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Recent studies suggest that in addition to low-level motor impairments, individuals with
hemiparetic cerebral palsy (HCP) are characterized by anticipatory action planning deficits
as well. In the present EEG study we investigated the neural and temporal dynamics of
action planning in participants with right-sided HCP (n=10) and in left-handed control
subjects (n=10). An anticipatory planning task was used inwhich participants were required
to grasp and rotate a hexagonal knob over different angles (60°, 120° or 180°). At a behavioral
level, participants with HCP were slower in their movements and often selected an
inappropriate grip when grasping the object. At a neural level, individuals with HCP showed
a strong reduction in the amplitude of the P2 component, likely reflecting an impaired
process of action selection. In addition, a strong correlation was observed between the P2
amplitude and grasping and rotation times. The P2 component was localized to sources in
the dorsal posterior cingulate cortex (dPCC), an area that is known to be involved in orienting
visual body parts in space. Together these findings suggest that anticipatory planning
deficits in cerebral palsy arise mainly due to an impaired process of action selection.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Individuals with cerebral palsy (CP) are characterized by non-
progressive disorders of movement and posture that are
attributed to disturbances in the fetal or infant brain (Bax et
al., 2005).Clinical studieshaveshownlarge individualvariability
in terms of thebrain areas affected, ranging from lesions in both
gray and white matter, brain malformations to no detectable
brain abnormalities at all (Korzeniewski et al., 2008; Wu et al.,
2006). About 20–33% of the individuals with CP are categorized
with hemiparetic CP (HCP), a formofCP affecting the left or right
lateral side of the body (Koman et al., 2004; Wuet al., 2006).
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In addition to low-level problems withmotor execution, one
recurring finding is that individuals with HCP are characterized
bydeficits inanticipatoryactionplanningaswell (for review, see
Steenbergen&Gordon, 2006). These action planning deficits are
occurring in both the affected and the (relatively) unaffected
arm, and as such these problems have a major impact on
activities in daily life. Previous studies have indicated that
action planning deficits are especially apparent when the right
body side is affected (Craje et al., 2009; Mutsaarts et al., 2007), in
line with the proposed role of the left hemisphere in action
planning (Haaland & Harrington, 1996; Vingerhoets, 2008).
Support for the notion that action planning deficits are a
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characteristic feature of HCP comes mainly from behavioral
studies. Whereas healthy participants typically grasped objects
with a grip that allows a comfortable posture at the end of a
movement (Rosenbaum Vaughan et al., 1992), individuals with
HCP often grasped objects with an initial comfortable grip, even
if that resulted in an awkward end posture or task failures
(Mutsaarts et al., 2005, 2006; Steenbergen et al., 2004). In
addition, it has been found that HCP participants failed to
anticipate the fingertip forces required for smoothly grasping an
object (Duff & Gordon, 2003). Other studies indicate that people
with HCP show less efficient grasping kinematics that – in
contrast to healthy controls – are not influenced by later task
demands (Chen & Yang, 2007; Steenbergen & van der Kamp,
2004). Although these studies provide tentative support for the
notion that participants with HCP are characterized by antici-
patory planningdeficits, theneural and functionalmechanisms
underlying these impairments remain poorly understood.

An important aspect of action planning involves the
selection of the correct motor program (Andersen & Cui,
2009). If you are grasping a pen, for instance, depending on
your action intention you need to select a specific grip that
allows you to use the object in a proper way (e.g. writing with a
pen requires a different grip than moving a pen; cf. Daprati &
Sirigu, 2006). Accordingly, in the present study we hypothe-
sized that action planning problems in individuals with HCP
may be related to an impaired process of action selection.

To investigate this hypothesis we used an action planning
task in which subjects were required to make a rotating
movement with their unaffected hand (cf. Mutsaarts et al.,
2006). We measured subjects’ EEG while they were preparing
actions of varying difficulty (i.e. preparing to rotate a disk over
60°, 120° or 180°) and effects of task difficulty were explored by
measuring event-related potentials (ERPs). Due to their high
temporal resolution and the limited restrictions on subjects’
hand and arm movements, ERPs provide the opportunity to
capture the time-course of visuo-motor processing.

