3.7
uV) =NO (—3.1 pV).



24 M. Zaepffel and T. Brochier
A ICNV 2800—3000 ms
GRIP
1 v
opv
—11 v
GRIP - NO FORCE - NO
6 uv
opv
—6 uv
B N NN Y
—10 A CFC —10 MFC —10 IFC
_5 -
H 0 T
T T T ™ - T T T > time . T T T > time
0 750 1500 1750 3000 (ms) 0 750 1500 1750 3000 (ms) 0 750 1500 1750 3000 (ms)
A IJV
10 4 P
ALL 10
GRIP
FORCE =
NO s

: : . . :
0 750 1500 1750 3000 (™9

Figure 5. EEG results. A: The top row illustrates topographic voltage maps of the mean ICNV amplitude in the 200 ms preceding GO onset. The maps are
averaged across all trials and subjects for each precuing condition. The bottom row illustrates difference voltage maps. The map for the noninformative
condition (NO) was subtracted from the maps for each informative condition (ALL, GRIP, FORCE). Color transitions in the color scales represent 1 pV
steps. B: Averaged CNV traces as a function of precuing conditions for the four regions of interest. The left and right vertical dotted lines represent precue and
GO onsets, respectively. The head-shaped diagram at the bottom right shows the location of the four clusters and the electrodes (black dots) within each of
them. The large dot represents Cz. MFC: mid-fronto-central cluster (electrodes Cz and FCz). CFC: controlateral fronto-central cluster (electrodes C1, C3,

FCl1, and FC3). IFC: ipsilateral fronto-central cluster (electrodes C2, C4, FC2,

For all significant effects, ps<.05, and for all nonsignificant
effects, ps>.05. These results confirmed that the precuing effects
on ICNV amplitude illustrated in Figure 5B were different in the
four clusters.

The between-electrode comparison within the parietal cluster
revealed a main effect of electrodes F(3,39) = 3.369, p = .03. The
ICNV amplitude was greater for CPz, which is closer to the ver-
tex. The main effect of precuing conditions was also significant,
F(3,39) = 3.725, p = .02, but the Electrode x Precuing Condi-
tion interaction did not reach significance, F(9,117)=0.512,
p =.68, ¢ = .34. These results indicate that all electrodes within
the parietal cluster present a similar precuing effect.

and FC4). P: parietal cluster (electrodes CPz, Pz, P1, and P2).

Discussion

We used EEG recordings in a precuing reaction time task to study
the brain mechanisms involved in the planning of natural grasp-
ing movements toward a visually presented object. Two param-
eters were precued jointly or independently: the grip to grasp the
object and the overall force required for object pulling. We as-
sessed how RT and CNV amplitude were modulated by the
amount and type of advance information provided by the precue.

In term of behavioral performance, our results are in keeping
with previous precuing studies (Goodman & Kelso, 1980; Lépine
et al., 1989; Leuthold & Jentzsch, 2009; Leuthold et al., 1996;
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MacKay & Bonnet, 1990; Richle, MacKay, & Requin, 1994;
Richle & Requin, 1995; Rosenbaum, 1980; Ulrich et al., 1998;
Wild-Wall et al., 2003). RT decreased with the amount of ad-
vance information. This result indicates that the subjects fol-
lowed the task requirements and used the precue appropriately to
react as fast as possible after the GO signal. MT was influenced
by the type of response but not by the precuing conditions. To-
gether, RT and MT reveal that the precued parameter(s) influ-
enced selectively the processes preceding movement execution.
Moreover, the MT variations demonstrate that the force was
planned before movement onset. In particular, the fact that MT
was significantly shorter in the high force than in the low force
condition shows that the force was anticipated and not adjusted
online using the sensory feedback at the skin—object interface.
The force profiles during object pulling were also typical of an-
ticipatory adjustments of contact forces (Johansson & Westling,
1988). As soon as the fingers touched the object, the grip and load
forces were applied faster in HF than LF trials. As a result, the
peaks grip force rate and load force rate were significantly greater
for HF than LF trials. Also, the pulling time was, on average,
shorter in HF than in LF trials. Altogether, behavioral perfor-
mances strongly support the assumption that the subjects used
the force cue to anticipate the object weight and to adjust its
behavior to the task constraints.

