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Flexible response adaptation and the control of conflicting information play a pivotal role in daily life. Yet, little
is known about the neuronal mechanisms mediating parallel control of these processes. We examined these
mechanisms using a multi-methodological approach that integrated data from event-related potentials
(ERPs) with structural MRI data and source localisation using sLORETA. Moreover, we calculated evoked wave-
let oscillations. We applied this multi-methodological approach in healthy subjects and patients in a prodromal
phase of a major basal ganglia disorder (i.e., Huntington's disease), to directly focus on fronto-striatal networks.
Behavioural data indicated, especially the parallel execution of conflict monitoring and flexible response adap-
tation was modulated across the examined cohorts. When both processes do not co-incide a high integrity of
fronto-striatal loops seems to be dispensable. The neurophysiological data suggests that conflict monitoring
(reflected by the N2 ERP) and working memory processes (reflected by the P3 ERP) differentially contribute
to this pattern of results. Flexible response adaptation under the constraint of high conflict processing affected
the N2 and P3 ERP, as well as their delta frequency band oscillations. Yet, modulatory effects were strongest for
the N2 ERP and evoked wavelet oscillations in this time range. The N2 ERPs were localized in the anterior
cingulate cortex (BA32, BA24). Modulations of the P3 ERP were localized in parietal areas (BA7). In addition,
MRI-determined caudate head volume predicted modulations in conflict monitoring, but not working memory
processes.
The results show how parallel conflict monitoring and flexible adaptation of action is mediated via fronto-
striatal networks. While both, response monitoring and working memory processes seem to play a role,
especially response selection processes and ACC–basal ganglia networks seem to be the driving force in
mediating parallel conflict monitoring and flexible adaptation of actions.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Cognitive processes related to the flexible adaptation and control
of actions play a pivotal role in everyday life (Redgrave et al., 2010).
With respect to the control of actions, two sets of cognitive functions
are distinguished (Eppinger et al., 2007): One process refers to the
implementation of task-appropriate behaviour and includes the
up-dating and switching between tasks (e.g. Ridderinkhof et al.,
2004; Smith and Jonides, 1999). The other process refers to the
monitoring of behaviour (e.g. Botvinick et al., 2004) and is important
when a conflict between response alternatives exists (e.g. Folstein
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and van Petten, 2008). It is well-known that each of these processes
is mediated via fronto-striatal loops (e.g. Aron et al., 2003; Kehagia
et al., 2009; van Veen and Carter, 2002). However, in most daily
situations monitoring and flexible adaptation of behaviour demand
cognitive resources in parallel, rather than consecutively. Despite of
this it is unclear what fronto-striatal mechanisms may mediate such
parallel execution of the abovementioned processes. This question
is interesting against the background of current theories of fronto-
striatal network function: Many computational theories conceptual-
ize fronto-striatal networks by some kind of a ‘winner-take-all’
(WTA) network (Bar-Gad et al., 2003; Humphries et al., 2006; Plenz,
2003). This dynamic is constituted by mutually coupled medium
spiny neuron (MSN) ensembles. The ensembles that fire the strongest
will inhibit other MSN ensembles representing other, competing ac-
tions (Bar-Gad et al., 2003; Jung and Shim, 2011; Redgrave et al.,
1999). These conceptions imply that parallel processing is only
possible to some extend (Redgrave et al., 1999), depending on the
ability to represent different action representations at the same
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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 30 30
Age 38.66 (10.54) 39.55 (8.9)
Sex 16 female/14 male 16 female/14 male
CAG 42.08 (1.78) NA
Disease burden score (DBS) 253.5 (75.25) NA
Years to onset (YTO)
Ranen et al. (1995)

6.78 (7.74)

Years to onset (YTO)
Langbehn et al. (2004)

16.28 (8.1) NA

5-year probability 16.18 (16.77) NA
UHDRS motor score (MS) 2.76 (2.56) NA
UHDRS total functional capacity
scale (TFC)