Based on our interest in early action planning, ERP analysis
focused on the action preparation interval and more specif-
ically on the anterior P2 (also labeled P2a or P3f; Makeig et al.,
1999; Potts, 2004), which is a positive deflection over fronto-
central sites with a peak latency of about 200 ms after the
onset of a stimulus. Typically a larger P2 amplitude is observed
for stimuli with a to-be-attended feature (Kenemans et al.,
1993; Potts, 2004; Smid et al., 1999) and accordingly the P2 has
been associated with the evaluation of task-relevant stimuli.
In addition the P2 amplitude is larger for trials that require an
overt response (Gajewski et al., 2008; Makeig et al., 1999; Potts
et al., 1996) and the P2 has been associated with the
anticipation of action consequences as well (Nikolaev et al.,
2008). Interestingly, in a recent study we found a stronger P2
component (as reflected in a frontal selection positivity; FSP)
when subjects were required to grasp compared to when they
had to point towards a 3D target object (van Elk et al., in press).
This task-specific modulation of the P2 was only found when
subjects were required to actually perform themovement, but
not when they withheld from a response. In sum, these
studies suggest that the P2 reflects an action selection
mechanism, enabling the coupling of relevant visual infor-
mation to specific responses (Kuhn et al., 2009; Smid et al.,
1999).
In the present study, it was hypothesized that motor
planning deficits in participants with HCP should become
apparent in slower reaction and movement times, less
accurate rotations and more awkward grips compared to
control subjects. Based on previous studies (Smid et al., 1999;
van Elk et al., in press), we expected that the planning of more
complex actions (i.e. rotating a disc over a larger angle) might
be accompanied by a stronger anterior P2 component. In
addition, differences in action planning between individuals
with HCP and control participants may be reflected in a
smaller amplitude of the anterior P2 for HCP compared to
control participants.
2. Results

2.1. Behavioral results

TheRTanalyses revealedamaineffect of rotation,F(2, 17)=6.5,p
<.01, η2 =.43, reflecting that RTs increased with increased
rotation angles (see Fig. 2). There was a marginal trend for
direction, F(1, 18)=3.7, p =.07, η2 =.17, suggesting slower RTs for
counter-clockwise rotations (777 ms, SE=119 ms) than for
clockwise rotations (738 ms, SE=104 ms; see Fig. 1). No effect
of group was found (F<1).

The analyses of grasping times showed a main effect of
rotation, F(2,17)=9.1, p <.005, η2 =.52, reflecting slower grasping
timeswith increased rotation angles (see Fig. 1). Amain effect of
direction, F(1,18)=4.7, p <.05, η2 =.21, reflected slower grasping
times for counter-clockwise (2077ms, SE=190 ms) compared to
clockwise rotations (1925 ms, SE=188 ms; see Fig. 1). A margin-
ally significant effect of group, F(1,18)=4.2, p =.056, η2 =.19,
indicated slower grasping times for HCP subjects (2381 ms,
SE=263 ms) than for control subjects (1621 ms, SE=263 ms; see
Fig. 1).

As expected, the analyses of rotation times showed a main
effect of rotation, F(2, 17)=9.8, p <.001, η2 =.54, reflecting longer
rotation timeswith increased rotations (see Fig. 1). Amaineffect
of direction, F(1,18)=12.2, p <.005, η2 =.40, reflected slower
rotation times for counter-clockwise (3471ms, SE=196) com-
pared to clockwise rotations (3198ms, SE=176 ms; see Fig. 1). A
main effect of group, F(1,18)=6.6, p <.05, η2 =.27, reflected slower
rotation times for HCP subjects (3801 ms, SE=258 ms) than for
control subjects (2869ms, SE=257 ms; see Fig. 1).

With respect to rotation errors (difference between
instructed and realized rotation angle), a main effect of
rotation, F(2,17)=4.4, p <.05, η2 =.34, reflected larger rotation
errors with increased rotations (see Fig. 1). No effect of group
was found, F(1,18)=2.2, p =.15.

In the analysis of the selection of initial grip types for
grasping the hexagon it was found that HCP subjects more
often grasped the hexagon with an initial comfortable hand
grip (average number of selection of Grip 3 per category=6.1)
compared to control subjects (average number of selection of
Grip 3 per category=2.5), F(1,18)=4.1, p =.059. In an additional
analysis based on the coding of anticipatory grips, a margin-
ally significant interaction was found between direction and
rotation, F(2,17)=2.9, p =.08. This interaction reflected that –
overall – subjects showed anticipatory grip selection for 180°
rotations. Importantly, a significant interaction between
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Fig. 1 – Behavioral results. Graphs representing reaction times (upper left graph), grasping times (upper right graph), rotation
times (middle left graph) and rotation errors (middle right graph) for control subjects (red lines) and HCP subjects (blue lines).