EEG recordings revealed a typical ICNV with a centro-pa-
rietal distribution and maximal amplitude at the vertex (Cz). The
main effect of precuing conditions shows that ICNV amplitude
was dependent on the type of precue provided to the subject.
Also, the Cluster x Precuing Condition interaction indicates
that the precuing effect varied between clusters. The interaction
was maintained after normalizing the data. Although this latter
result should be interpreted with caution (Urbach & Kutas,
2002), it suggests that the topographic variations of the ICNV
amplitude between precuing conditions are due to differential
activations between neuronal generators and not to concomitant
changes in the overall strength of the entire set of generators. In
other words, at least two generators with distinct strength, ori-
entation, and/or location would be required to produce the ob-
served signal recorded at the scalp level. These topographic
differences were analyzed in more detail for each cluster sepa-
rately. Three of the four regions (MFC, CFC, P) showed a sig-
nificant main effect of precuing conditions on ICNV amplitude.
However, none of them presented the typical gradual increase of
ICNV amplitude with the amount of advanced information as
originally described for single-joint movements (Leuthold et al.,
2004). Our results are now discussed in the framework of the
“dual-process model of movement preparation’ outlined by Le-
uthold et al. (2004).

Dual-Step Planning of Reach-to-Grasp Movements

The separate analysis of the precuing effect on each of the four
clusters reveals some important features about the planning
mechanisms involved in reach-to-grasp movements.

The ICNV amplitude recorded on the parietal region (P clus-
ter) was significantly larger in all three informative precuing
conditions (GRIP, FORCE, and ALL) than in the noninforma-
tive precuing condition (NO). No significant difference was
found between the three informative precuing conditions. Several
studies have already pointed out that the modulation of ICNV
amplitude by specific motor variables is likely to reflect the ac-
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tivation of planning processes preceding movement onset (Bares
et al., 2007; Prescott, 1986; Rohrbaugh & Gaillard, 1983). In
agreement with this hypothesis, the precuing effect on the pari-
etal region suggests that the planning processes for the grip and
force parameters have two main properties similar to those char-
acterizing the first step of the dual-process model of movement
preparation. First, these planning processes are independent,
meaning that the planning of one parameter could occur without
any information about the other. Indeed, each parameter when
precued on its own evoked an increase in ICNV amplitude. This
result agrees with nonhuman primate studies using intracortical
recording and demonstrating the independent planning of kine-
matics and kinetics parameters (Alexander & Crutcher, 1990;
Riehle & Requin, 1995). Second, the planning processes present
muscle-unspecific properties as proposed by Ulrich et al. (1998).
An increase in ICNV amplitude was observed before the subject
actually knew which pattern of muscle activation was required to
perform the task. This was the case in the FORCE condition in
which the subject knew in advance the overall force required in
the forthcoming movement but not if the force would be applied
using a side grip or a precision grip. These interpretations raise
two issues. First, it could be argued that the planning processes
for force are not strictly muscle unspecific, as the set of muscles
used to achieve the two hand positions broadly overlaps. In this
context, the force cue could be used to plan the global level of
muscle activation required for both precision and side grips.
However, this hypothesis is unlikely, because these two hand
positions are characterized by highly distinctive patterns of EMG
activation in a large set of extrinsic and intrinsic hand muscles
(Brochier, Spinks, Umilta, & Lemon, 2004). Second, despite the
increase in ICNV amplitude in the two partial precuing condi-
tions (GRIP and FORCE) we did not observe a further increase
in late CNV amplitude when both parameters were precued to-
gether (in the ALL condition). Ulrich et al. (1998) argued that the
additive effect on ICNV amplitude with the amount of advance
information reflects a parallel organization of movement plan-
ning processes. In our study, the lack of additive effect might be
explained by a temporal shift in the planning processes for hand
position and force. This view is supported by the study of Davare
etal. (2007) showing a temporal dissociation for the processing of
hand shape and force during the RT period. It is possible that a
similar dissociation occurs for long PP (>2 s), during which the
planning of a given parameter could occur earlier than the other.
In consequence, the activity of these two processes would not
sum up during the fully informative condition. This hypothesis
would imply that the CNV shows temporally segregated precuing
effects for the GRIP and FORCE conditions. Figure 5B shows
that it was not the case. So, on the basis of our data, it is not
possible to conclude whether motor planning processes follow a
parallel or a serial organization.

