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a b s t r a c t

Fronto-striatal loops play an important role action selection processes, especially when discordant
sensory and contextual information has to be integrated to allow adequate selection of actions.
Neurodegeneration weakens neural inter-connectivity, which compromises the precision of neural
synchronization processes. Yet, it is widely unknown how far changes in the precision of neural syn-
chronization processes are induced by only slight dysfunctions of striatal neural inter-connectivity and
in how far such slight changes may affect action selection processes.

We investigated these processes in a sample of 25 pre-HDs and case-matched controls in a modified
Go/Nogo task, while assessing neural synchronization processes by means of phase-locking factors (PLFs)
as derived from event-related potentials (ERPs).

The results show that pre-HDs only encounter problems in response inhibition, when discordant con-
textual information and sensory input have to be integrated. No deficits were evident, when response
inhibition can be based on more habitual stimulus–response mappings, i.e., when contextual and sensory
information were congruent. While ‘habitual’ action selection is unaffected by changes in striatal struc-
tures influencing reliability of neural synchronization processes, efficient ‘controlled’ processes of action
seem to be closely dependent upon highly reliable neural synchronization processes. The neurophys-
iological analysis suggests that especially pre-motor inhibition processes (Nogo-N2) are affected. This

was most strongly reflected in a decline in the degree of phase-locking in the Nogo-N2 range. Deficits in
pre-HDs seem to emerge as a consequence of phase-locking-behavioural decoupling. Of clinical interest,
declines in the precision of phase-locking depended on the amount of the individual’s mutant huntingtin
exposure and predicted the probability of disease manifestation in the next five years. This suggests
that phase-locking parameters may prove useful in future studies evaluating a possible function as a
biomarker in Huntington’s disease.
. Introduction

Cortico-striatal loops mediate several cognitive processes
elated to the inhibition and selection of actions (DeLong &

ichmann, 2007). To investigate the relevance of fronto-striatal
oops for cognitive processes the examination patients suffering
nder degenerative basal ganglia disease provide insights into
he basal ganglia mechanisms that mediate specific cognitive

rocesses. Fronto-striatal loops are early affected in Hunting-
on’s disease (HD), an autosomal, dominant neurological disorder
aused by an extension of the CAG-repeat length at the 4th

∗ Corresponding author. Tel.: +49 234 322 4323; fax: +49 234 321 4377.
E-mail address: christian.beste@rub.de (C. Beste).

028-3932/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
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chromosome (Huntington’s Disease Collaborative Research Group,
1993). Neurodegeneration starts in the striatum and is evident
before motor symptoms of disease become manifest (i.e., pre-
manifest HD; pre-HD) (e.g. Rosas et al., 2008; Tabrizi et al., 2009).
In these early disease stages, neurodegeneration compromises the
inter-connectivity of striatal medium-sized spiny neurons (MSNs)
(e.g. Cepeda, Wu, Andre, Cummings, & Levine, 2007; Mitchell,
Cooper, & Griffith, 1999; Tabrizi et al., 2009).

Even though it is well-known that degraded neural inter-
connectivity compromises the efficacy and precision of neural
synchronization (Kitano & Fukai, 2004; Lago-Fernandez, Corbacho,

& Huerta, 2001), it is unknown how far changes in the precision of
neural synchronization processes are induced by only slight dys-
functions of striatal neural inter-connectivity and in how far such
slight changes may affect action selection processes.

dx.doi.org/10.1016/j.neuropsychologia.2011.08.024
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:christian.beste@rub.de
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Action selection requires the integration of sensory inputs with
ontextual information (e.g. Bar-Gad, Morris, & Bergman, 2003;
urney, Prescott, Wickens, & Redgrave, 2004; Redgrave & Gurney,
006). This integration is especially important when habitual action
ontrol is not adequate and controlled processes have to operate
o allow adequate action selection (Redgrave et al., 2010). Action
election processes can be examined using Go/Nogo tasks. Due to
he early cortico-striatal dysfunctions in HD, even pre-manifest
untington’s disease gene mutation carriers (pre-HDs) may not
ble to integrate sensory inputs with contextual information to
elect the appropriate actions.

Event-related potentials (ERPs) reliably reflect different subpro-
esses of response inhibition in basal ganglia diseases (e.g. Beste,
aft, Andrich, Gold, & Falkenstein, 2008a; Bokura, Yamaguchi, &
obayashi, 2005; Praamstra & Plat, 2001) that relate to the inhibi-

ion or revision of a motor plan/program before the actual motor
rocess (i.e., Nogo-N2), or the monitoring of the outcome of inhi-
ition (i.e., Nogo-P3) (see: Band & van Boxtel, 1999; Beste, Baune,
omschke, Falkenstein, & Konrad, 2010a; Beste, Willemssen, Saft,
Falkenstein, 2010; Nieuwenhuis, Yeung, van den Wildenberg,
Ridderinkhof, 2003; Roche, Garavan, Foxe, & O’Mara, 2005).

t has previously been shown that response inhibition processes
re dysfunctions in manifest HD, but not in pre-manifest HD
Beste, Willemssen, et al, 2010; Beste et al., 2008a), when habit-
al stimulus–response mappings underly action selection in a
o/Nogo task. However, when one context requires the oppo-
ite stimulus–response mapping than the previous context, the
ontextual information interferes with previously strengthened,
ossibly habitual stimulus–response mappings and compromises
esponse inhibition processes. Under such conditions, we hypoth-
size that fronto-striatal circuits may become overstrained even in
he pre-manifest phase of HD, which leads dysfunctions in response
nhibition and to a decline in the rate of correct rejections. As espe-
ially response inhibition processes and the revision of a motor
lan/program are more demanded in such conditions (see: Beste,
ziobek, Hielscher, Willemssen, & Falkenstein, 2009), these effects

hould be reflected in the Nogo-N2 ERP component. The Nogo-N2
hould be attenuated in pre-manifest Huntington’s disease gene
utation carriers (pre-HDs).
On the basis of these ERPs, we further examine properties of