1 As can be seen in Figure 3, the three HCP participants that
were characterized by relatively slow grasping times (>3000 ms)
also showed a relatively small P2 amplitude. To control for the
possible confound that the correlation between the P2 amplitude
and grasping times was caused by these outliers, an additional
analysis was conducted. However, exclusion of the three HCP
participants with the slowest grasping and rotation times did not
affect the significance of the correlations observed.
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Group, direction and rotation, F(2,17)=6.3, p <.01, reflected that
control subjectsmore often showed anticipatory grip planning
than hemiplegic subjects. Together these findings suggest
that HCP subjects often persisted in grasping the hexagonwith
the same initial comfortable grip, thereby failing to anticipate
the upcoming action.

2.2. Event-related potentials: Action blocks

The ERPs for control and HCP subjects during action prepara-
tion are depicted in Fig. 2. Amain effect of group, F(1,18)=20.8, p
<.001, η2 =.54, indicated that control subjects showeda stronger
P2 amplitude (average amplitude=11.7 μV, SE=1.2 μV) than
HCP subjects (average amplitude=4.1 μV, SE=1.2 μV). A main
effect of rotation, F(2,17)=4.2, p <.05, η2 =.33, indicated that the
P2 amplitude increased with increased rotation angle. No
interactionwas foundbetween rotationand group, F(2,17)=2.2,
p =.14.

2.3. Peak correlation analysis

To investigate the functional relation between the P2 amplitude
and the behavioral data a peak correlation analysis was
conducted (see Fig. 3). Significant negative correlations were
observed between the P2 amplitude and grasping time for 60°
rotations (Cz: r=−.602, p =.005; FCz: r=−.592, p =.006), for 120°
rotations (Cz: r=−.574, p =.008; FCz: r=−.522, p =.018) and
marginally significant correlations for 180° rotations (Cz: r=
−.352, p =.128; FCz: r=−.435, p =.055). In addition significant
negative correlations were observed between the P2 amplitude
and rotation time for 60° rotations (Cz: r=−.708, p <.001; FCz: r=
−.671, p =.001), for 120° rotations (Cz: r=−.627, p =.003; FCz: r=
−.568, p =.009) and for 180° rotations (Cz: r=−.479, p =.032; FCz: r=
−.514, p =.021).1

In sum, significant negative correlations were observed
between the P2 amplitude and respectively grasping times and
rotation times, reflecting that subjects with a larger P2
amplitude were faster in grasping and rotating the object. No
significant correlations were observed between reaction times
and P2 amplitude.

2.4. Source analysis

One regional dipole which was located to the dorsal posterior
cingulate cortex (dPCC; Brodmann area 23; x=4, y=−26, z=27;
see Fig. 4), accounted for more than 95% of variance in the
grand averaged data in the P2 interval (150–250 ms) of the
control subjects. When this source solution was applied to the
grand averaged data of the HCP subjects, a residual variance
(RV) of 13% was observed.

First, to investigate whether the identified source locations
fitted the data for both groups, a dipole analysis was
performed on each individual subject's P2 using the source
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Fig. 2 – ERPs during action blocks. ERPs relative to stimulus onset during action blocks for control subjects (upper left graph) and
HCP subjects (upper right graph). Scalp topography of the P2 component for control subjects (middle left graph) and HCP
subjects (middle right graph). Scalp distribution of the difference in P2 amplitude between control and HCP subjects for the
different rotations (lower graph).
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solution from the respective grand average as the starting
point. The coordinates of the resulting dipoles were entered
into a repeated measures ANOVA with Coordinate (x, y and z)
as within-subjects factor and Group (control, HCP subjects) as
between-subjects factor. Importantly, no interaction was ob-
served between Group and Coordinate (F(2, 17)=1.4, p =.27),
indicating that the location of the individual source solutions
did not differ between groups.
Second, to investigate the relative contribution of this source
to the individual data, the sourcewaveformswere computed for
each individual subject's P2 using the source solution from the
grand average data. A main effect of vector was found
significant from 168 to 250 ms, F(2,17)>7.7, p <.005, reflecting
that the regional source projected most strongly in tangential
direction. Amain effect of groupwas found significant from 162
to 250 ms, F(1, 18)>4.5, p <.05, reflecting stronger source
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Fig. 3 – Correlations between P2 amplitude and grasping/rotation times. Correlations between P2 peak amplitude and grasping
times for different stimulus rotations (upper rows). Correlations between P2 peak amplitude and rotation times for different
rotations (lower rows).
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activations for control compared toHCP subjects (see Fig. 4). The
interaction between Group and Vector was found significant
from 170 to 234ms, F(2,17)>3.7, p <.05, reflecting a stronger
tangential source activation for control compared to HCP
subjects.