On the central region (MFC cluster), the force precue in-
creased the ICNV amplitude at the same level as the full-infor-
mative precue. Advance information about grip had no effect on
the ICNV amplitude. This result suggests that the generator un-
derlying the signal recorded on Cz and FCz is implicated in the
advance processing of the force but not the grip parameter. This
modulation of the ICNV differs from the typical precuing effect
reported by others, that is, the gradual increase in ICNV ampli-
tude with the amount of advance information (Leuthold &
Jentzsch, 2009; for a review, see Leuthold et al., 2004). Despite
the discrepancy with previous studies and in line with the results
on the parietal region, the precuing effect on the central region
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fits with the principles defining the first planning step of the dual-
process model. Indeed, in this region too, the force precue when
presented alone generated an increase in the ICNVamplitude. As
argued previously for the parietal region, it indicates that ICNV
might reflect abstract, muscle-unspecific processes. Moreover,
because the grip precue does not influence ICNVamplitude on its
own (GRIP) or in combination with the force precue (ALL), it
further argues for the independence of the processes related to
force and hand position. Together, results on the central region
and the parietal region suggest that the planning processes are
more distributed for force than for grip. Whereas a grip precue
increased late CNV amplitude only in the parietal region, the
force precue increased the ICNV amplitude in both parietal and
central regions. This observation is consistent with findings
showing that force-related planning processes are widely distrib-
uted across several motor regions (Riehle et al., 1994), including
the left part of the AIP (Davare et al., 2007) and the anterior
basal ganglia nuclei (Wasson, Prodoehl, Coombes, Corcos, &
Vaillancourt, 2010). In contrast, grip-related processes seem pre-
dominantly restricted to the parietal-premotor network (Casti-
ello & Begliomini, 2008; Davare, Andres, Cosnard, Thonnard, &
Olivier, 2006; Davare et al., 2007; Jeannerod et al., 1995; Ri-
zzolatti & Luppino, 2001). Davare et al. (2007) showed that the
planning of grip and force involves two spatially segregated net-
works located within the parietal region: bilateral AIP for hand
shape and left AIP for force scaling. This finding predicts that,
over the parietal cortex, ICNVamplitude should show a bilateral
increase in the GRIP condition and a stronger increase above the
left compared to the right hemisphere in the FORCE condition.
However, in our study, topographical differences for the GRIP
and FORCE conditions were found between the parietal and
mid-central clusters, whereas no difference was found within the
parietal cluster. First, this discrepancy may be related to the fact
that our work focused on the preparatory processes before the
GO signal, whereas Davare et al. (2007) investigated the pro-
cesses occurring during RT. Second, several areas of the poste-
rior parietal cortex, including AIP, are known to be involved in
grasping movements (Brochier & Umilta, 2007; Fogassi & Lup-
pino, 2005). These areas are likely to contribute in a different way
than AIP to the modulation of the ICNV amplitude recorded
over the parietal region. Despite the differences in the experi-
mental protocol and the results, our study and the study of
Davare et al. (2007) jointly argue for the involvement of partially
separated cortical network for the planning of hand position
and force.

In the controlateral region (CFC cluster), the ICNVamplitude
was significantly larger for the full-informative condition only. It
corresponds to the precuing effect usually observed in the LRP
(Ulrich et al., 1998) and might reflect integration processes that
take place within PMA (Beurze, Lange, Toni, & Medendorp,
2007; Hoshi & Tanji, 2000, 2006) and M1, which receives many
cortico-cortical inputs from nonprimary motor areas, including
the ventral premotor cortex (PMv; Dum & Strick, 2005; Prabhu
et al., 2007), the dorsal premotor cortex (Dum & Strick, 2005;
Kochetal., 2006), SMA (Dum & Strick, 2005), and the posterior
parietal cortex (Koch et al., 2007). These integration processes
would be activated only when all movement parameters are
specified for the completion of the motor command. This situ-
ation occurs exclusively in the ALL precuing condition but not in
the partial GRIP and FORCE precuing conditions. In this re-
spect, the controlateral modulation of the ICNVamplitude seems
to reflect the activity of the second, low-level planning system
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described in the dual process model of movement preparation.
This system has a muscle-specific organization and would be
controlled by the M1/PMA couple rather than by the SMA/
CMA couple, which is responsible for the typical precuing effect
on ICNV (Leuthold & Jentzsch, 2001; Leuthold et al., 2004).
This is consistent with a recent TMS study showing that PMv-
M1 interactions are muscle specific during grasp preparation
(Davare, Montague, Olivier, Rothwell, & Lemon, 2009).