eural synchronization processes by means of phase-locking fac-
ors (PLFs) (Beste, Kolev, et al., 2010; Roach & Mathalon, 2008;
allon-Baudry, Bertrand, & Fischer, 2001). A high phase-locking fac-
or (PLF) indicates that neural synchronization, or phase-synchrony
s precise or reliable in time and frequency, while a low PLF indi-
ates that timing and frequency of neural synchronization across
rials is less reliable (Roach & Mathalon, 2008). For the phase-
ocking analysis we hypothesize that timing and frequency of
eural synchronization is less reliable, when pre-HDs have to inte-
rate discordant contextual and sensory information to perform
esponse inhibition. These phase-locking deficits are expected to
etermine response inhibition deficits in this condition. As these
eficits are most likely determined by severity of neurodegen-
ration in pre-HDs, we expect that the individual’s decline in
hase-locking is related to the individual’s mutant huntingtin
xposure (Penney, Vonsattel, MacDonald, Gusella, & Myers, 1997;
abrizi et al., 2009) and also on the probability to enter the symp-
omatic stage within a certain time period (Langbehn, Brinkman,
alush, Paulsen, & Hayden, 2004).

. Materials and methods
.1. Participants

A group of 25 right-handed, pre-manifest HD gene mutation carriers (pre-HDs)
efined by a positive gene test and absence of clinical motor symptoms were
ecruited. Classification as “absence of clinical motor symptoms” was based on
ia 49 (2011) 3484–3493 3485

expert raters’ assessments of motor signs which were not sufficient for the diagnosis
of HD (Diagnostic Confidence Level [DCL], item 17 of the UHDRS Motor Assessment)
(Huntington Study Group, 1996). All HD participants underwent neurological inves-
tigation and were scored according to the UHDRS items “motor scale” (MS), “total
functional capacity” (TFC) “independence scale” (IS) and the items verbal fluency
test, symbol digit test, interference test, colour naming and word reading which
were summarized as “cognitive score” (CS) (Huntington Study Group, 1996). For
each pre-manifest participant the probability of estimated disease onset (Age of
onset; AO) within 5 years was calculated according to Langbehn et al.’s parametric
model (Langbehn et al., 2004). Also the expected AO was estimated using the Lang-
behn’s formula. Years to disease onset (YTO) for the pre-HD subjects were calculated
by subtracting the subject’s age at the time of investigation from his or her estimated
onset age. The YTO for each subject were used to dichotomize pre-manifest HD group
into carriers close to estimated age of onset [cEAO] and far from estimated age of
onset [fEAO]) (e.g. Tabrizi et al., 2009), by median-split. We also calculated the “Dis-
ease burden score” (DBS = [CAG repeat − 35.5] × age) for each subject (e.g. Penney
et al., 1997; Tabrizi et al., 2009). None of the mutation carriers was on medication
(except one timipramine 50 mg and one fluoxetine 20 mg).

As controls, a group of 25 right-handed, healthy subjects matched to the pre-HD
group in age, sex, educational status and socio-economic background was enrolled
in the study. All participants gave written informed consent, before any of the study
protocols were commenced. The demographical information is given in Table 1.

The study was approved by the Ethics Committee of the Ruhr-University
Bochum, Germany. The study was conducted according to the Declaration of
Helsinky.

2.2. Task

We used a modified Go/Nogo task, where the usual relation between stimulus
and response (i.e., Go → respond; Nogo → refrain from responding) and an inverted
version (i.e., Go → refrain from responding; Nogo → respond) was examined within
each participant. The Go/Nogo task consisted of two different blocks. In the first
block (compatible) one out of two words was presented on a PC monitor: ‘DRÜCK’
(German for ‘PRESS’; Go stimulus) and ‘STOP’ (German for ‘STOP’; Nogo stimulus)
and the subjects were asked to respond within 500 ms on the ‘DRÜCK’ stimulus
and refrain from responding on the ‘STOP’ stimulus. In trials with reaction times
exceeding this deadline a feedback stimulus (1000 Hz, 60 dB SPL) was given 1200 ms
after the response. This warning stimulus had to be avoided by the subjects. This
time pressure was administered to strengthen response tendencies. The compatible
block was always presented first, to generate a strong pre-potent response set and to
strengthen usual stimulus–response mappings. In the second block subjects had to
refrain from responding on the ‘DRÜCK’ stimulus and were requested to respond on
the ‘STOP’ stimulus. In each block stimuli are displayed for 300 ms. The subjects had
to react with the thumb to the Go stimuli and to refrain from responding to Nogo
stimuli. The inter-trial interval (ITI) was jittered between 1600 and 1800 ms. 180
trials are presented in each block; 120 Go trials and 60 Nogo trials. This ITI length
was also chosen to strengthen response tendencies.

2.3. EEG recording and analysis

EEG signals were recorded from 64 Ag-AgCl electrodes using standard posi-
tions according to the extended 10/20 system (Pivik et al., 1993) against a reference
electrode located on Cz. The sampling rate of all recordings was 1 kHz, applying a
filter bandwidth of 0.05–80 Hz to the EEG. Electrode impedances were kept below
5 k�. Horizontal and vertical eye-movements were corrected in the EEG using
independent component analysis (ICA) (infomax algorithm) applied to the unseg-
mented data. Artifact rejection procedures were applied twice: automatically, with
an amplitude threshold of ±80 �V, and visually by rejecting all trials contaminated
by technical artifacts. Before quantifying ERPs the current source density (CSD) of
the signals was calculated to achieve a reference-free evaluation (Nunez et al., 1997;
Perrin, Pernier, Bertrand, & Echalier, 1989) using the following parameters: order
of splines m = 4, and the maximum degree of the Legendre polynomials n = 10, with
a precision of 2.72−7. The exact mathematical procedure is explained in detail in
Perrin et al. (1989).