12.9 (0.3) NA

UHDRS independent scale (IS) 99.3 (1.7) NA
UHDRS cognitive score (CS) 331 (39.45) NA
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time in fronto-striatal networks and especially MSN ensembles. MSNs
are affected in many basal ganglia disorders. A possible way to infer
the role of fronto-striatal and MSN mechanism in parallel monitoring
and flexible adaptation of behaviour is hence to test these functions in
a basal ganglia disorder characterised by changes in these circuits.
Here, especially the examination of Huntington's disease (HD), an au-
tosomal dominant neurological disorder, expressing neurodegenerative
changes in basal ganglia, thalamic and cortical structures (e.g. Kassubek
et al., 2005; Rosas et al., 2008; Tabrizi et al., 2009), may be of relevance,
since changes in MSNs are a hallmark of this disease (e.g. Cepeda et al.,
2007; Thomas et al., 2011). These changes are already evident in the
pre-manifest stage of the disease (Tabrizi et al., 2009) (i.e., when clinical
symptoms are not yet developed). Examining groups suffering from
basal ganglia disorders using surface-based EEG data, it is possible to
infer on fronto-striatal mechanisms and networks (e.g. Beste et al.,
2007, 2010a,c; Verleger et al., 2010; Willemssen et al., 2009, 2011).
According to this, we opted to examine the neurophysiological mecha-
nisms underlying parallel monitoring and flexible adaptation. To infer
the role of fronto-striatal loops, we compared results from healthy sub-
jects with results from pre-manifest HD gene mutation carriers (pre-
HDs). We integrated neurophysiological parameters derived from
event-relatedpotentials (ERPs)with structuralMRI volumetricmeasure-
ments and complement this approach with source localisation analyses
on the ERPs using sLORETA (Pascual-Marqui, 2002). Moreover, evoked
wavelet oscillations were analysed and integrated with structural MRI
data.

To examine the parallel execution of response conflict monitoring
and flexible adaptation of actions, we combined a Stroop with a
task-switching paradigm. Due to MSN neuron dysfunction in pre-HDs
situations that primarily involve parallel conflict processing and task-
switching may overstrain fronto-striatal circuits and should lead to de-
clines in performance.

On a neurophysiological level, increasing degrees of response con-
flict have been shown to increase the N2 event-related potential
(ERP), which has been shown to be modulated in its amplitude by
the anterior cingulate cortex (ACC) (e.g. Folstein and van Petten,
2008; van Veen and Carter, 2002). Variations in the N2 also occur in
task switching. Here, a reconfiguration process occurs that may in-
volve attentional shifts, the retrieval of goals and rules from working
memory, the activation of the relevant task set/inhibition of the irrel-
evant task set (e.g. Kiesel et al., 2010; Monsell, 2003) or resolving of
interference from the previous trial (task-set inertia) (Allport et al.,
1994; Wylie and Allport, 2000). These processes lead to longer re-
sponse times (RTs), known as ‘switch costs’ (Rogers and Monsell,
1995). Switch costs affect the P3 ERP, which supposedly reflects in-
creased demands on working memory during the implementation
of a switch (Barcelo et al., 2006; Gehring et al., 2003; Karayanidis
et al., 2003). It has been shown that efficient task-switching is related
to an increased N2 and an attenuated P3 (Gajewski et al., 2010).