No precuing effect was observed on the ipsilateral region (IFC
cluster). This is consistent with the fact that the task was per-
formed only with the right hand. It differs from what was typ-
ically shown in most of the previous studies. For instance,
Leuthold and Jentzsch (2009) observed that the precuing
effect on ICNV amplitude was similar for both hemispheres.
As discussed in the next section, this discrepancy may be
related to the fact that our task involved complex reach-to-grasp
movements.

In summary, our results support the main assumptions of the
dual process model of movement preparation and extend them to
multijoint reach-to-grasp movements. The topographic varia-
tions of ICNV amplitude modulations suggest that two mecha-
nisms coexist and represent two stages in movement planning.
First, movement parameters are processed separately in the mid-
central and parietal regions. Following this first step of process-
ing, movement parameters are integrated in low-level control-
ateral motor areas for the overt release of the motor command.
Moreover, the planning of force seems to be widely distributed
within the cortical motor system, whereas the planning of grip
seems to be more localized. This interpretation implies that the
modulations of ICNV amplitude represent the combination of
high- and low-level motor planning processes. This assumption
does not match earlier studies of simple single-joint movements
in which ICNV reflects a single high-level planning process dis-
tributed over a large centro-parietal zone (for a review, see Le-
uthold et al., 2004). We now question if this discrepancy could
relate to the fact that our study is focused on more complex and
ecological reach-to-grasp movements.

Precuing Effects Are More Complex for Reach-to-Grasp than
Single-Joint Movements

Our task required performing complex multijoint reach-to-grasp
movements. These movements are known to activate a more
widely distributed cortical network than simple single-joint
movements. Indeed, numerous studies showed that reach-to-
grasp movements involve a large fronto-parietal network (Broc-
hier & Umilta, 2007; Castiello & Begliomini, 2008; Rizzolatti &
Luppino, 2001) among which a reach-related pathway and a
grasp-related pathway can be distinguished (Binkofski et al.,
1998; Cavina-Pratesi et al., 2010). Other studies showed that
dexterous movements evoke greater activity and activate a larger
network than simple ones (Ehrsson, Kuhtz-Buschbeck, &
Forssberg, 2002; Kranczioch, Mathews, Dean, & Sterr, 2010;
Kuhtz-Buschbeck et al., 2003). Moreover, using a paired-pulse
TMS protocol, Cattaneo et al. (2005) demonstrated that reach-
to-gasp movements activate highly specific networks that are not
activated in non-object-driven movements. The specificity of the
cerebral processes involved in reach-to-grasp movements has
been indirectly confirmed by a recent study by Leuthold and
Jentzsch (2009). They investigated ERP modulations in a pre-
cuing task for multiarticular reaching movements. In agreement
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with their previous studies on single-joint movements (for a re-
view, see Leuthold et al., 2004) but unlike in our study, they
observed a typical precuing effect on ICNV amplitude with a
homogeneous topographic distribution. No precuing effect was
observed on the LRP, in keeping with the assumption that LRP
modulations reflect hand-related processes (Wild-Wall et al.,
2003). A key aspect of their experiment is that it involved only
proximal movements and probably did not activate the cortical
networks for visually driven reach-to-grasp movements. In con-
trast, our experiment required the complex coordination between
the reaching and grasping components of reach-to-grasp move-
ments. It has been demonstrated that the activation pattern of
proximal muscles varied depending on the grip posture used to
grasp an object (Martelloni, Carpaneto, & Micera, 2009). This
observation implies that in our experiment, the coordinated ac-
tivation of the reaching and grasping components had to be
planned in advance to achieve a given grip.