Segmentation of the data was done twice: the first segmentation (for time
domain analysis) was done segmenting epochs of 1200 ms length (−200 ms till pre-
sentation of the Go or Nogo stimulus at time point 0). Baseline correction was applied
in the time interval between −200 ms and stimulus presentation. All subsequent
peak quantification for standard ERP time-domain analysis was done relative to
this baseline.

To achieve a reliable analysis of slow frequency components in subsequent
time–frequency analyses the EEG was additionally segmented into 4096 ms long
epochs with the Go or Nogo stimulus presentation being in the center of the anal-
ysis epoch (time point 0). The baseline was defined in the time window −800

till −600 ms before delivery of Go or Nogo stimulus, which is free of activity
related to stimulus or response processing in the previous trial. These epochs
and baseline were used for the time-frequency analysis (see details below). The
number of trials included in the analyses was similar for both segmentations
(p > .5).
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Table 1
Demographical data of the pre-manifest HD gene mutation carriers group and the healthy control group. The mean and standard deviation (SD) are given.

Parameter pre-HD Control

N 25 25
Age 39.36 (10.04) 39.12 (9.5)
Sex 14 female/11 male 14 female/11 male
CAG 42.08 (1.78) NA
Disease burden score (DBS) 253.5 (75.25) NA
Years to onset (YTO) 15.66 (8.3) median = 13.75 NA
5-Year probability 17.42 (17.51) median = 12.05 NA
UHDRS motor score (MS) 2.80 (2.78) NA
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that performance on incompatible Nogo trials was dysfunctional
in pre-HDs (t(24) = 28.45; p < .001) and controls (t(24) = 10.88;
p < .001), when compared with the compatible condition. The
difference in Nogo trial performance between the compatible
UHDRS total functional capacity scale (TFC) 12.96 (0.2
UHDRS Instrumental Scale (IS) 99.4 (1.6)
UHDRS Cognitive Score (CS) 329.40 (4

On trials denoting response inhibition the Nogo-N2 was defined as the most
egative deflection within the range of 150–300 ms after stimulus onset. The Nogo-
3 was defined as the most positive deflection from 320 till 500 ms. Amplitudes
f the Go-N2 and Go-P3 were measured at the corresponding time point, where
he Nogo component reached its maximum (Beste, Willemssen, et al., 2010; Beste,
ziobek, et al., 2009). The N2 was measured at electrode Fz, FCz and Cz. For the P3
lectrode FCz was used. However, to underline that the Nogo-P3 is different from
he usual P3b, also electrode Pz was included in analysis.

.4. Time–frequency analysis and calculation of the phase-locking factor (PLF)

Time–frequency (TF) analysis of stimulus-related potentials was performed by
eans of a continuous wavelet transform (CWT) applying Morlet wavelets. Complex
orlet wavelets w can be generated in the time domain for different frequencies, f,

ccording to the equation:

(t, f ) = A exp

(
−t2

2�2
t

)
exp(2i�ft),

here t is time, A = (�t
√

�)−1/2, �t is the wavelet duration, and i = √−1. For anal-
sis and TF-plots, a ratio of f0/�f = 5.5 was used, where f0 is the central frequency
nd �f is the width of the Gaussian shape in the frequency domain. The analysis was
erformed in the frequency range 0.1–20 Hz with a central frequency at 0.5 Hz inter-
als. For different f0, time and frequency resolutions can be calculated as 2�t and
�f , respectively. �t and �f are related by the equation �t = 1/(2��f). For example, for

0 = 3 Hz, 2�t = 425 ms and 2�f = 1.5 Hz; for f0 = 5 Hz, 2�t = 255 ms and 2�f = 2.5 Hz. For
ach trial, the time-varying power in a given frequency band was calculated, which
as obtained by squaring the absolute value of the convolution of the signal with

he complex wavelet. Frequency-relevant TF powers were extracted in the central
requency of the delta (f0 = 3 Hz) and theta frequency band (f0 = 6 Hz), as well as in
he lower alpha frequency band (f0 = 10 Hz) (see: Ocklenburg, Güntürkün, & Beste,
011).

Maximal TF power and corresponding peak power latencies were measured in
he time intervals used for ERP quantification. A time window of 600–800 ms prior
o the response was used to estimate background noise and wavelet power in the
ime range of interest was measured normalized to wavelet power at this baseline.
s the ITI is jittered between 1600 and 1800 ms this baseline, relative to the begin of
timulus presentation (i.e., a new trial), is free of the before trial activity. TF power
as log 10-transformed to normalize the distributions for statistical analyses.

In the current study, the total power of the ERP-signal was analyzed. Analy-
is was restricted to the total power of the signal, because this measure is used to
alculate the phase-locking factor, giving a measure of the reliability of neural syn-
hronization processes in time and frequency across trials (PLF; Roach & Mathalon,
008; Tallon-Baudry et al., 2001). The PLF is independent of the signal’s amplitude
Kolev & Yordanova, 1997). The values of PLF vary between 0 and 1, with values of
indicating perfect phase-locking or phase alignment across trials, whereas values

lose to 0 reflect high phase variability. The whole analysis procedure is comparable
o Beste, Kolev, et al. (2010).

.5. Statistical analysis

Kolmogorov–Smirnov tests revealed that all relevant variables were normally
istributed (all z < 0.5; p > .4; one-tailed). Data was analyzed using repeated and
nivariate analyses of variance (ANOVAs). In the repeated measures ANOVAs, the
actors “electrode”, “trial type (Go vs. Nogo)” and “context (compatible vs. incompat-
ble)” were used as within-subject factors. The factor “group” (pre-HD vs. controls)”

as used as between-subject factor. When appropriate, the degrees of freedom
ere adjusted using Greenhouse–Geisser correction. Post hoc tests performed were
djusted using Bonferroni correction, when necessary. In Section 3 always the most
omplex interaction between the different factors is described. As a measure of
ariability the standard error of the mean (SEM) is given. These latter analyses were
estricted to behavioural and neurophysiological parameters that showed largest
ifferences between pre-HDs and controls in the initial ANOVAs.
NA
NA
NA

3. Results

In the following, the results of the behavioural and neurophys-
iological data analyses are presented. The results are presented as
follows: Trials presenting ,PRESS’ in the compatible condition and
,STOPP’ in the incompatible condition are referred to as ,Go-trials’;
trials presenting ,STOPP’ in the compatible condition and ‘PRESS’ in
the incompatible condition are referred to as ‘Nogo-trials’.