2.5. Event-related potentials: Verbal blocks

The ERPs for control and HCP subjects during verbal blocks are
depicted in Fig. 5.2 A main effect of group, F(1,17)=10.1, p <.01,
η2 =.372, indicated that control subjects showed a stronger P2
amplitude (average amplitude=10.1 μV, SE=1.3 μV) than HCP
subjects (average amplitude=4.4 μV, SE=1.2 μV). A marginally
significant effect of rotation, F(2,16)=3.3, p =.063, η2 =.29,
indicated that overall the P2 amplitude increased with
increased rotation angle. A significant interaction was found
between group and rotation, F(2,16)=4.3, p <.05, η2 =.35,
reflecting that for HCP subjects the P2 amplitude increased
with increased rotation angle, whereas for control subjects no
such relation was observed (see Fig. 5). Finally, a marginally
significant interaction was found between group, orientation
and electrode, F(2,16)=3.3, p =.065, η2 =.29. This three-way
interaction reflected that the difference in P2 amplitude
2 Due to a procedural error EEG data from 1 control subject was
not recorded during verbal blocks. The analysis for verbal blocks
includes data from the remaining 19 subjects.
between control and HCP subjects was located slightly more
to posterior sites for 180° rotations (see Fig. 5).
3. Discussion

The present study investigated the functional and neural
dynamics of anticipatory action planning in hemiparetic
cerebral palsy (HCP). At a behavioral level, participants with
HCP were slower in their movements and often selected an
inappropriate grip when grasping the object. At a neural level,
individuals with HCP showed a strong reduction in the
amplitude of the P2 component and overall a strong correlation
was observed between the P2 amplitude and grasping and
rotation times. The sourcesof the P2were localized to thedorsal
part of the posterior cingulate cortex (dPCC), an area that is
known to be involved in visuo-spatial processing and that has
massive connections to bothmotor and parietal areas (see Vogt
et al., 2006). Together these findings suggest that action
planningdeficits inhemiplegic subjectsarisedue to an impaired
process of action selection.

At a behavioral level, besides the overall slowness, indivi-
dualswithHCPmoreoften failed toanticipate theconsequences
of their action and grasped the objectwith a grip that resulted in
awkward and uncomfortable body postures or even in task
failures. These findings are line with previous studies, indicat-
ing that individualswithHCP showanticipatory actionplanning
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Fig. 4 – Dipole source analysis on the P2 component. The P2 component was localized to the dorsal posterior cingulate cortex
(dPPC; Brodmann area 23; x=4, y=−26, z=27). Averaged source activation for the regional dipole is represented separately for
control subjects (red line) and HCP subjects (blue line).
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deficits (Mutsaarts et al., 2005, 2006; Steenbergen & van der
Kamp, 2004; te Velde et al., 2005).

At a neural level, both participants with HCP and control
participantsshowedanenhancedP2amplitude for theplanningof
actions with increased rotation angle. Previous studies have
shown that the P2 amplitude modulation is related to both
stimulus evaluation and the organization of the upcoming motor
response (Kuhn et al., 2009; Makeig et al., 1999; Potts, 2004). For
instance, in a previous study we observed a stronger P2
component when subjects prepared a grasping compared to a
pointing movement towards an object and this modulation was
onlyobserved incaseanovertactionwasrequired (vanElketal., in
press). Furthermore, recent studies suggest that the P2may reflect
both stimulus–response coupling (Gajewski et al., 2008) and the
coupling between a response and an anticipated action effect
(Nikolaevetal., 2008).On thebasisof thesestudies, theP2hasbeen
suggested to reflect an action selection process, whereby a
response is selected based on relevant visual information (Kuhn
et al., 2009; Smid et al., 1999). Accordingly, in the present study the
stronger P2 amplitudewith increased rotation angle likely reflects
an increasedactionselectionprocess incaseamoredifficultaction
is required. The suggestion that the P2 amplitude enhancement is
related to action planning is further supported by our finding that
theP2 amplitudewashighly correlatedwithmovement timesand
rotation times. The correlation reflected that a stronger P2
amplitude was associated with successful action planning, as
reflected in more efficient grasping and rotation of the object.
Interestingly, the overall P2 amplitude of participants with
HCP was about half the size of the P2 amplitude of control
participants. Similar to control subjects, participants with HCP
also showed an amplitude modulation of the P2 component
with increased rotations. In addition, participants with HCP
that showed a relatively strong P2 amplitude were also faster
in grasping and rotating the object. As the present study
employed an anticipatory planning paradigm, faster grasping
and rotation times may be indicative of a more efficient
planning process, as the selection of an incorrect grip would
result in more effort to acquire the desired end posture.
Together these findings suggest that individuals with HCP are
specifically characterized by an impaired – though still func-
tional – process of action selection. In addition, the present
study suggests that the action selection process in HCP is
impaired already at an early stage, within the first few hundred
milliseconds after the instruction tomove. This finding is in line
with the action planning–control framework, according to
which the planning phase of the action – which involves the
processing of visual information and the selection of an
appropriateaction –occurs in the first fewhundredmilliseconds
(Glover, 2004).

