
Experimental Neurology 216 (2009) 148–157

Contents lists available at ScienceDirect

Experimental Neurology

j ourna l homepage: www.e lsev ie r.com/ locate /yexnr
Alterations in voluntary movement execution in Huntington's disease are related to
the dominant motor system — Evidence from event-related potentials

Christian Beste a,b,⁎, Carsten Konrad c, Carsten Saft d, Tim Ukas c, Jürgen Andrich d, Bettina Pfleiderer e,
Markus Hausmann f, Michael Falkenstein a

a Leibniz Research Centre for Working Environment and Human Factors, WHO Collaborating Centre for Occupational Health, Ardeystr. 67, D-44139, Dortmund, Germany
b Institute for Cognitive Neuroscience, Biopsychology, Ruhr-University Bochum, Germany
c Department of Psychiatry and Psychotherapy, Interdisciplinary Center for Clinical Research (IZKF), University of Münster, Germany
d Department of Neurology, Huntington Centre NRW, St. Josef-Hospital, Ruhr-University Bochum, Germany
e Department of Clinical Radiology, University of Münster, Germany
f Department of Psychology, Durham University, Durham, UK
⁎ Corresponding author. Leibniz Research Centre fo
Human Factors, WHO Collaborating Centre for Occupatio
Ardeystr. 67, D-44139 Dortmund, Germany. Fax: +49 23

E-mail address: beste@ifado.de (C. Beste).

0014-4886/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.expneurol.2008.11.018
a b s t r a c t
a r t i c l e i n f o
Article history:
 Huntington's disease is an au

Received 29 October 2008
Revised 19 November 2008
Accepted 20 November 2008
Available online 10 December 2008

Keywords:
Huntington's disease
Voluntary movements
Event-related potential (ERP)
tosomal dominant neurogenetic disorder leading to striatal atrophy, characterized
by involuntary movements. Voluntary movements also deteriorate, but the neurophysiological mechanisms
are less understood. We investigated voluntary movement execution and its neural correlates by means of
movement-related potentials (MRPs) in symptomatic HD (HD), presymptomatic HD (pHD) and controls.

Reaction times (RTs) revealed hand differences in controls and HD, but not in pHDs. Response-lockedMRPs
above the contralateral primary motor area (M1) were similar across all groups. Yet, the HD-group showed,
selectively for the right hand, a second contralateral (left) activation after the response, followed by similar
activation over the ipsilateral (right) motor area, which is normally inhibited. Similarly parietal processes were
reversed for right hand movements. In strong contrast, pHDs showed an increased inhibition of the ipsilateral
hemisphere.

The results suggest modulations of inhibitory processes in HD dependent on disease stage. Importantly,
these modulations occur after the response and are restricted to right-hand responses, or the dominant motor
system (left hemisphere). Since also cognitive processes preceding the MRPs changed, the results suggest a
cognitive contribution to the emergence of voluntary movement dysfunction. The pattern in the pHD-group,
namely an increased inhibition of the ipsilateral hemisphere and similar RTs between the hands suggest
compensatory mechanisms in presymptomatic stages of the disease. Despite neurophysiological alterations
originating in the dominant left hemisphere in HDs, they also affect the right hemisphere, probably due to a
dysfunction in interhemispheric inhibition in HD.

© 2008 Elsevier Inc. All rights reserved.
Introduction
Huntington's disease (HD) is an autosomal dominant neurological
disorder. The causative mutation is an expansion of the CAG
trinucleotide repeat in the HD gene (IT 15) on chromosome 4 (Beal
and Ferrante, 2004). The most prominent sign of HD is chorea (Van
Vugt et al., 1996; Penney et al., 1990). These motor symptoms are
probably related to striatal pathology (e.g. Aylward et al., 2004;
Kassubek et al., 2005; Thieben et al., 2002; rev. Rosas et al., 2004). The
striatum can be seen as the main focus of pathology and is found to be
more pronounced in the left hemisphere (Finke et al., 2006).
Degeneration begins in the medium spiny neurons (MSN) (Cepeda
r Working Environment and
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et al., 2007) that provide inhibitory synaptic connections (Bevan et al.,
2002) to pallidal structures. MSNs play an important role regulating
the striatal output to pallidal structures (Gurney et al., 2004; Wickens
and Wilson, 1998). Pallidal structures in turn project to the VA/VL
complex of the thalamus, which in turn project to the primary motor
cortex (Purves, 2004). Striatal and pallidal basal ganglia structures are
influenced by the substantia nigra and the nucleus subthalamicus,
respectively.