3.1. Behavioural data

For the behavioural data, the absolute frequency of correctly
executed and correctly inhibited responses for the pre-HD and con-
trol group is given in Fig. 1.

The ANOVA revealed an interaction “Go/Nogo × condition ×
group” (F(1,48) = 5.63; p = .022, �2 = .11). Subsequent post hoc tests
revealed that within the pre-HD and control group, accuracy
was better upon Go-trials than upon Nogo-trials presentation in
the compatible and the incompatible condition (all t(24) > 10.1;
p < .001) (refer Fig. 1). Between-condition comparisons revealed
Fig. 1. Mean absolute frequency of correct responses in the compatible (top) and
incompatible (bottom) block, separated for the control and pre-HD group. White
bars represent performance on Go-trials, black bars denote performance on Nogo-
trials. Error bars denote standard error of the mean (SEM).
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nd the incompatible condition was larger in the pre-HD group
t(24) = 28.45; p < .001) than the control group (t(24) = 10.88;
< .001). This is underlined, when using this difference score in
n independent sample t-test showing that performance decline
as stronger in pre-HDs than in controls (t(48) = −9.24; p < .001).
n Go trials declines in performance for the incompatible condi-

ion were evident in pre-HDs (t(24) = 5.47; p < .001) and controls
t(24) = 8.43; p < .001). Yet, when calculating this difference in per-
ormance between compatible and incompatible trials in pre-HDs
nd controls, t-tests revealed that there was no difference in perfor-
ance decline between pre-HDs and controls (t(48) = 1.85; p > .1).
Within the pre-HD group, there were no differences between

ubjects close and far to EAO on Go and Nogo trial performance, as
ndicated by a repeated measures ANOVA using cEAO and fEAO as
etween subject factor and Go and Nogo-trials in the incompatible
ondition as within subject factor (all F < 0.9; p > .2). Similarly, also
he dichtomization in high and low 5-year onset probability (hprob
nd lprob) did not reveal effects (all F < 0.5; p > .3). Reaction times
RTs) did not differ between the conditions (all F < 0.9; p > .3) and
here were also no other significant main or interaction effects (all
< 0.7; p > .4).

To analyze behavioural parameters with respect to possible
hanges in performance throughout the incompatible block, this
lock was bisected into two halves. Comparing behavioural perfor-
ance between the halves did not reveal any main effect “halves”,

r an interaction with the factor group (all F < 0.4; p > .6).

.2. Neurophysiological data: time domain analysis

Stimulus-locked potentials for Go and Nogo trials in the compat-
ble and incompatible conditions are shown in Fig. 2A for pre-HDs
nd controls separately.

N2 effects: The repeated measures ANOVA revealed an inter-
ction “electrode × Go/Nogo × condition × group” (F(1,48) = 9.23;
< .005; �2 = .19). Subsequent ANOVAs revealed that an interaction

Go/Nogo × condition × group” (F(1,48) = 14.73; p < .001; �2 = .24)
as only evident for electrode FCz, but not for the other elec-

rodes (F’s < 1.1; p > .3). Therefore only electrode FCz was analyzed
urther. In compatible Go and Nogo-trials, pre-HDs and controls
id not differ in their N2 amplitudes (Go: t(48) = −0.52; p = .5;
ogo: t(48) = −0.5; p = .6) (refer Fig. 2A). Within each group the N2
n Nogo-trials was always larger in the compatible condition (all
(24) > 11.7; p < .001) (refer Fig. 2A).

In the incompatible condition, pre-HDs revealed an attenu-
ted N2 on Nogo-trials, compared to controls (pre-HDs: −8.8 ± 0.7;
ontrols: −14.5 ± 0.6) (t(48) = 6.77; p < .001) (refer Fig. 2A). No
roup differences were evident for Go-trials in this condition
t(48) = −1.3; p = .16). Compared to the compatible condition, the
ogo-N2 was attenuated in pre-HDs and controls in the incom-
atible condition (t(24) > 4; p < .001). The degree of attenuation
calculated as the difference between compatible minus incompat-
ble) was larger in pre-HDs (9.3 ± 0.6), than in controls (4.5 ± 0.4)
t(48) = 5.11; p < .001). There were generally no latency effects in
he N2 data (all F < 0.8; p > .3). There were no differences between
ubjects close and far from EAO (all F < 0.7; p > .3), and when using
he dichotomization of the 5-year onset probabilities (all F < 0.6;
> .3).

P3-effects: There was an interaction “elec-
rode × Go/Nogo × compatibility × group” (F(1,48) = 8.21; p = .006;
2 = .14). Exploring this interaction further, an interaction
Go/Nogo × compatibility × group” was only evident for elec-
rode FCz (F(1,48) = 15.92; p < .001; �2 = .24), but not for electrode

z (F(1,48) = 0.11; p > .7; �2 = .002). Therefore, only electrode FCz
as analyzed further. Independent sample t-tests revealed that

oth groups did not differ in amplitudes upon Go-trials in the com-
atible (t(48) = .18; p > .8), and incompatible condition (t(48) = .55;
ia 49 (2011) 3484–3493 3487

p > .5) (refer Fig. 2). Upon Nogo-trials, the pre-HD group revealed
lower amplitudes than controls in both conditions (compatible:
t(48) = −4.23; p < .001: incompatible: t(48) = −4.11; p < .001) (refer
Fig. 2A). There were generally no latency effects in the P3 data (all
F’s < 0.7; p > .4).