The P2 component of control subjects was estimated to
originate from the dorsal posterior cingulate cortex (dPCC; BA23)
and stronger dPCC sources were observed for control compared
toHCP subjects in this region. The dPCC is considered part of the
dorsal visual pathway that is involved in visual processing for
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Fig. 5 – ERPs during verbal blocks. ERPs relative to stimulus onset during verbal blocks for control subjects (upper left graph) and
HCP subjects (upper right graph). Scalp distribution of the difference in P2 amplitude between control and HCP subjects for the
different rotations (lower graph).
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action and the control of action (Goodale & Westwood, 2004).
More specifically, the dPCC has been shown to be involved in
making predictions about the consequences of one's actions
(Blakemore et al., 1998), in eye-hand coordination (Inoue et al.,
1998) and in spatial navigation (Maguire, 1997). The dPCC is
strongly connectedwith both the anterior cingulate cortex (ACC)
and posterior parietal areas (Kobayashi & Amaral, 2003) and
projects to rostral and caudal cingulatemotor areas aswell (Vogt
& Pandya, 1987). Therefore, it has been suggested that a key
function of the dPCC is to orient body parts in visual space (for
review, seeVogt et al., 2006).The integrative functionof thedPCC
fits well with the functional characteristics of the P2 component
and theweaker dPCCsource activation forparticipantswithHCP
is in line with the recurrent finding that individuals with HCP
show impaired motor and postural control (Bax et al., 2005).

The finding that anticipatory planning problems in partici-
pantswith right-sidedHCP are related to an impaired process of
action selection is in line with previous studies, showing that
damage to the left hemisphere results in impairments in
response selection (Haaland & Harrington, 1994; Haaland et
al., 1987; Rushworth et al., 1997; Rushworth et al., 1998). In
addition, several studies have shown that response selection
and action anticipation are associated with activation in left
premotor and parietal cortex (Blakemore et al., 1998; Kalaska &
Crammond, 1995; Majdandzic et al., 2007; Schluter et al., 2001;
Schluter et al., 1998; van Schie & Bekkering, 2007). An intriguing
question is why in the present study effects of action planning
were localized to the dPCC, rather than the more lateral motor
structures reported in earlier studies. The apparent discrepancy
may be related to both the methodology and the paradigm
employed. That is, most previous studies on action planning
have used fMRI, whereas the present study employed ERPs to
capture the early stages of visuo-motor processing. The early
and transient activations in dPCC, as measured in the present
study, may actually precede the more prolonged activation in
parietal and premotor areas asmeasuredwith fMRI. In addition,
most studies on response selection and action planning have
typically used a paradigm that involved the selection of
relatively simple movements in response to visual cues. In
contrast, in the present study the coupling between visual
information and a motor program was more complex and
involved the anticipation of the end state of an action involving
a specific bodyposture.Although relatively little is knownabout
the neural mechanisms underlying anticipatory grip planning,
the functional properties of the dPCC fit well with its proposed
role for mediating the coupling of visual information to an
appropriate motor program (Vogt et al., 2006).

Importantly, the modulation of P2 amplitude by task
difficulty could not be attributed to perceptual differences
between conditions (i.e. a different number of LEDs implied a
different rotation instruction). When control subjects were
required to only verbally respond to the number of LEDs that
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was lighted, no modulation of the P2 amplitude was observed.
This finding further supports the interpretation that the P2-
effect reflects a selection-for-action mechanism, related to
response selection on the basis of visual information (Smid et
al., 1999; van Elk et al., in press). Although for participants with
HCP a modulation of the P2 component was observed in the
verbal task, the effect appeared to be weaker and did not show
the same consistent pattern as observed in the action planning
task. It could well be that the effects observed in the visual task
for individuals with HCP reflected the persistent activation of
the stimulus–response coupling required for the action plan-
ning task. The notion that individuals with HCP may have
particular difficulty with controlling and flexibly switching
between different stimulus–response couplings opens interest-
ing avenues for future research.