Thalamic structures are also affected in HD (Beste et al., 2008;
Kassubek et al., 2005) and hence an important structure mediating
voluntary movement is dysfunctional, too. Indeed, it has been shown
that voluntary movements are affected in HD (Kremer, 2002), which
greatly impairs everyday living (Van Vugt et al., 2004). Since the
precise nature of this motor impairment in HD is unknown (Kremer,
2002) we try to elucidate these processes on a neurophysiological
level by using event-related potentials (ERPs). The most frequently
used movement-related ERP component, the lateralized readiness
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Table 1
Descriptive analysis of ages, sex, handedness (LQ) as well as clinical data including
cognitive and psychiatric assessment of all groups

HD mean (SD) pHD mean (SD) Controls mean (SD)

Sample size N=9 N=11 N=11
Male:female 5 m:4 f 6 m:5 f 6 m:5 f
Laterality quotient (LQ) 94.44 (5.27) 95.00 (4.82) 94.54 (5.22)
Age (years) 38.22 (9.14) 35.91 (10.03) 37.50 (8.35)
CAG-repeat size 46.11 (4.70) 42.58 (1.78) NA
Age of onset (AO) 36.11 (10.39) NA NA
Estimated age of onset (eAO) 39.24 (10.21) 46.04 (4.89) NA
Duration until eAO −0.12 (8.62) 10.13 (8.19) NA
UHDRS (motor score) 25.44 (9.03) 0 NA
TFC 12 13 NA
IS 87.22 (9.05) 100 NA
IQ 105.88 (8.10) 109.50 (11.86) 114.30 (5.86)
UHDRS (cognitive score) 187.55 (69.48) 236.50 (16.81) 249.50 (0.53)
MMSE 27.77 (2.33) 29.25 (0.86) 29.66 (0.49)
BDI 5.44 (4.03) 6.83 (6.61) 3.00 (3.08)
YMRS 5.33 (5.31) 1.33 (1.37) 1.45 (1.34)

The LQ is calculated as [(R−L)] / (R+L)]×100, resulting in values between −100 and +100.
Positive values indicate dextrality, negative values indicate sinistrality. Abbrevations:
UHDRS = Unified Huntington's disease Rating Scale, TFC = Total Functional Capacity
Scale, IS = Instrumental Scale, MMSE = Mini Mental Status Examination, BDI = Beck
Depression Inventory, YMRS = Young Mania Rating Scale. Note: No standard deviations
(SD) are given for the TFC score, as the score was identical for all subjects within each
group.
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potential (LRP) reflects the time course of unilateral movement
execution (Praamstra et al., 1996; Coles et al., 1988). As the LRP only
reflects the difference of activation between the contralateral and the
ipsilateral hemispherewe additionally examine contra- and ipsilateral
hemisphere independently of each other (Taniguchi et al., 2001;
Yordanova et al., 2004; Carbonell et al., 2004). Negativities above the
contralateral hemisphere reflect cortical activation during the
response, positivities above the ipsilateral hemisphere reflect the
inhibition of the alternate effector (i.e. response hand) (Taniguchi et
al., 2001; Yordanova et al., 2004).

Based on the abovementioned neuronal alterations in HD affecting
inhibitory basal ganglia systems (i.e. dysfunctions of MSNs, left
lateralization of striatal damage), we hypothesize that symptomatic
HDs may reveal altered inhibitory MRPs, but also increased excitatory
MRPs predominantly for the right hand. The left hand may be less
affected. Examining the precise time course of contra and ipsilateral
processes during movement execution and possible lateralized
deficits in un-medicated HD patients goes beyond existing studies
on neurophysiological processes in movement execution in HD
(Johnson et al., 2002, 2001; Berardelli et al., 1999).

However, recent studies indicate that neuronal processes in the
motor system are preceded by neuronal processes occurring in
parietal areas (Jaffard et al., 2008). These parietal processes may be
well reflected by the parietal P3, which may also be related to above
mentioned inhibitory potentials generated by motor cortices (Roman
et al., 2005; Verleger et al., 2005). The P3 has been related to the reset
or closure of cognitive processes (Verleger, 1988) and to inhibitory
processes in general (Roberts et al. 1994). Hence we also explore
possible changes in these processes, as reflected in the P3. If these are
also altered, this may suggest for a cognitive contribution to deficits in
voluntary movement execution in HD.