In particular, the N2 should be smaller and the P3 may be larger in
pre-HDs than in healthy controls. At the level of neural oscillations, it
has been shown that oscillations in the delta or theta frequency band
are amplified in conditions, where demands on cognitive control and
behavioural monitoring are high (Beste et al., 2007, 2010a;
Ocklenburg et al., 2011; Yordanova et al., 2004). Oscillations in the
delta and theta frequency bandhave been shown to be important for in-
hibitory processes (Ocklenburg et al., 2011) and are also supposed to
play an important role in task switching (e.g. Monsell, 2003). Especially,
oscillations in the theta frequency band are closely related to central ex-
ecutive and working memory processes (e.g. Hanslmayr et al., 2008;
Sammer et al., 2007; Sauseng et al., 2010), as well as by the application
of a Stroop paradigm (Hanslmayr et al., 2008). It is therefore possible
that besides the delta frequency band, the theta frequency band reveals
effects between groups. Pre-HDs are expected to be less able to increase
delta or theta frequency band power during task switching, under high
Stroop conflict. Group differences, observed for the N2 ERP and data, are
expected to be localised in the ACC using sLORETA (review: Folstein and
van Petten, 2008) and structural MRI-volumetric measures of the cau-
date head may correlate with electrophysiological and behavioural pa-
rameters. For the P3 ERP, parietal sources may underlie group
differences as revealed by sLORETA analyses. The individualmodulation
of behavioural performance and neurophysiological processes in pre-
HDs may further depend on their individual genetic disease load and
proximity to the onset of diseasemanifestation (e.g. Tabrizi et al., 2009).

Materials and methods

Participants

A group of thirty (N=30) right-handed, pre-manifest HD genemu-
tation carriers (pre-HDs), defined by a positive gene test, underwent
neurological investigation. The pre-HDs were scored according to the
Unified Huntington's disease Rating Scale (UHDRS) (Siesling et al.,
1998) “motor score” (MS), “total functional capacity scale” (TFC) and
“independence scale” (IS). They completed the verbal fluency test, sym-
bol digit test, Stroop colour naming, Stroopword reading and Stroop in-
terference test, which were summarised as “cognitive score” (CS)
(Huntington Study Group, 1996). The “absence of clinical motor symp-
toms” was based on 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). For each pre-HD participant the probability of esti-
mated disease onset (eAO) within five years was calculated according
to Langbehn's parametric model (Langbehn et al., 2004). Moreover,
the expected age of onset (eAO) was estimated using Langbehn's and
Ranen's formula (Ranen et al., 1995). For pre-HD subjects the years to
disease onset (YTO) were calculated by subtracting the subject's age
at the time of investigation from his or her eAO. Additionally, we calcu-
lated the “Disease burden score” (DBS=[CAG repeat−35.5] age) for
each subject (e.g. Tabrizi et al., 2009).

As controls, 30 right-handed, healthy subjects matched to the pre-
HD group in age, sex, educational status and socio-economic back-
ground were enrolled in the study. All participants gave written
informed consent, before the study protocols were commenced. The
Ethics Committee of the Ruhr-University Bochum (Germany)
approved the present study. Demographical information is given in
Table 1.

Task

The task combines a Stroop paradigm with a switching paradigm
(see also: Eppinger et al., 2007). The stimuli were four colour words
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(i.e., RED, BLUE, YELLOW and GREEN) (3×2 cm, or 3×2° visual angle
at a viewing distance of 57 cm) presented at the centre of the screen
for 300 ms. These colour words are presented either in a rhomb or in
a square. These shapes serve as cue stimuli denoting the task rule. Cue
and target stimulus are separated by a short delay of 150 ms. When a
rhomb is presented, subjects are instructed to respond according to
the ‘colour rule’; when a square is presented the subjects respond
according to the ‘word rule’. The subjects respond using their index
fingers to BLUE (left key press) and YELLOW (right key press). The
middle fingers are used to respond to the RED (left middle finger)
and GREEN colour (right middle finger). The stimuli are presented
on the screen until the response is executed. For the ‘colour rule’
the subjects respond according to the print-colour of the word and ig-
nore the meaning of the word (e.g. BLUE printed in green, subjects re-
spond with the left index finger). For the ‘word rule’ subjects respond
according to the meaning of the word and ignore the print-colour of
the word. In the following sections, colour rule trials and word rule
trials are referred to as ‘incompatible’ and ‘compatible’ trials respec-
tively. The paradigm contains four different trial types, shown in
Fig. 1: (i) non-switch, compatible [i.e., on two consecutive trials the
font colour of the word corresponds to its meaning]; (ii) switch, com-
patible [i.e., on two consecutive trials the rule changes, with the font
colour of the word corresponding to its meaning]; (iii) non-switch,
incompatible trials [i.e., on two consecutive the font colour of the
word does not correspond to its meaning]; and (iv) switch, incompat-
ible trials [i.e., on two consecutive trials the rule changes and the font
colour of the word does not correspond to its meaning].