An important issue in research with clinical populations
concerns the question whether left-handed control partici-
pants comprise a valid comparison for participants with right-
sidedHCP. It could be thatmost HCP participants had a genetic
predisposition to become right-handed prior to their prenatal
brain injuries. As the relation between handedness and the
structural and functional organization of the brain is well
established (Kloppel et al., 2007; Knecht et al., 2000; Willems &
Hagoort, 2009; Willems et al., 2009a; Willems et al., 2009b), the
comparison between HCP and left-handed control partici-
pants may have been confounded. However, although hand-
edness has a strong genetic component, hand preference is
determined by environmental factors as well (for review, see
Llaurens et al., 2009). From their birth onwards participants
with HCP predominantly used their unaffected left hand,
thereby providing a good match with left-handed control
participants in terms of action experience. In addition, in a
recent study it was found that adult ‘converted’ left-handers –
who had been forced as children to write with their right
hand – showed a comparable left-hemispheric lateralization
of the central sulcus as right-handers, thereby underlining the
plasticity of themotor system caused by forced use of the non-
dominant hand (Kloppel et al., 2010). In sum, given the
equivalence in action experience and the supposed effect of
both forced and spontaneous left-hand use on hemispheric
specialization, the comparison between left-handed control
participants and subjects with right HCP seems warranted.
Table 1 – Participant information for participants with
HCP. Gen=gender; IH=impaired hand; UH=unimpaired
hand; Ratio=score (impaired hand)/score (unimpaired
hand).

Part Gen Age Box and Blocks Purdue Pegboard

IH UH Ratio IH UH Ratio

1 M 18.8 69 20 .29 28 4 .14
2 F 19.3 76 11 .15 31 0 0
4. Conclusion

The main finding of the present study is that anticipatory
planning deficits in subjects with right hemiparetic cerebral
palsy (HCP) arise due to impairments in action selection,
occurring at an early stage during action preparation, as
evidenced by a reduced P2 amplitude and a weaker source
activation of the dorsal posterior cingulate cortex.
3 M 15.7 47 56 1.19 22 21 .96
4 M 17.5 63 9 .14 20 0 .0
5 M 18.1 49 33 .67 23 2 .09
6 M 20.1 49 26 .53 30 0 0
7 F 18.4 47 18 .38 32 0 .0
8 M 21.1 57 60 1.05 22 23 1.05
9 M 17.8 56 60 1.07 27 20 .74
10 F 19.3 49 16 .33 28 0 .0
5. Experimental procedures

5.1. Subjects

In total 20 subjects participated in the study. The group
consisted of 10 participants diagnosed with right spastic
hemiparetic cerebral palsy (HCP; 3 females, mean age=18.3 -
years, SD=1.2 years) and 10 neurologically healthy control
participants (2 males, mean age=19.7 years, SD=2.2 years).
Participants with HCP were recruited via their school (a school
for special educationMariëndael in Arnhem, theNetherlands),
or via the Dutch society of parents of physically disabled
children (‘BOSK’). Hand function was tested using the Box and
Blocks test (gross dexterity; Mathiowetz et al., 1985) and the
Purdue Pegboard test (fine dexterity; Tiffin, 1985) for both the
impaired and unimpaired hand. The severity of the paresis
was estimated by calculating the ratio between the score of
the impaired and the unimpaired hand. Accordingly, a score
near 1 indicates that hand function among both hands was
comparable (i.e. mild paresis), whereas a score near 0 indicates
a strong difference between the impaired and unimpaired
hand (i.e. severe paresis). Participant information is provided
in Table 1.

Control subjects were students from the Radboud Univer-
sity Nijmegen, who participated for course credits or an
experimental fee. All control participants were left-handed,
as assessed by an online inventory for handedness. All
participants gave informed consent prior to the experiment.
The study was approved by the local ethics committee, in
accordance with the declaration of Helsinki.