Materials and methods

Participants

In total, twenty-one HD subjects participated in the study. Of these,
nine were right-handed, unmedicated patients (N=9) from 26 to
57 years of age (M=38.22; SD=9.14) with manifest symptoms (HD).
Besides these, a group of twelve right-handed presymptomatic gene
mutation carriers (N=12) defined by a positive gene tests and the
absence of specific motor symptoms (pHD) from 24 to 56 years of age
(M=35.91; SD=9.30) were recruited. Test scores and parameters of
clinical relevance (e.g. CAG-repeat, UHDRS, TFC, BDI, YMRS) as well as
neuropsychological testing are given in Table 1. All patients and pHDs
agreed to be videotaped to document their neurological status.
Neurological assessment of the pHD group revealed no symptoms
specific for HD.

Besides these HD groups, a group of eleven right-handed, healthy
controls was recruited. Detailed demographic data is given in Table 1,
too. The experiments were undertaken with the understanding and
written consent of each subject, with the approval of the appropriate
local ethics committee, and in compliance with national legislation
and the Code of Ethical Principles for Medical Research Involving
Human Subjects of the World Medical Association (Declaration of
Helsinki). The study was approved by the ethics committee of the
University of Bochum.

Stimuli and procedures

Movement-related brain potentials were measured in a very
easy choice reaction task (CRT) to minimise cognitive load and
focus on speeded response activation. In this task an arrowhead
was presented pointing either to the left or right. The subjects had
to respond with the thumbs, each pressing a key depending on
the direction of the arrowhead. Two blocks of 60 stimuli each
were presented in this task randomly directing to the left and
right, balanced across the left and right hand. The stimuli
(1.5×1.5 cm) were presented for 100 ms. The response–stimulus
interval (RSI) was set at a mean of 1000 ms with a random jitter
of 200 ms, i.e. RSI was from 800 till 1200 ms. The upper bound of
reaction time (RT) was set at 1100 ms, the lower bound at 100 ms.
If a reaction fell outside this interval, the reaction was classified as
erroneous.

EEG data acquisition and pre-processing

During the task the EEGwas recorded from 32 electrodes (Ag/AgCl)
(Fpz, Fp1, Fp2, Fz, F3, F4, F7, F8, FCz, FC3, FC4, FC5, FC6, Cz, C3, C4, C7,
C8, Pz, P3, P4, P7, P8, Oz, O1, O2, M1, M2), two lateral and four vertical
EOG electrodes at a sampling rate of 500 Hz. This was done using a
QuickAmp (Brain Procducts Inc., Munich). The EEG was recorded by
means of the Brain Vision Recorder sofware (Brain Products Inc.,
Munich).

Impedances were kept below 5 kΩ. Cz was used as primary
reference. The filter bandwidth was from DC to 80 Hz. The EEG was
analysed off-line using the Brain Vision Analyser sofware (Brain
Products Inc., Munich).

Here, the EEG was digitally filtered off-line using a 0.10 Hz high-
pass and 20 Hz low-pass filter. From the EEG response-locked ERPs
were computed for each hand separately, beginning −600 ms before
and ending 900 ms after the correct response followed by a baseline
correction −600 ms to −400 ms. After this, eye movement artifacts
were corrected with the Gratton–Coles-Algorithm using the EOG data
(Gratton et al., 1983). Remaining artifacts were rejected using an
amplitude criterion of ±80 μV. Before LRP calculation, the current
source density (CSD) of the signals was calculated (Nunez et al., 1997).
This eliminates the reference potential (see: Yordanova et al., 2004;
Carbonnell et al., 2004). LRPs and activity on either the contralateral
and ipsilateral hemisphere (MRPs) (Taniguchi et al., 2001) were
calculated for each hand separately. Activity was measured using the
electrodes C3 and C4 overlying the hand area of the motor cortex
(Seiss and Praamstra, 2004; Carbonnell et al., 2004). Because of the
low signal-to-noise ratio of LRPs a jack-knifing-procedure was applied
before data quantification (Ulrich and Miller, 2001). To obtain the
jackknifed mean LRPs onset score or amplitude ji for each participant i
(i=1…n), first, n grand-average wave forms are calculated across



Table 2
This table denotes mean RTs (ms) separated for the left and right hand, as well as both
hands for each group

HD mean
(SEM)

pHD mean
(SEM)

Controls mean
(SEM)

Left hand (RT) 475.1 (11.0) 376.0 (8.0) 373.9 (9.1)
Right hand (RT) 414.9 (12.5) 372.5 (9.0) 348.1 (7.7)
Both hands (RT) 445.1 (10.3) 374.2 (8.9) 365.4 (9.3)

Dispersion parameters were determined with the jackknifed data.
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participants by successively omitting every participant once. Then, for
each of the n grand-averagewave forms, the LRP onset or amplitude is
measured. This results in n jackknifed LRP onset or amplitude scores
(j…jn), with each ji being based on the data from all participants but i
(see: Stahl and Gibbons, 2004). The idea behind jack-knifing is to
reduce noise before LRP-onset or -peak detection is made with the
effect of a more reliable onset-latency and peak-amplitude measure-
ment. As jack-knifing leads to a massive reduction of variance in the
electrophysiological data, these F-values were adjusted using the
method described by Ulrich and Miller (2001) and denoted as Fcorr in
the Results section.