Intracerebral recordings in epileptic patients indicate that
during motor tasks, CNV originates from multiple cortical gen-
erators, including distinct motor areas such as M1, SMA, PMA,
and the parietal cortex (Bares et al., 2007; Hamano et al., 1997,
Lamarche, Louvel, Buser, & Rektor, 1995). These motor areas
are known to be major components of the reach-to-grasp net-
works (Jeannerod et al., 1995) and are activated in relation to
movement planning (Baumann, Fluet, & Scherberger, 2009;
Deiber, Ibanez, Sadato, & Hallett, 1996; Hoshi & Tanji, 2006;
Riehle & Requin, 1995; Shima, Mushiake, Saito, & Tanji, 1996).
In the present study, we suspect that the CNV generators are
differentially activated during the planning of hand shape and
force, as suggested by the topographic difference that subsisted
after the normalization. We do not exclude that the CNV gen-
erators can be differentially activated during planning of distinct
single-joint movement parameters. However, we strongly believe
that, in contrast to reach-to-grasp movements, the planning of
single-joint movements generates insufficient and/or inappropri-
ate neuronal activity to evoke differential precuing effects at the
scalp level. The pronounced asymmetry of ICNV precuing effects
observed in our task but not in single-joint movements (e.g.,
Leuthold & Jentzsch, 2009) can be interpreted in a similar way.
Reach to grasp movements require the combined activation of
the proximal and distal body segments and therefore an extended
activation of the cortical motor networks that predominates in
the hemisphere controlateral to the working hand. Such asym-
metry is likely to be weaker in simple single-joint movements and
may be revealed using a method such as the LRP to measure it
more directly (Wild-Wall et al., 2003).

Relation between ICNV Amplitude and RT

One claim of the dual-process model is that the processes re-
sponsible for the precuing effect on ICNV amplitude are also
responsible for the precuing effect observed on RT. Indeed, these
two measurements tend to be inversely correlated: The ICNV
amplitude increases and RTs decreases with the amount of ad-
vance information (Leuthold & Jentzsch, 2009; Leuthold et al.,
2004; Ulrich et al., 1998). In the present study, we obtained
distinct precuing effects on ICNV amplitude in three different
regions of the scalp. None of them showed a positive or negative
correlation between changes in RT and ICNV amplitude for the
four precuing conditions. Although a relation between ICNV
amplitude and RT cannot be completely excluded, our results
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and others (Prescott, 1986; Rebert & Tecce, 1973) do not support
a direct link between the two. MacKay and Bonnet (1990) ob-
served that the correlation between CNV and RT is abolished
following the Laplacian derivation of the EEG signals. The
Laplacian derivation enhances the spatial resolution by reducing
the contribution of remote sources to the local recordings (Ge-
vins, 1989). This method is used in order to distinguish the
different sources generating the signal recorded on the scalp.
MacKay and Bonnet (1990) suggest that RT correlates with
CNV amplitude when the latter represents the global activity of
the motor network but not local activity in subcomponents of
this network. In agreement with this hypothesis, we observed that
the global EEG activity obtained by averaging MFC, CFC, P, and
IFC signals show an inverse correlation between ICNV amplitude
and RT: Global ICNV is the smallest in the NO condition ( — 3.1
uV), intermediate in the GRIP and FORCE conditions (— 4.1 pV
and —4.6 pV, respectively), and the largest in the ALL condition
(— 5.3 uV). This effect contrasts with the absence of correlation
between RTand ICNVamplitude on each cluster independently. As
argued in the previous section, the activity of each cluster is likely to
reflect the activation of different functional components of the
grasping network. In contrast, it is likely that in the case of single-
joint movements the activity of the motor network subcomponents
is poorly differentiated at the scalp level and that Laplacian der-
ivation is required to reveal them. In conclusion, we suggest that in
the context of complex grasping movements, the lack of correlation
between RT and ICNV amplitude does not contradict the dual-
process model of motor preparation.