In summary, the Nogo-P3 was attenuated in the pre-HD group,
compared to the control group. This attenuation did not differ
between task conditions. Opposed to that, an attenuation of the
Nogo-N2 in the pre-HD group was only evident in the incompatible
task condition and parallels the behavioural results pattern.

N1 effects: To ensure that the effects observed in the behavioural
data and ERPs reflecting response inhibition processes (Nogo-N2,
Nogo-P3) are not biased with respect to different visual attentional
processes in pre-HDs and controls, we examined the modula-
tion of the N1 between both groups in the different experimental
conditions (compatible vs. incompatible) on Go and Nogo-trial
presentation. The N1 is a reliable marker of visual attentional
processing reflecting modulations of the magnitude of neural
responses to incoming stimuli (e.g. Mangun, 1995). The N1 is
depicted in Fig. 2B. The N1 was measured at electrodes PO7
and PO8, which revealed the maximum potentials as suggested
by scalp topography maps. The repeated measures ANOVA only
revealed that the N1 was larger at electrode PO7, compared to
PO8 (F(1,48) = 9.1; p < .001). All other main and interaction effects
with “group” were not significant (all F < 0.5; p > .5), suggesting that
attentional processes are not different between the groups and
hence do not modulate response inhibition processes. As with the
behavioural data, neither of the above ERP-parameters differed,
when comparing the first and second half of the incompatible block.
There was also no interaction with “group” (all F < 0.4; p > .6).

3.3. Neurophysiological data: time–frequency analysis

Time–frequency decomposition was performed for ERPs reflect-
ing response inhibition processes and were restricted to electrode
FCz, since this electrode reflected effects in the time-domain anal-
ysis, as described above. The effects in this analysis parallel the
results of the time-domain analysis.

N2 total power: The repeated measures ANOVA
revealed a significant interaction “frequency
band × Go/Nogo × compatibility × group” (F(2,96) = 4.18; p < .05;
�2 = .1). Subsequent ANOVAs revealed that only in the delta fre-
quency band an interaction “Go/Nogo × compatibility × group”
was evident (F(1,48) = 4.94; p = .01; �2 = .1). Bonferroni-corrected
post hoc tests revealed that in the compatible block total delta band
power was generally higher in Nogo trials (controls: 5.34 ± 0.2;
pre-HD: 5.39 ± 0.3) than in Go trials (controls: 2.88 ± 0.3; pre-HD:
2.77 ± 0.3) (all t(24) > 4.9; p < .001) with no difference between
groups (t(24) = 0.3; p > .3). In the incompatible condition, Nogo-N2
total wavelet power was weaker in pre-HDs (2.9 ± 0.2) compared
to controls (3.77 ± 0.1) (t(48) = 2.99; p < .01). Compared to the
compatible condition, the Nogo-N2 total wavelet power was
attenuated in pre-HDs and controls (t(24) > 4; p < .001). Yet, the
degree of attenuation in Nogo trials (calculated as the difference
between compatible minus incompatible) was larger in pre-HDs
(2.49 ± 0.3), than in controls (1.57 ± 0.2) (t(48) = 3.01; p < .01). No
difference in total delta band power was evident between Go
(2.85 ± 0.3) and Nogo-trials (2.9 ± 0.2) with the pre-HD group
(t(24) = 0.3; p > .2), while in controls the delta power was higher on
Nogo (3.77 ± 0.1), than Go-trials (2.83 ± 0.3) (t(24) = 6.3; p < .001).
There were no differences between subjects close and far to EAO

(all F’s < 0.7; p > .4), and also no differences between subjects with
high or low 5-year onset probability. The N2 total power data,
therefore completely parallels the N2-data in the time-domain
analysis.
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Fig. 2. (A) Stimulus-locked event-related potentials (ERPs) depicted at electrode FCz, separated for the compatible and incompatible condition as well as for controls and pre-
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Ds. Time point 0 denotes the time point of stimulus delivery. Red lines denote the
he scalp topographies denote the Nogo-N2 and Nogo-P3 component. (B) Stimulu
ifferent colours denote the varying conditions in controls and pre-HDs. The N1 sca

P3 total power: Similar to the N2 total power, there was an
nteraction “frequency band × Go/Nogo × compatibility × group”
F(2,96) = 5.22; p < .05; �2 = .13) and again the interaction
Go/Nogo × compatibility × group” was only evident in the
elta frequency band (F(1,48) = 5.66; p < .01; �2 = .14). In the com-
atible condition, total delta band power was higher in Nogo trials
controls: 9.68 ± 0.3; pre-HD: 7.41 ± 0.3), than in Go trials (control:
.44 ± 0.4; pre-HD: 5.37 ± 0.3) (t(24) = 6.3; p < .001) with pre-HDs
howing lower delta power than controls upon Nogo-stimuli
t = 4.1; df = 48; p < .001). For the incompatible block, power was
igher on Nogo-trials (controls: 8.34 ± 0.4; pre-HD: 6.99 ± 0.2),
han on Go-trials (control: 5.36 ± 0.3; pre-HD: 5.4 ± 0.3) in controls

t(24) = 2.66; p = .01) and pre-HDs (t(24) = 1.7; p < .05). Pre-HDs also
evealed lower power upon Nogo-trials than controls (t(48) = 2.11;
< .05). There were no differences between subjects close and far to
AO (all F < 0.3; p > .5) and with high or low 5-year onset probability
tial upon Nogo-trials, green lines denote the potential upon Go-trials presentation.
ked ERPs at electrode PO7 and PO8 depicting the N1 event-related potential. The
ography is given.

(all F < 0.3; p > .5). In summary, the results of P3 total power wavelet
analysis parallel the results of the time-domain analysis. Similar
to the time-domain analysis, no main or interaction effects were
observed comparing the two halves (all F < 0.8; p > .3).

3.4. Neurophysiological data: phase-locking analysis

The phase-locking factors (PLFs) for each condition (Go vs. Nogo
and compatible vs. incompatible) are depicted in Fig. 3 for the pre-
HD and control group for electrode FCz. The PLF was quantified
around the respective peak in the time-domain analysis (ERPs).