The latter condition is the most difficult condition, since conflict
monitoring and switching processes are required in parallel. The
trial order is pseudo-randomized with each condition occurring
equally frequent. After familiarising the patients and controls with
the colour and the word task, the experiment was conducted. The ex-
periment consists of 480 trials, with each of the four different trial
types being presented in 120 trials. Participants were seated at a dis-
tance of 57 cm from the screen and had to fixate a black fixation cross
that was presented in the middle of the screen throughout the exper-
iment. After a response was executed the next trial was presented
1250 ms thereafter (jittered between 1000 and 1500 ms). During
this period, only the central fixation cross was presented.

EEG recording and analysis

EEG was recorded from 65 Ag–AgCl electrodes at standard scalp
positions against a reference electrode located at Cz. The sampling
Fig. 1. Schematic diagram of the task conditions. A colour word, printed in different font colo
or a rhomb denoting the rule in the current trial. Note that the gap of 150 ms between t
(trial n−1), the combination of colour word and surrounding square or rhomb allows fou
of the references to color in this figure legend, the reader is referred to the web version of
rate was 500 Hz. All electrode impedances were kept below 5 kΩ.
Data processing involved a manual inspection of the data to remove
technical artefacts. After manual inspection, a band-pass filter ranging
from 0.5 to 20 Hz (48 dB/oct) was applied. After filtering, the raw
data were inspected a second time. To correct for periodically
recurring artefacts (pulse artefacts, horizontal and vertical eye
movements) an independent component analysis (ICA; Infomax algo-
rithm) was applied to the un-epoched data set. Afterwards, the EEG
data was segmented according to the four different conditions. Seg-
mentation was applied with respect to the occurrence of the stimuli
(i.e., stimulus-locked). Automated artefact rejection procedures
were applied after epoching: rejection criteria included a maximum
voltage step of more than 50 μV/ms, a maximal value difference of
200 μV in a 200 ms interval or activity below 0.1 μV. Then the data
was CSD-transformed (current source density transformation;
Perrin et al., 1989) in order to eliminate the reference potential
from the data. After the CSD-transformation, data were corrected
relative to a baseline extending from 200 ms before stimulus presen-
tation until stimulus onset and averaged. Based upon this stimulus-
locking procedure, the N2 and P3 ERPs were quantified: The N2 was
quantified at electrode FCz, which was the maximum of the N2 in
the scalp topographies (cf. Fig. 3). The N2 was quantified relative to
the pre-stimulus baseline and defined as the most negative peak oc-
curring within the time interval of 250 till 320 ms. The P3 was quan-
tified at electrode P1 and Pz according to the scalp topography (cf.
Figs. 3 and 4). The P3 was defined as the most positive peak within
a time range from 350 to 500 ms. Both components were quantified
in amplitude and latency on single subject level.

Time–frequency decomposition (TF-decomposition)

Time–frequency (TF) analysis of stimulus-related potentials was
performed by means of a continuous wavelet transform (CWT), ap-
plying Morlet wavelets (w) in the time domain to different frequen-
cies ( f):

w t; fð Þ ¼ A exp −t2=2σ2
t

� �
exp 2iπf tð Þ;

t is time, A ¼ σ t
ffiffiffi
π

p� �−1=2, σt is the wavelet duration, and i=
ffiffiffiffiffiffiffiffi
−1

p
. For

analysis and TF-plots, a ratio of f0/σf=5.5 was used, where f0 is the
central frequency and σf is the width of the Gaussian shape in the fre-
quency domain. The analysis was performed in the frequency range
0.5–20 Hz with a central frequency at 0.5 Hz intervals. For different
urs is presented in the centre of the screen. The colour word is surrounded by a square
he cue and the target is not depicted in this figure. In relation to the previous trials
r different conditions (please refer to the text for further details). (For interpretation
the article.)