Data analyses: ERPs

For the statistical analysis, behavioural data (reaction time (RT)
and error rate) and electrophysiological measures (onset latency,
peak-amplitude and peak-amplitude latency) were obtained. The
onset latency was defined by that point of time in which the
deviation from baseline reached a value of 20% of total peak to
baseline amplitude (20%-criterion) (see also: Beste et al., 2007a).
Amplitudes of the ERPs were evaluated relative to baseline. The LRP
and the ipsi- and contralateral activity were analysed separately.
Analyses of variance (ANOVAs) were conducted for LRPs and MRPs,
including hand and group information. The LRP-peak and contral-
ateral MRP-peak was defined as the most negative deflection before
reaction at C3 and C4. The ipsilateral MRP-peak was defined as the
first most positive peak after response execution at electrodes C3
and C4. The response-locked P3 was measured at electrode Pz and
defined as the first positive peak after the response.

Results

Behavioural data

To assess group differences, RTs were subjected to a repeated
measures ANOVA with hand (left vs. right) as within-subject factor
and group (control, pHD and HD) as between-subject factor. RT means
and SEM are given in Table 2.

There was a main effect of Group (F(2,29)=19.23; pb0.001).
Bonferroni-corrected post-hoc tests revealed that the RTs were
significantly slower in HD than in pHD and controls. The pHD- and
control group did not differ from each other (pN0.9), but each of
these differed from the HD-group (pHD: pb0.018 and controls:
pb0.010, respectively). Further, there was a significant main effect
of Hand (F(1,29)=133.03; pb0.001) with RTs being longer for the
left (408.3±5.3 ms) than for the right hand (378.5±5.7 ms).
Moreover, the interaction between group and hand was significant
(F(2,29)=39.12; pb0.001). Analysing RT-differences between the
hands within each group, it is shown that the control group demon-
strated differences between the left and right hand (F(1,10)=162.33;
pb0.001). The same was found for the HD-group (F(1,8)=55.33;
pb0.001). In the pHD-group, no difference was seen between the
hands (F(1,11)=1.71; p=0.217).

Lateralized readiness potentials (LRP)

The LRPs of the left and right hand for each group are illustrated in
Fig. 1 (blue curves).

Peak amplitudes of the LRPwere analysedwith a repeated-measures
ANOVA, using “hand” as within-subject factor and “group” as between-
subject factor. LRP peak amplitudes were smaller for the left hand
(−16.69±0.10 μV/m2) compared to the right hand (−28.37±0.09 μV/m2)
(Fcorr(1,29)=6.96; p=0.013). All other main effects or interactions did
not approach significance (all Fcorr'sb0.11; pN0.8). For the peak
latencies and for the onset latencies no main effect or interaction was
significant (all Fcorr'sb0.24; pN0.6). As can be seen, the LRP yields
strongdifferences after the response. Thesewill be analysed in theMRPs
below.

Movement-related potentials (MRPs)

Fig. 1 also shows the contralateral and ipsilateral movement-
related potentials (MRPs) for both hands. Before the response both
MRPs appear unsuspicious. However, after the response the MRPs
differed dramatically between groups, since after the response the
symptomatic group showed a renewed massive activation of the
contralateral and, shortly thereafter, of the ipsilateral hemisphere.
This was restricted to right hand movements.

Contralateral hemisphere

Contralateral MRPs prior response were analysed in a repeated-
measures ANOVAwith “hand” as within-subject factor and “group” as
between-subject factor. The contralateral MRP amplitudes did not
differ between the hands (Fcorr(1,29)=0.47; p=0.495) and groups
(Fcorr(2,29)=0.06; p=0.942). There was also no interaction of group
and hand (Fcorr(2,29)=0.04; pN0.9). The same is found when
analysing peak-latencies (Fs corrb0.55; pN0.4) and onset-latencies
(Fs corrb0.10; pN0.9). However, as can be seen in Fig. 1, the
symptomatic group showed another burst of activation above the
contralateral hemisphere after the response, but only for the right
hand. This “post-response potential” will be analysed separately, as
outlined below.