N2-PLF: The repeated measures ANOVAs across the phase-

locking factors (PLFs) in the N2 range revealed a significant
interaction “frequency band × Go/Nogo × compatibility × group”
(F(2,96) = 9.14; p < .001; �2 = .17). Only for the delta frequency
band, an interaction “Go/Nogo × compatibility × group” was
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Fig. 3. Plots of the phase-locking factor (PLF) at electrode FCz, separated for the control and pre-HD group, compatible and incompatible condition and Go and Nogo-trials.
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he degree of phase-locking is colour-coded. The ordinate denote the frequency (in
oundaries related to the delta (1.5–3.5 Hz), theta (4–8 Hz) and alpha frequency ban

vident (F(1,48) = 7.94; p = .007; �2 = .14). Hence, only the delta
requency band was analyzed further.

Bonferroni-corrected post hoc tests revealed that the PLF was
igher for Nogo than for Go-trials in the compatible condition in
re-HDs and controls (all t(24) > −7.24; p < .001) and also the groups
id not differ from each other in the PLF on Go and Nogo trials
t < 1.1; p > .9). For the incompatible condition, the between group
ffect in PLF was larger for Nogo (t(48) = −11.63; p < .001), than for
o trials (t(48) = −5,83; p < .001). Furthermore, the reduction of PLF
n compatible compared to incompatible Nogo trials was stronger

n pre-HDs (0.24 ± 0.02), than in controls (0.05 ± 0.01) (t(48) = 8.01;
< .001).

Similar to the N2 amplitude and total wavelet power data,
here were no differences between subjects close and far to EAO
e abscissa denotes the time (in ms). White dashed lines denote the frequency band
12 Hz). The time point 0 denotes the time point of stimulus delivery.

(all F < 1.1; p > .2) and with high or low 5-year onset probability
(all F < 0.9; p > .2). Contrary to pre-HDs, PLFs were higher upon
Nogo-trials, compared to Go-trials in the control group in the
incompatible condition (t(24) = 6.75; 24; p < .001) (refer Fig. 3).
In the delta frequency band PLFs were generally lower in pre-
HDs, compared to controls (main effect group: F(1,48) = 52.37;
p < .001; �2 = .52). Also, PLFs were generally lower for the incompat-
ible compared to the compatible condition (main effect condition:
F(1,48) = 106.68; p < .001; �2 = .69).

P3-PLF: Analyzing phase-locking in the P3 range (i.e., from 320

to 500 ms) using the above ANOVAs did not reveal any significant
effects (all F < 0.7; p > .3).

As with the total power analyses, no main or interaction effects
were observed, when comparing the two halves of the incompatible
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ig. 4. Correlation between the degree of phase-locking and behavioural perform
ondition (bottom). White circles denote pre-HD subjects, black circles denote cont

lock (all F < 0.7; p > .4). In summary, the phase-locking data parallel
he pattern observed in the time domain and total wavelet power
nalysis.

.5. Regression analyses

Regression analyses were performed to examine the interrela-
ion of N2 phase-locking processes and behavioural performance.
o this end, linear regression models were calculated using phase-
ocking in the delta frequency band and group as regressors
o predict behavioural performance. As can be seen in Fig. 4,
igher degrees of phase-locking were related to better behavioural
erformance (more correct rejections) on Nogo trials in the
ompatible condition (ˇPLF = .674; t = 6.17; p < .001), not differing
etween groups (ˇgroup = −.001; t = −0.01; p > .9) (F(2,47) = 19.55;
< .001).

However, group differences were evident when applying the
ame model to predict behavioural performance in incompati-
le Nogo-trials (ˇgroup = .344; t = 2.28; p < .001) (F(2,47) = 157.02;
< .001). Fig. 4 shows that higher degrees in phase-locking were

elated to better behavioural performance in controls (r = .581;
2 = .26; p = .007), but no correlation was evident in pre-HDs in
he incompatible condition (r = .06; R2 = .1; p > .3). The lack of
elation between the degree of phase-locking and behavioural
erformance seems therefore to be specific for the incompati-
le condition. Using total wavelet power as regressor instead of

elta PLF, did not reveal any significant regression model (all
< 0.6; p > .3). Also, when correlating the individual decline in
hase-locking (i.e., PLFNogo-compatible − PLFNogo incompatible) with the

ndividual declines in behavioural performance across conditions
upon Go (left) and Nogo-trials (right) for the compatible (top) and incompatible
bjects.

(i.e., Nogocompatible − Nogoincompatible) there was a correlation in
the healthy control group suggesting that a larger difference in
phase-locking was related to a larger difference in behavioural per-
formance between groups (r = .44; R2 = .17; p = .012). In the pre-HD
group no correlation was evident (r = .18; R2 = .2; p > .2), suggesting
for a phase-locking-behavioural decoupling in pre-HDs.

Additional regression analyses were performed to exam-
ine how far the observed declines in phase-locking (i.e.,
PLFNogo-compatible − PLFNogo incompatible) are related to the individ-
ual’s disease status. To this end, we calculated the 5-year onset
probability for each pre-HD subject according to the prediction
model by Langbehn et al. (2004). The results of the regression anal-
ysis are given in Fig. 5.