image of Fig.�1
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f0, time and frequency resolutions (or wavelet duration and spectral
bandwidth; Tallon-Baudry et al., 1997) can be calculated as 2σt and
2σf respectively. σt and σf are related by the equation σt=1/(2πσf).
For example, for f0=1 Hz, 2σt=1770 ms and 2σf=0.36 Hz; for
f0=3 Hz, 2σt=580 ms and 2σf=1.09 Hz; for f0=5 Hz, 2σt=
350 ms and 2σf=1.82 Hz. The ‘evoked wavelet power’ was calculat-
ed, which refers to event-related changes in EEG power that are
phase-locked with respect to the event onset across trials. The
phase-synchronized oscillations in the EEG across trials were isolated
by first time domain averaging the event-locked EEG epochs to derive
the ERP. After this, the convolution with the complex wavelet was
performed on this ERP average (Roach and Mathalon, 2008).

The segments used for the wavelet analysis were 4000 ms long;
starting 2000 ms before stimulus onset and ending 2000 ms after
stimulus onset. This epoch length was chosen to allow a reliable esti-
mation of the evoked power of low frequent oscillations (e.g. Beste
et al., 2010a; Ocklenburg et al., 2011). Maximal TF power and
corresponding peak power latencies were measured in time intervals
used for ERP quantification: i.e., N2 evoked wavelet power was esti-
mated at the time point the N2 reached its maximum peak amplitude
and the P3 evoked wavelet power was estimated at the time point the
P3 amplitude in the time-domain analysis reached its maximum.
Evoked wavelet power was quantified in the delta and theta frequen-
cy band. Their central frequencies were 3 and 5 Hz, so that the
corresponding TF components covered roughly the delta (2.5–4 Hz)
and theta (4–7 Hz) frequency bands (see: Beste et al., 2010a). The de-
composition parameters used were the same for the N2 and P3 anal-
ysis. A time window from 600 to 800 ms prior to the response was
used to estimate background noise. Wavelet power in the time
range of interest was measured normalized to wavelet power at this
baseline. Data quantification was performed on single subject level.
TF power was log10-transformed to normalize the distributions for
statistical analyses.

Source localisation (sLORETA analyses)

Source localisation was conducted using sLORETA (standardized
low resolution brain electromagnetic tomography; Pascual-Marqui,
2002). sLORETA gives a single linear solution to the inverse problem
based on extra-cranial measurements without a localisation bias
(Marco-Pallares et al., 2005; Pascual-Marqui, 2002; Sekihara et al.,
2005). sLORETA has been validated in simultaneous EEG/fMRI studies
(Vitacco et al., 2002). For sLORETA, the intracerebral volume is par-
titioned in 6239 voxels at 5 mm spatial resolution and the standardised
current density at each voxel is calculated in a realistic head model
(Fuchs et al., 2002) using the MNI152 template (Mazziotta et al.,
2001). In the present study the voxel-based sLORETA-images were
compared between groups using the sLORETA-built-in voxel-wise
randomisation tests with 5000 permutations, based on statistical non-
parametric mapping. Voxels with significant differences (pb .05,
corrected for multiple comparisons) between groups were located in
the MNI-brain and Brodman areas (BAs) as well as coordinates in the
MNI-brain were determined using the sLORETA software (www.
unizh.ch/keyinst/NewLORETA/sLORETA/sLORETA.htm). The compari-
son of sLORETA images between groups (controls vs. pre-HDs) was
based on the original ERPs in the time domain on the basis of scalp volt-
ages. sLORETA was applied on the N2 and P3 ERP data.