5.2. Experimental setup

The experiment was conducted in an electrically and sound-
shielded room. The experimental setup is schematically
presented in Fig. 6. Subjects were seated comfortably behind
a table on which a custom-made rotatable disk (width 40 cm)
was placed. A hexagonal knob (width 11 cm and depth 6 cm)
was placed at the center of the disk to allow and detect
grasping actions of the subject. At each of the six sides of the
hexagon an arrow was inserted (length 15 cm and width
0.5 cm). At 0.5 cm from the edge of the disk six LEDs were
placed at 0°, 60°, 120°, 180°, 240° and 300°. In front of the disk a
response box was placed from which the subject started the
graspingmovements. Both the response box and the rotatable
disk were controlled by a PC running Presentation software
(Neurobehavioral Systems Inc., Albany, CA) to switch on the



Fig. 6 – Experimental setup. Top: Subjects were seated behind a table on which a custom-made disk was placed that could be
grasped at the middle hexagon. LEDs on the side of the disk instructed subjects to either rotate the disk in a particular
orientation (action blocks) or to report the number of LEDs (verbal blocks). Bottom: Subjects were allowed to freely select their
initial handgrip for grasping the hexagon (Grip 1–5; grip 6 was biomechanically impossible).
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LEDs, to detect release of the button box (reaction time), the
grasping of the hexagon (grasping time), the release of the
hexagon (rotation time) and to measure the rotation angle.
Markers for the different eventswere sent to the EEG computer
and stored for offline analysis.

5.3. Experimental procedure

At the beginning of each trial a number of LEDs turned on and
depending on the task instructions subjects responded by
rotating the disk (action blocks) or by verbally reporting the
number of LEDs (verbal blocks). Verbal blocks were included to
control for perceptual differences between conditions (i.e.
more visual information projected onto the retina when a
large rotation is required). During action blocks a combination
of LEDs instructed the subject to rotate the disk with a specific
angle in a specific direction (see Fig. 6). For instance, if during
an action block LEDs 1, 2 and 3were lighted, this indicated that
the subject was required to rotate the disk 120° in a clockwise
direction. During verbal blocks a combination of LEDs
instructed the subject to report the number of LEDs that
were lighted, after the LEDs switched off. For instance, if
during a verbal block LEDs 1, 2 and 3 were lighted, the subject
was required to verbally report the number of LEDs (i.e. ‘three’)
after the LEDs had turned off.

In line with previous studies using participants with
unilateral brain damage (Kimura & Archibald, 1974; Mutsaarts
et al., 2005; Rushworth et al., 1998; Steenbergen et al., 2004;
Steenbergen & van der Kamp, 2004), during action blocks
participants always performed the movements with their non-
affected/left hand (i.e. the hand ipsilateral to the affected
hemisphere). The rationale for having participants perform
the action with the left hand was that most hemiplegic
participants could correctly perform the grasping and rotation
actions only with their ipsilateral hand. This manipulation
allowed us to directly assess effects of action planning, without
the possible confound of physical limitations in motor abilities
between participants.

Subjects were instructed to grasp the disk with the thumb
and fingers placed on opposite sides of the hexagon. At the
beginning of the experiment it was explained that the object
could be grasped with 5 different grip types (see Grips 1–5 in
Fig. 6; Grip 6 was biomechanically impossible). During the
experiment subjects were free to choose by which grip they
grasped the object in order to rotate it. After the LEDs switched
on, subjects released the starting position (i.e., they released
the response button on the button box), grasped the hexagon
and rotated the disk according to the task instructions
provided by the LEDs. The initial grip by which subjects
grasped the object was coded online by an experimenter. After
rotation, subjects returned to the starting position uponwhich
the next trial was initiated.

During verbal blocks, the LEDs remained on for 1000–
1500 ms after which the subjects verbally reported the
number of lighted LEDs to the experimenter. After verbally
responding, subjects pressed the response button upon
which the next trial was initiated. Each block consisted of 30
trials (2 Directions × 3 Rotation angles × 5 Replications) which
were presented in random order. Each subject performed three
action blocks and three verbal blocks and block order was

image of Fig.�6
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counterbalanced between subjects (block order wasAVAVAVor
VAVAVA).

5.4. EEG measurements

The electroencephalogram (EEG) was recorded using 61
active electrodes that were placed in an actiCAP (BrainPro-
ducts, Munich, Germany). Electrode positions were based on
the M-10 Equidistant 61-Channel-Arrangement, with an
inter-electrode distance of 37±3 mm (given a head circum-
ference of 58 cm). All electrodes were referenced to the left
mastoid online and re-referenced offline to the linked
mastoids. The impedance of the electrodes was kept below
10 kOhm. EEG and EOG signals were amplified using two 32-
channel BrainAmp DC EEG amplifiers. The signal was
sampled at 500 Hz and filtered online with an 80 Hz high
cut-off filter and a 10 s time-constant.