Ipsilateral hemisphere (amplitudes)

Ipsilateral potentials, which are maximal after the response, were
also analysed in a repeated-measures ANOVA with “hand” as within-
subject factor and “group” as between subject factor. Means and SEM
of the amplitudes as well as of the amplitude latencies are given in
Table 3.

For the peak amplitudes, the ANOVA revealed no differences
between the hands (Fcorr(1,29)=0.98; p=0.330). Yet, there was a
significant interaction with the factor group (Fcorr(2,29)=5.29;
p=0.011). Univariate ANOVAs revealed significant group differences for
the right hand (Fcorr(2,29)=40.02; pb0.001), but not for the left hand
(Fcorr(2,29)=0.35; p=0.706). Bonferroni-corrected post-hoc tests for
the right hand revealed that the pHD- and control group had positive
amplitudes, differing from each other (pb0.001). The symptomatic
group did not show a positive but a negative amplitude (pb0.001).

Comparing the hands within each group it is revealed that the
control group showed similar amplitudes between the hands (Fcorr
(1,10)=3.17; p=0.105). For the pHD-group, differences in amplitudes
were found between hands (Fcorr(1,11)=10.15; p=0.009). The same
was found for the HD-group (Fcorr(1,8)=168.45; pb0.001) (see
Table 3).

Ipsilateral hemisphere (latencies)

The peak latencies differed between the hands (Fcorr(1,29)=13.50;
p=0.001) and this effect was further modulated by the factor group as
the interaction reveals (Fcorr(2,29)=4.91; p=0.015). Subsequent



Table 3
This table presents mean amplitudes (μV/m2) as well as mean latencies (ms) for of the
potential above the ipsilateral hemisphere for the left and right hand, separated for each
group

Ipsilateral HD mean
(SEM)

pHD mean
(SEM)

Controls mean
(SEM)

Left hand (amplitude) 20.63 (0.66) 39.47 (0.74) 45.13 (0.5)
Right hand (amplitude) −38.84 (0.40) 65.97 (0.09) 46.0 (0.2)
Left hand (amplitude latency) 173.4 (0.4) 72.5 (0.5) 181.9 (0.7)
Right hand (amplitude latency) 96.8 (0.3) 74.1 (0.6) 145.7 (0.1)
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univariate ANOVAs revealed a significant main effect of group for the
left hand (Fcorr(2,29)=10.90; pb0.001). Post-hoc tests revealed that
the peak latencies for the HD and control group did not differ from
each other (p=0.767). The pHD-group showed a much shorter latency
than HDs (pb0.001) and controls (pb0.001). For the right hand, the
univariate ANOVA also showed a significant main effect of Group
(Fcorr(2,29)=7.27; p=0.003). Bonferroni-corrected post-hoc tests
revealed that the HD- and pHD-group did not differ from each other
(p=0.175). The control group revealed a longer latency than HD and
pHD (pb0.001). Comparing hand differences within each group, it is
shown that the control group demonstrated strong differences
between the left and right hand (Fcorr(1,10)=17.08; p=0.002). Also
the HD-group showed strong differences between the left and right
hand (Fcorr(1,8)=463.59; pb0.001). Contrary, the pHD-group did not
show differences (Fcorr(1,11)=0.20; p=0.658). As can be seen in Fig. 1,
the HD-group revealed a negative peak deflection over the ipsilateral
hemisphere after the response, slightly after the negativity above the
contralateral hemisphere. This ipsilateral negativity was only seen for
right-hand responses.

MRPs and P3

Fig. 2 shows the MRPs over the contra and ipsilateral hemisphere
(at electrodes C3 and C4) in relation to the P3 at electrode Pz. The
amplitudes and latencies of potentials at Pz and the ipsilateral MRPs at
C3 and C4 (for left and right hand usage respectively) were analysed in
a repeated measures ANOVA. Electrode (Pz, C3, C4) and hand were
within-subject factors. Group was the between subject factor.