Fig. 5A suggests an exponential decline of phase-locking
between the experimental conditions with increasing probability
to enter the symptomatic disease stage in the next five years. An
exponential regression function revealed a 13% higher amount of
explained variance (F(1,23) = 34.56; p < .001; r = .79; R2 = .62) than a
linear regression model (F(1,23) = 22.59; p < .001; r = .66; R2 = .43).
When using “years-to-onset (YTO)” (Langbehn et al., 2004) as pre-
dictor the decline in phase-locking in the incompatible compared
to the compatible condition was higher with fewer YTO. Both, an
exponential (F(1,23) = 37.72; p < .001; r = .80; R2 = .64) and a lin-
ear regression function (F(1,23) = 41.43; p < .001; r = 0.79; R2 = .62)
explained a comparable amount of variance with a difference of
only 2% between the models (refer Fig. 5B). There was also a sub-

stantial correlation between the ‘disease burden score (DBS)’ and
the degree decline in phase-locking (r = .764; R2 = .57; p < .001), sug-
gesting that gene mutation carriers with a higher DBS also revealed
stronger decline in phase-locking (refer Fig. 5C).
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Fig. 5. Correlation of the difference in phase-locking between the com-
patible and incompatible conditions in trials requiring the inhibition of
responses in pre-HD subjects. The difference in phase-locking is calculated as
PLFNogo-compatible − PLFNogo incompatible and reflects the degree as to which phase-
locking declines by increasing difficulty of stimulus–response mapping in the
incompatible task. Part (A) denotes a exponential relation of this difference in phase-
locking with the probability to enter manifest disease stage in the next five years.
Part (B) denotes a linear relation with the years until the estimated age of onset.
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the compatible condition and also compared to controls in the
art (C) denotes the correlation of the ‘disease burden score (DBS)’ with the decline
n phase-locking in pre-manifest gene mutation carriers.

. Discussion

We examined pre-manifest HD gene mutation carrier’s ability

o integrate sensory inputs with contextual information to drive
esponse inhibition processes. This was done to examine, how
ar changes in the precision of neural synchronization processes
ia 49 (2011) 3484–3493 3491

are induced by only slight dysfunctions of striatal neural inter-
connectivity and in how far such slight changes may affect action
selection processes.

Pre-manifest HD gene mutation carriers (pre-HDs) revealed
substantial response inhibition deficits, when changes in con-
textual information alter mappings of a visual stimulus to
the appropriate response and interferes with an existing and
previously strengthened stimulus–response mapping. Group dif-
ferences, depending on compatible vs. incompatible Go/Nogo task
condition, were evident on Nogo trials but not on Go trials.
Therefore, especially response inhibition opposed to the execu-
tion of responses was differentially affected by variations in the
experimental conditions. An in-depth neurophysiological analy-
sis revealed that response inhibition deficits in pre-HDs observed
at the behavioural level were mediated by specific alteration in
response inhibition subprocesses: the N2 ERP amplitude and total
wavelet power was attenuated and also the related phase-locking
factor (PLF), reflecting the reliability of neural synchronization
processes in time and frequency was weaker. The degree in phase-
locking was related to task performance and depended on the
amount of the individual’s mutant huntingtin exposure (’disease
burden score’; Penney et al., 1997; Tabrizi et al., 2009) as well as
the probability to enter the symptomatic stage within a certain
time period (Langbehn et al., 2004). The changes observed can-
not be due to known deficits in task switching in pre-HD (Aron
et al., 2003), since response inhibition deficits in pre-HDs were
seen throughout the incompatible block with no effects of “time-on
task”. Also known dysfunctions in attentional processes (e.g. Stout
et al., 2011) may be less relevant, since no effects in the N1 were
observed.

In the compatible condition, the N2 was larger (i.e., more neg-
ative) on Nogo, compared to Go-trials in controls and pre-HDs.
Both groups did not differ in their Go and Nogo-N2 amplitudes and
revealed a similar high level of response inhibition performance
that was closely related to the degree of phase-locking in the N2-
range. These results suggest that pre-motor inhibition or conflict
processing, as reflected by the Nogo-N2 (Beste, Dziobek, et al., 2009;
Falkenstein, Hoormann, & Hohnsbein, 1999; Nieuwenhuis et al.,
2003) are similarly efficient in pre-HDs and controls in the com-
patible condition. According to the pre-motor inhibition hypothesis
of the Nogo-N2 (Falkenstein et al., 1999) a more negative Nogo-N2
suggests an increase in pre-motor inhibition reducing the tendency
to respond on Nogo-trials (Falkenstein et al., 1999). The finding
that a higher reliability of neural synchronization in time and fre-
quency (i.e., high PLF) in the Nogo-N2 time range is related to
better behavioural performance (i.e., fewer false alarms) fits well
to the pre-motor inhibition hypothesis, stating that the Nogo-N2
reflects the inhibition of a mistakenly selected motor program
(Beste, Dziobek, et al., 2009; Beste et al., 2008a; Falkenstein et al.,
1999). The pattern of results in the compatible condition replicates
the pattern found in a previous study (Beste, Willemssen, et al.,
2010). Also in line with this previous study (Beste, Willemssen,
et al., 2010) the Nogo-P3 was attenuated in pre-HDs, compared to
controls in the compatible condition and also total wavelet power
was attenuated in pre-HDs. The degree of phase-locking was not
different between the groups and did not affect behavioural per-
formance as indicated by regression analyses. The Nogo-P3 effects
have to be treated cautiously, as oddball-effects that may emerge
due to the lower frequency of Nogo, compared to Go trials cannot
be ruled out to modulate the P3 effects.

In the incompatible condition, the pattern of results changed:
In pre-HDs, the Nogo-N2 amplitude was attenuated relative to
incompatible condition. The Nogo-N2 attenuation, relative to the
compatible condition, was stronger in pre-HDs than in controls. In
both groups, this was paralleled by decreases in the rate of correct
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ejections, which was also higher in pre-HDs. As the Nogo-N2 atten-
ation and the attenuation of Nogo-N2-PLF was stronger in pre-HDs
han in controls, pre-motor inhibition processes (Falkenstein et al.,
999) appear to be more compromised in pre-HDs than in controls,
hen discordant contextual and sensory information has to be inte-

rated. The phase-locking factor (PLF) analyses further revealed
hat performance in pre-HDs was also not related to the PLF, which
s in contrast to the compatible condition. In controls, behavioural
erformance was still related to the degree of phase-locking.
his decoupling of behavioural performance from phase-locking
n pre-HDs likely reflects the dysfunctional integration of sen-
ory and contextual inputs in the incompatible condition in
re-HDs.