MRI scanning and analyses

Structural MRI scanning was conducted to assess caudate head vol-
ume. Scanning data was available for N=27 pre-HDs (3 pre-HDs had
to be excluded). MR-imaging was performed on a 1.5 T scanner
(Magnetom SymphonyTM, Siemens, Erlangen, Germany) using a stan-
dard head coil and a Turbo FLASH 3D sequence with the following pa-
rameters: TE (echo time): 3.93 ms, TR (repetition time): 1900 ms, TI
(inversion time): 1100 ms, FA: 15°, NA: 1, resolution: 1 mm×1mm,
128 sagittal slices, voxel-size in slice selected direction 1.0 mm. Subjects
were positioned within the head coil using a standard procedure
according to outer anatomical markers. Caudate volume was calculated
using the manual tracing method described by Aylward et al. (2004).
To correct for inter-individual variations due to gender and head size,
all caudate head volumes were normalised against the total intracranial
volume (TIV) (e.g. Whitwell et al., 2001), by calculating the ratio be-
tween TIV and caudate head volume. Both of these measures, i.e. the
uncorrected caudate volume (Aylward et al., 2004) and the caudate
head volume corrected for TIV were used in regression analyses with
the electrophysiological parameters.

Statistical analyses

Data (RTs, error rates, ERP amplitudes and latencies, ERP power) was
analysed using mixed and univariate analysis of variance (ANOVAs). In
the mixed ANOVAs, the factors “trial type (switch vs. non-switch)” and
“compatibility (compatible vs. incompatible)” were within-subject fac-
tors. The factor “group (pre-HD vs. controls)” was used as between-
subject factor. Based on scalp topography of the ERPs, an additional
within-subject factor “electrode” was included, if necessary. When ap-
propriate, the degrees of freedom were adjusted using Greenhouse–
Geisser correction. All post-hoc tests were Bonferroni-corrected.
Kolmogorov–Smirnov tests revealed that all relevant variableswere nor-
mally distributed (all zb0.5; p>.4; one-tailed). As ameasure of variabil-
ity the standard error of the mean (SEM) is given.

Results

Behavioural data

The response times (RTs) were analysed in a mixed effects ANOVA
using “trial type (switch vs. non-switch)” and “compatibility (com-
patible vs. incompatible)” as within-subject factors. “Group” (pre-
HDs vs. controls) served as between-subject factor. The main effect
“compatibility” revealed that RTs were longer on incompatible
(735±7) than on compatible trials (628±5) (F(1,58)=379.88;
pb .001; η2=.86). The main effect “switching” revealed that RTs
were longer on switch trials (726±5) than on repeat trials
(637±5) (F(1,58)=247.85; pb .001; η2=.81). The main effect
“group” (F(1,58)=9.91; p=.003; η2=.14) revealed that RTs were
longer in pre-HDs (689±4) than in controls (664±5). The ANOVA
revealed an interaction “trial type×compatibility×group” (F(1,58)=
11.64; p=.001; η2=.16). This interaction is plotted in Fig. 2.

Bonferroni-corrected independent samples t-tests indicate that
the groups did not differ in their RTs on compatible switch and non-
switch trials, as well as on incompatible non-switch trials (t(58)b
−0.95; p>.2). However, they differed on incompatible switch trials
(t(58)=6.11; pb .001), where RTs were much longer for the pre-HD
(834±10) than for the control group (765±9).

The analysis of error rates revealed that error rates were higher on
incompatible (14.6±0.2), than on compatible trials (12.5±0.3)
(F(1,58)=37.41; pb .001; η2=.39), as well as on switch trials
(14.5±0.3) compared to non-switch trials (12.7±0.2) (F(1,58)=
18.59; pb .001; η2=.24). There was no group difference and also all
other main or interaction effects were not significant (all Fb0.9;
p>.3).