Differential Time Course for the Planning of the Force and Grip
Parameters

Mean RTs for the four precuing conditions revealed an additive
effect. In the GRIP and FORCE conditions, respectively, mean
RTs were 34 ms and 82 ms greater than in the ALL condition.
The sum of these time differences (34+82 =116 ms) is almost
equal to the time difference between the ALL and the NO con-
ditions (113 ms). According to Rosenbaum (1980), this additive
effect indicates that the grip and force parameters are planned
serially. However, Zelaznik (1978) pointed out that precues
affect the number of stimulus—response (S-R) alternatives and
influence the duration of response selection processes rather than
planning processes per se. In this respect, the additive pattern of
RT for the grip and force parameters cannot be strictly taken as
evidence for a serial organization of movement planning. It is still
noticeable that with the same number of S-R alternatives, the RT
difference between the GRIP condition and the FORCE condi-
tion (48 ms) was significant. This result can be taken as an in-
dication that the force-related planning processes occurring
during RTare less time-consuming than the grip-related planning
processes. An alternative explanation for the difference in RT
between the GRIP and FORCE conditions is that the perceptual
encoding of the cue is more difficult for the grip than the force
parameter, as discussed by Leuthold and Jentzsch (2009). This
hypothesis is very unlikely because we used very similar arbitrary
LED-like signals to precue both parameters. Moreover, to our
knowledge, all precuing studies that include a force parameter
found that this parameter took a shorter time to process than any
other parameter, even for the studies using different types of GO
signals (MacKay & Bonnet, 1990; Richle & Requin, 1995; Richle
et al., 1994; Ulrich et al., 1998).
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Limitations of the Present Study

Some methodological factors might contribute to the discrepan-
cies between our study and the previous ones focused on single-
joint movements. Most of the previous works used a random
design for the presentation of the different precuing conditions.
In our study, we used a block design in which the subject knew
the type of precue provided throughout a block of trials. This
paradigm might lead to differences in the subject cognitive state
(arousal, expectancy, attention, etc.) between the fully informa-
tive (ALL), partially informative (GRIP and FORCE), and
noninformative (NO) precuing conditions. However, it is very
unlikely that the difference between our results and others is
explained by the experimental design (block vs. random). First, it
has been shown that the precuing effect on ICNV is unaffected by
the experimental design (Sangals, Sommer, & Leuthold, 2002).
Second, in line with our results, most studies using a random
design demonstrate a robust precuing effect in which ICNV am-
plitude is largest in the fully informative condition, intermediate
in the partial conditions, and lowest in noninformative condition.

The duration of the preparation period may be another factor
contributing to the discrepancies between the present study and the
previous ones. Many studies that used single-joint movements or
simple button press also used short PP (<1500 ms). Movement
preparation is a complex phenomenon comprising many physio-
logical processes with different time courses (Jennings & van der
Molen, 2005). For short PP, the different preparatory processes
reflected in the CNV can overlap in time, and some may be diluted
in others (Birbaumer, Elbert, Canavan, & Rockstroh, 1990; Gail-
lard, 1976; Rohrbaugh & Gaillard, 1983; Rohrbaugh, Syndulko,
& Lindsley, 1976). In particular, CNV is viewed as the combination
of the eCNV and the ICNV. It has been demonstrated that the
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eCNV is mainly modulated by the nature of the warning signal
(Gaillard, 1976; Loveless & Sanford, 1974, 1975). For long PP,
ICNV occurs approximately 1.5 s before the GO signal and follows
the eCNV. Leuthold and Jentzsch (2009) showed that with a short
PP duration of 1.5 s, similar precuing effects are observed for the
eCNYV (400 ms to 600 ms after precue) and the ICNV preceding GO
onset. The authors assumed that the eCNV may also reflect motor
processes and not only sensory processes. However, because they
used a short PP, it is difficult to disentangle the influence of the
sensory and motor processes on the EEG signals. Although the use
of a long PP does not facilitate the comparison with previous
studies, we assume that it is more suitable to separate in time sen-
sory and motor processes and consequently to make reliable in-
ferences about motor control mechanisms.

Conclusion

In the present study, RT and CNV measurements reveal that sim-
ilar mechanisms are involved in the planning of reach-to-grasp and
simple single-joint movements. However, we suggest that the plan-
ning of reach-to-grasp movements activates a larger motor net-
work and generates topographic variation in ICNV precuing
effects. Together, RT and EEG data confirm that two distinct
functional networks are involved, with different time courses in the
planning of grip and force. These two parameters are integrated in
low-level motor areas to complete the motor command that control
muscle contraction. We also outlined the composite nature of the
ICNV that might reflect high- and low-level processes. Altogether,
this work highlights the relevance of using EEG to study natural
reach-to-grasp movement. These movements reveal some unique
properties of cortical motor processes and refine our understanding
of the functional properties of ERP signals.
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