There was a main effect of hand (Fcorr(1,29)=4.16; p=0.050).
Amplitudes were larger for the left (37.7±0.16) than for the right hand
(23.1±0.2). There was also a main effect of group (Fcorr(2,29)=30.94;
pb0.001). The HD-group showed negative amplitudes (−21.3±0.27),
while the controls (51.2±0.24) and pHDs (61.4±0.23) had positive
amplitudes not differing from each other (p=0.143). Further there was
an interaction “hand×group” (Fcorr(2,29)=16.63; pb0.001). Group
differences were mainly due to the right hand responses. The HD-
group showed negative amplitudes, whereas the control and pHD-
group showed positive ones. For left hand responses amplitudes were
positive in all groups. All other effects did not reach level of
significance (all Fsb1.44; pN0.2).

The latencies differed between the hands (Fcorr(1,29)=33.50;
pb0.001), being longer for the left (128.7 ms±0.16) than for the right
hand (102.4 ms±0.12). This effect was further modulated by the factor
group as the interaction reveals (Fcorr(2,29)=17.05; pb0.001). It is
shown that latencies for the left and right hand differed from each
other in the HD-group (left: 155.4 ms±0.41; right: 94.1 ms±0.17) and
controls (left: 169.8 ms±0.21; right: 147.8 ms±0.15), but not in the
pHD-group (left: 60.8 ms±0.84; right: 65.5 ms±0.85). The main effect
group was significant, too (Fcorr(2,58)=56.01; pb0.001). Here, the
controls showed the longest latencies (158.8 ms±0.21), followed by
the HD- (124.7 ms±0.23) and pHD-group (63.2±0.20). All groups
differed from each other (pb0.001). Finally there was a main effect of
electrode (Fcorr(2,58)=12.20; pb0.001). Here, latencies were short-
est at electrode Pz (90.7 ms±0.18), followed by the contralateral
(132 ms±0.16) and ipsilateral electrode (124.1 ms±0.26). All other
effects were not significant (all Fsb1.23; pN0.3).

Post-response potentials (contralateral hemispheres)

As already mentioned, negative post-response MRPs were seen
above the contralateral hemisphere exclusively in the HD-group after
right hand movements. These post-response peaks were defined as the
most negative peak on the contra- and ipsilateral hemisphere after the
response. The post-response excitation above the contralateral hemi-
sphere (−43.61±0.15 μV/m2) was stronger than the normal contralateral
pre-response MRP (−11.56±2.77 μV/m2) (Fcorr(1,8)=162.3; pb0.001).
Pearson-correlation revealed that the strength of theMRP and the post-
response potential was related (r=0.723; R2=0.51; p=0.014).

Besides this negative contralateral post-response potential, the
peak over the ipsilateral (right) hemisphere (normally positive)
was also negative in the HD group. The ipsilateral potential
(−32.08±0.22 μV/m2) was smaller than the contralateral post-
response potential (−43.61 ±0.15 μV/m2) (Fcorr(1,8) = 14.23;
p=0.005). The amplitudes of the ipsilateral potential and the
contralateral potential were highly correlated (r=0.886; R2=0.77
p=0.001). The contralateral MRP peaked earlier (109.3±0.5 ms)
than the ipsilateral MRP (151.1±0.4 ms) (Fcorr(1,8) =55.21;
pb0.001). If these post-response activities (PRA) were due to
such involuntary choreatic movements, one would expect them to
correlate with the UHDRS motor score assessing such symptoms,
which was not the case (contralateral PRA: r=0.370; p=0.163;
ipsilateral PRA: r=−0.039; p=0.460). Also when the hyperkinesia
subscore (specifically measuring chorea) was used separately no
correlation was found (contralateral PRA: r=0.120; p=0.379;
ipsilateral PRA: r=−0.156; p=0.344).

Discussion

This study investigated voluntary movement execution in different
stages of Huntington's disease (pHD and HD) and healthy controls.

The behavioural data revealed an increase in reaction times (RTs)
in the HD-group. While the control group showed faster RTs with the
dominant right hand compared to the left hand, the pHD-group
showed a symmetric pattern (i.e. no difference between the hands). In
the HD-group, the difference in RTs between the dominant and the
non-dominant hand was higher compared to controls. Parameters of
excitatory MRPs preceding the response did not differ between the
groups. The pHD-group showed an increased inhibition above the
ipsilateral hemisphere for right hand movements. Furthermore,
ipsilateral peak latencies paralleled the lack of difference in RTs
between the hands. In contrast to the pHDs, the symptomatic HD
group did not show inhibition and rather a second excitation above
the contralateral hemisphere. Shortly thereafter a similar activation
above the ipsilateral hemisphere occurred. This effect was restricted to
right handmovements. These post-response activities are not likely to
be due to an artifact (e.g. involuntary movements), since the
topographical maps showed that they are focused above the motor
cortices. The study adds on existing literature regarding voluntary
movement execution in HD examining processes of sequential motor
movements in a tapping task (e.g. Johnson et al., 2001) focussing on
premovement changes. Differences between these studies may due to
methods and to the experimental procedure applied.