5.5. Data analysis

Analysis of behavioral responses focused on reaction times,
grasping times (time between release of the starting button
and detection of grasping the hexagon) and rotation times
(time between detection of grasping the hexagon and release
of the hexagon). Response latencies exceeding the subject's
mean bymore than 3 standard deviations were excluded from
analysis. In addition the rotation error was calculated by
subtracting the actually rotated angle from the instructed
rotation. Behavioral data were analyzed using a 2×3 repeated
measures general linear model (GLM) with Direction (counter-
clockwise, clockwise) and Rotation (60°, 120°, 180°) as within-
subject variables and Group (control subjects, HCP subjects) as
between-subjects factor.

For the analysis of the selection of initial hand grip, the
number of initial comfortable handgripswas analyzed, as this
is indicative of a deficit in anticipatory planning. In an
additional analysis, first each grip type was assigned a score
(Grip 1=1; Grip 2=2 etc.). Based on the number of grips
selected, for each subject an average score was calculated per
stimulus category. Accordingly, a low score is indicative of
anticipatory planning for clockwise movements (CW) and a
high score is indicative of anticipatory planning for counter-
clockwise movements. The individual scores were analyzed
using a 2×3 repeated measures general linear model (GLM)
with Direction (counter-clockwise, clockwise) and Rotation
(60°, 120°, 180°) aswithin-subject variables andGroup (control
subjects, hemiparetic subjects) as between-subjects factor.
Detailed analysis of the selection of the initial grip type is
reported elsewhere (Crajé et al., submitted).

Analysis of event-related potentials (ERPs) focused on the
movement preparation interval and ERPs were calculated
relative to the onset of the LEDs from −200 to 500 ms using a
100 ms pre-stimulus baseline. Trialswithmovement artifacts
were excluded from analysis on the basis of careful visual
inspection of the raw data. Ocular artifacts were corrected
using a semi-automatic correction procedure based on the
algorithm of Gratton and Coles (1983). The analyses were
conducted on the averaged P2 amplitude at Cz and FCz from
180to 220 ms after stimulus onset. ERPs were tested for
statistical significance using a 3×2 repeated measures
general linear model (GLM) with Rotation (60°, 120°, 180°)
and Electrode (Cz, FCz) as within-subject variables and Group
(control subjects, HCP subjects) as between-subjects factor.

In a subsequent correlation analysis the functional relation
between the ERPs and the behavioral measures was investigat-
ed. First, for each individual subject thepeak amplitudeof theP2
component was identified, by selecting the most positive peak
between 150 ms and 250 ms at electrodes Cz and FCz. Next
Pearson's R was calculated between the individual peak
amplitudes of the P2 component and grasping times and
rotation times. Correlations were calculated separately for
different rotations (60°, 120° and 180°).
5.6. Source analysis

Brain electromagnetic source analysis (BESA 5.0, MEGIS Soft-
ware) was used for EEG dipole source analysis, by using a four-
shell ellipsoid head model. For the source analysis of the
averaged P2 component in the action condition a single regional
dipolewasused, in linewithpreviousstudies thathavemodeled
sources of fronto-central components (van Schie et al., 2004).
The source model was computed from 150 to 250 ms after
stimulusonseton thegrandaveragewaveform, averagedacross
different stimulus conditions to increase the signal-to-noise
ratio. For the control subjects, the best fitting source model on
thegrandaveragepotential distributionwascomputed (residual
variance (RV) was below 5%). The source solution for the control
subjects was applied to the grand average potential distribution
of the hemiparetic subjects.

First, to investigate whether the identified source location
differed between groups, a dipole analysis was performed on
each individual subject's P2 using the source solution from the
respective grand average as the starting point. The x, y and z
location coordinates for the individual dipole solutions were
entered in a repeatedmeasures ANOVAwith Coordinate (x, y, z)
as within-subjects factor and Group (control, hemiparetic
subjects) as between-subjects factor. Source locations were
specified in Talaraich coordinates and were projected on an
individual MRI.

Subsequently, to investigate whether the identified source
differed in strength betweenboth groups, the sourcewaveforms
were computed for each individual subject's P2,using the source
solution from the grand average. To investigate group differ-
ences between the source waveforms a sample-wise repeated
measures ANOVA was conducted on the 150–250ms interval,
with Vector field (x, y and z) as within-subject factor and Group
(control, HCP subjects) as between-subjects factor. The signif-
icance criterion for each individual time-bin was set at 0.05. To
control for multiple comparisons, a criterion of three consecu-
tive significant intervals was used, thereby reducing p to
50×0.053 =.00625.
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