Neural synchronization processes depend on the inter-
onnectivity between neural assemblies (Kitano & Fukai, 2004;
ago-Fernandez et al., 2001). The observed decrease in the reli-
bility of neural synchronization in time and frequency with
ubsequent dysfunctions in response inhibition processes most
ikely emerge due to already evident neurodegenerative changes
n pre-manifest HD compromising neural inter-connectivity (e.g.
epeda et al., 2007; Rosas et al., 2008; Tabrizi et al., 2009). In a
ecent study by our group we argued that processes reflected by
he N2 in response inhibition may depend on the nigro-striatal sys-
em modulating MSNs (Beste, Willemssen, et al., 2010). As MSNs
re important for the integration of various streams of informa-
ion (e.g. Bar-Gad et al., 2003; Gurney et al., 2004; Redgrave &
urney, 2006; Redgrave, Prescott, & Gurney, 1999) and are early
ffected in HD (Cepeda et al., 2007; Mitchell et al., 1999) it is
ossible that the cognitive deficit observed may be due to MSN
euron degeneration and weakening of MSN interconnectivity. The

ack of group differences in neurophysiological processes related
o attentional selection (i.e., N1) also suggest that deficits observed
merge at a point in processing where contextual information and
isual input are integrated and not already at attentional selection
tages. In HD, MSNs reveal an increased vulnerability to mutant
untingtin, which is higher than vulnerability of cortical neurons
e.g. Thomas et al., 2011). Our correlational results show that sub-
ects with a higher lifetime exposure to mutant huntingtin (disease
urden score) (Penney et al., 1997; Tabrizi et al., 2009) revealed
tronger declines in phase-locking than pre-HD with lower disease
urden. Since mutant huntingtin especially compromises striatal
SN functioning (e.g. Thomas et al., 2011), this result underlines

hat the mechanisms leading to the observed effects may be due
o MSN dysfunction. The fact that response inhibition in the com-
atible condition was not affected suggests that MSN dysfunctions
nly become critical, when action selection processes become more
emanding. More habitual stimulus–response mappings (compat-

ble condition) seem to be resolved even in compromised MSN
etworks.

Because of a strong interrelation of the CAG-repeat length
elated disease burden score with measures giving an estimate of
isease manifestation in the next years (i.e., a higher probability
f disease manifestation in the next five years and fewer ‘years to
nset (YTO)’ (Langbehn et al., 2004)), these were also related to
eclines in phase-locking. Interestingly, in pre-HD subjects with

ower probability to enter the manifest stage in the next five years,
he slope of the regression curve was flatter than in subjects with
igher onset probability in the next five years. This suggests that
eclines in the reliability of neural synchronization in time and
requency may be particularly sensitive to changes in pre-HD sub-
ects with a higher probability to enter the manifest stage within
n the next five years. The fact that no differences between pre-

D subjects dichotomized in “close to EAO” and “far to EAO” as
ell as “high (hprob)” and “low 5-year onset probability (lprob)”

ubgroups were evident, suggests a higher sensitivity of contin-
ous CAG-age measures over dichotomized measures to identify
ia 49 (2011) 3484–3493

possibly sensitive pre-manifest disease progression markers (see
also: Langbehn et al., 2004).

The current study adds to growing evidence that electrophys-
iological techniques may serve as biomarkers in HD (for review:
Nguyen, Bradshaw, Stout, Croft, & Georgiou-Karistianis, 2010). In
this respect several studies accounted for robust declines in various
ERPs reflecting different cognitive processes (e.g. Antal et al., 2003;
Beste, Saft, Andrich, Gold, & Falkenstein, 2008b; Beste, Willemssen,
Saft, & Falkenstein, 2009; Münte et al., 1997). Yet, only a few stud-
ies accounted for alterations in the pre-manifest stage (for review:
Nguyen et al., 2010). In this stage, the neurophysiological pattern
of modulation is less clear: some processes seem to be already
dysfunctional (e.g. Beste et al., 2008b; van der Hiele et al., 2007),
while other results point towards intensified neurophysiological
processes that may reflect compensatory efforts (Beste et al., 2007)
or a gain of functioning that leads to superior cognitive performance
in some domains in the manifest stage (Beste, Saft, Güntürkün, &
Falkenstein, 2008). In contrast to the study by Beste et al. (2007)
examining error monitoring processes the current results do not
suggest for compensatory processes in pre-HD. However, response
inhibition and error monitoring processes are most likely medi-
ated via different basal ganglia-prefrontal loops (e.g. Beste, Baune,
Domschke, Falkenstein, & Konrad, 2010b) and may therefore be dif-
ferentially modulated in pre-HDs. A more detailed analysis of such a
possible differential modulation of different fronto-striatal loops in
pre-manifest HD may prove useful to understand processes occur-
ring in pre-manifest HD and may be valuable to track pre-manifest
disease progression in future longitudinal studies.

In summary, the behavioural results show that pre-HD subjects
encounter problems when discordant contextual information and
sensory input have to be integrated to enable response inhibition.
No deficits were evident, when response inhibition can be based on
more habitual stimulus–response mappings, i.e., when contextual
and sensory information were congruent. The results suggest that
pre-HD’s fronto-striatal loops become overstrained by increasing
the complexity of action selection. While ‘habitual’ action selection
is unaffected by changes in striatal structures influencing reliability
of neural synchronization processes, efficient ‘controlled’ processes
of action seem to be closely dependent upon highly reliable neural
synchronization processes. The neurophysiological analysis sug-
gests that especially pre-motor inhibition processes (Nogo-N2) are
affected. This was most strongly reflected in a decline in the degree
of phase-locking in the Nogo-N2 range. Deficits in pre-HDs seem
to emerge as a consequence of phase-locking-behavioural decou-
pling. Of clinical interest, declines in the precision of phase-locking
depended on the amount of the individual’s mutant huntingtin
exposure and predicted the probability of disease manifestation
in the next five years. This suggests that phase-locking parameters
may prove useful in future studies evaluating a possible function
as a biomarker in Huntington’s disease.
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