Contralateral hemisphere

Before movement execution, the pattern reflected in the “con-
tralateral MRPs” is similar between all groups. This suggests that the
neurophysiological processes occurring during voluntary response
execution are similar for all groups. After the response, a second
excitation is seen in the HD group, which was larger than the normal
pre-response MRP. This extra excitation was limited to the dominant



Fig. 1. The lateralized readiness potential (LRP) (blue line) as well as the MRP above the contralateral (green line) and the ipsilateral (red line) hemisphere. These are given, separated for left hand responses (left panel), right hand responses
(right panel) and for the groups. Time 0 represents the moment of response execution. 
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Fig. 2. The P3 at electrode Pz combined with theMRPs above the contralateral (green line) and ipsilateral (red line) hemisphere. These are given separated for left hand responses (left panel), right hand responses (right panel) and for the groups.
Time 0 represents the moment of response execution. The Maps denote the time point of the maximum of positivity of the MRPs (at C3 and C4). As can be seen the P3 at electrode Pz peaks ealier than the MRPs and is cicrumscribed round this
electrode.
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left hemisphere (right hand). The excitation of the left cortical area
was not fully inhibited before the post-response excitation. As
structural neuroanatomical factors would be static and may not only
influence the “post-response potentials”, processes occurring
between the pre-response and post-response MRPs may rely upon
dynamic factors of changed neural transmission in HD (for review:
Yohrling and Cha, 2002).

Cortical processes can recurrently influence thalamo-cortical
processes (e.g. Emri et al., 2003; Blumenfeld and McCormick, 2000;
Murer et al., 2002). It may be speculated that recurrent activity from
the motor cortex after the initial response adds on residual activity,
being evident in thalamo-cortical circuits. This entails increased
excitatory post-response activity. Such a process is substantiated by
the finding that the post-response excitation was related to the pre-
response MRP. Inhibitory GABAergic neurotransmission is heavily
altered in HD (Cepeda et al., 2007; Melone et al., 2005; Kendall et al.,
2000). Consequently, the thalamic VA/VL complex (Purves, 2004;
Gurney et al., 2004), connected to the primary motor cortex (M1) (e.g.
Sommer, 2003), may be less inhibited in HD (Purves, 2004). Such a
reduced inhibition of thalamic structures may putatively contribute to
the post-response excitation. Thalamic structures may be more
“vulnerable” to recurrent neuronal activity from cortical areas. Since
GABAergic neurotransmission in HD is also affected in the motor
cortex (Melone et al., 2005), a dysfunction of intracortical inhibitory
circuits (e.g. McDonnell et al., 2006; Di Lazzaro et al., 2005; Chen,
2004) can also not be ruled out. The hypothetical processes are
illustrated in Fig. 3.
Fig. 3. Possible intrahemispheric processes. Green lines denote excitatory influence, red lin
similar between controls (A) and HDs (B). In HDs (B) intracortical and striatal inhibitory pro
results in a second cortical activation and motor response. Note: circulated arrow-lines den
processes. Dashed green lines denote recurrent excitatory activity.
Ipsilateral hemisphere

The usual positive MRP above the hemisphere ipsilateral to the
effector is supposed to reflect inhibition of the alternative response.
This may be mediated via transcallosal inhibition (Taniguchi et al.,
2001). It has been shown that these processes are mediated by
transcallosal fibres targeting GABAergic interneurons (e.g. Daskalakis
et al., 2002; Ferbert et al., 1992; Hausmann et al., 2006). In the pHD-
group, the inhibitory potential was stronger than in the control and
symptomatic group, though the effect emerged exclusively for the
dominant right hand. For the symptomatic group, the potential above
the ipsilateral hemisphere turned negative approximately 42 ms after
the post-response potential above the contralateral hemisphere.
Again, this was only seen for the dominant right hand.

The finding in the pHD-group indicates that transcallosal inhibi-
tion and hence GABAergic neural transmission are increased in
presymptomatic HD. In contrast, transcallosal inhibition and GABAer-
gic neural transmission is dysfunctional in symptomatic HD (Melone
et al., 2005) (see Fig. 4).

This increase in GABAergic neurotransmission in pHDmight reflect
a compensatory mechanism in the presymptomatic stage that are
frequently observed in early stages of HD (e.g. Beste et al., 2007a,
Feigin et al., 2006).

The activation of the ipsilateral hemisphere in the HD-group may
originate from the contralateral hemisphere, because the amplitudes
above the contra- and above the ipsilateral hemisphere were
correlated. However, since the amplitude above the ipsilateral
es denote inhibitory influence. Processes occurring pre motor response are likely to be
cesses are weakened. This may cause that the motor cascade is not terminated, which
ote intracortical inhibitory processes. Dashed red lines denote dysfunctional inhibition



Fig. 4. Possible interhemispheric processes. Green lines denote excitatory influence, red lines denote inhibitory influence. (A) Left hemispheric activity from the primary motor cortex
(M1) crosses the corpus callosum (CC) and activates GABAergic interneurons. These interneurons in turn entail an inhibition of the right primary motor cortex. (B) In HD GABAergic
interneurons are lost. As a net result “activation” predominates over “inhibition” and the right motor cortex is activated. Note: Dashed red lines denote dysfunctional inhibition
processes.
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hemisphere was lower compared to the contralateral hemisphere,
interhemispheric inhibition is not completely dysfunctional. Rather,
processes mediating interhemispheric inhibition may only be able to
suppress relatively low activation, but not stronger activations. This
would also explain why no such pattern emerged after left hand
movement (right hemisphere).

MRPs and parietal processes

In all groups both hemispheres were inhibited after the response,
suggesting a total motor reset. Examining the relation of the post-
response positivity to the (response-locked) parietal P3 (Falkenstein et
al. 1994; Verleger et al. 2005) we showed that the P3 was larger and
peaked earlier than the post-response positivity over the motor areas.
A parietal involvement before motor inhibition has recently been
reported (Jaffard et al., 2008) and interpreted as a command initiating
and/or inhibiting amotor program (see also: De Jong et al., 2001). Such
a pattern is also seen in our data.

In manifest HD this post-response inhibitory cascade is weakened
in HD for left hand-responses and even inverted for right-hand
responses. Hence in HD, the motor program is putatively not closed/
inhibited, but activated again for right-hand responses. We tentatively
suggest that alterations at the level of the motor cortex in HD are
preceded by very similar alterations in parietal processing. Hence an
alteration of cognitive processing appears to precede or possibly even
induce the alteration of motor activation in HD (see also: Beste et al.,
2007b). In Parkinson's disease it has alse been suggested that
cognitive factors contribute to voluntary movement dysfunctions
(Ballanger et al., 2007). Yet, it has to be noted that these influences
were suggested to take place pre motor movement (premovement
changes). The difference to the current results may be due to the
different pathophysiologies of these diseases.

Motor dominance effects

The typical finding of faster RTs with the dominant (right) hand
compared to the non-dominant (left) handwas strongly reduced inpHD.
The pHD group revealed no difference between hands (see also Fig. 1),
although right-handedness scores (Oldfield,1971) were virtual identical
between groups (see also Table 1).The reduced hand difference in RTs
was paralleled by the peak-latencies of the inhibitory MRPs.

Early stages of neurodegenerative diseases have been character-
ized by compensatory processes (e.g. Beste et al., 2007a; Blum et al.,
2003). The reduced hand-use difference in pHD can also be
interpreted as compensatory. However, how can altered functional
cerebral asymmetries compensate for functional (motor) deficits in
pHDs? Compensatorymechanisms in pHD aremediated via adenosine
receptors (e.g. Tarditi et al., 2006). As these receptors are co-expressed
on striatal and cortical GABAergic neurons, they may also be
important for motor functions (Ferre et al., 1993; Svenningsson et
al., 1999). They may modulate striatal output function (e.g. Fisone et
al., 2007; Gurney et al., 2004). GABAergic neurotransmission may be
stimulated by increased activity of the adenosine receptor system
leading to a symmetrical pattern of RTs (=reduced functional
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asymmetries) and also the increased inhibition of the ipsilateral
hemisphere in pHD. Future studies should integrate PET data to clarify
the putative role of adenosine receptors.

Conclusions

In summary, the results suggest modulations of motor inhibition
processes in HD, dependent on the stage of the disease. In pHD
inhibition was found to be enhanced compared to normal controls,
while in manifest HD a profound impairment of inhibition was found.
Importantly, these modulations occur after the response and are
restricted to the dominant motor system. Furthermore, the results
indicate that preceding cognitive processes contribute to these motor
dysfunctions. The dynamics observed in HD and pHD may be due to
altered intra and interhemispheric processes. In future studies the
usability of our ERP model for clinical studies examining drug effects
should be explored.
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