Switch costs (behaviour)
Switch costs were calculated by subtracting mean RTs on non-

switch trials frommean RTs on switch trials. Switch costs were higher
in the incompatible (129±8) than in the compatible condition
(49±6) (F(1,58)=59.44; pb .001; η2=.50) and also higher in pre-
HDs (110±8) than in controls (68±7) (F(1,58)=13.82; pb .001;
η2=.19). However, there was an interaction “group×compatibility”

http://www.unizh.ch/keyinst/NewLORETA/sLORETA/sLORETA.htm
http://www.unizh.ch/keyinst/NewLORETA/sLORETA/sLORETA.htm


Fig. 2. Left side: mean reaction time (RT) in milliseconds (±SEM) for compatible and incompatible switch and non-switch trials, separated for pre-HDs and controls. Right side:
mean switch costs (RTs) (±SEM) for the compatible and incompatible condition for pre-HDs and controls.
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(F(1,58)=11.64; pb .001; η2=.16). Post-hoc tests revealed that
group differences in switch costs were only evident in the incompat-
ible condition (t(58)=5.7; pb .001), but not in the compatible condi-
tion (t(58)=0.39; p>.4). Concerning error rates, there were no
differences in switch costs between groups (all Fb0.9; p>.3).

Neurophysiological data

N2 data
The N2 is shown in Fig. 3A. The N2 showed a clear maximum at

FCz. The N2 at FCz was analysed in a mixed ANOVA using “task”
and “compatibility” as within-subject factors; “group” served as
between-subject factor. The N2 was larger (i.e., more negative) on
incompatible (−5.8±0.1), than on compatible trials (−4.2±0.1)
(F(1,58)=123.66; pb .001; η2=.68), as well as on switch (−5.9±
0.1) than on non-switch trials (−4.1±0.2) (F(1,58)=258.12;
pb .001; η2=.81). The N2 was attenuated in pre-HDs (−4.7±0.2),
compared to controls (5.3±0.2) (F(1,58)=44.19; pb .001; η2=.43).
An interaction “compatibility×trial type×group” (F(1,58)=18.65;
pb .001; η2=.24) was found. This interaction is given in Fig. 3B.

To explore this interaction further independent samples t-tests,
serving as post-hoc tests were run. These tests revealed that the
groups did not differ in their N2 amplitudes on compatible (t(58)=
−0.13; p>.4) and incompatible non-switch trials (t(58)=−0.65;
p>.3) as well as on compatible switch trials (t(58)=−0.94; p>.2).
However, on incompatible switch trials the N2 amplitude was atten-
uated in pre-HDs (−5.5±0.3) compared to controls (−7.6±0.2)
(t(58)=−7.2; pb .001). Paired samples t-tests within each group
revealed that the N2 amplitude increased in controls from the
compatible to the incompatible switching condition (t(29)=−7.61;
pb .001), while in pre-HDs, no changes in N2 amplitude were evident
(t(29)=−1.1; p>.15). As to the latencies, there was no interaction
“compatibility×trial type×group” (F(1,58)=0.5; p>.3). The sLORETA
analyses on the N2 ERP suggest that group differences in incompatible
switch trials were related to regions in the rostral cingulate zone,
encompassing BA6 and BA8, centered in BA24 and BA23.

P3 data
The P3 is shown in Fig. 4A. It showed a parietal maximum (Pz)

with strong left displacement (P1). Therefore it was analysed at
both electrodes. The P3 was analysed in a mixed ANOVA using “elec-
trode (P1, Pz)”, “compatibility” and “task” as within-subject factors
and “group” as between-subject factor.

The P3 was larger at electrode Pz (21.8±0.3), compared to P1
(19.9±0.2) (F(1,58)=58.32; pb .001; η2=.50). The P3 was also
larger for compatible (21.5±0.2), than for incompatible trials
(20.3±0.3) (F(1,58)=53.38; pb .001; η2=.47); and for non-switch
trials (21.8±0.2), compared to switch trials (20±0.1) (F(1,58)=
90.30; pb .001; η2=.60). There was no difference in P3 amplitudes
between pre-HDs and controls (F(1,58)=0.46; p>.4). However,
there was an interaction “electrode×compatibility×task×group”
(F(1,58)=7.53; p=.008; η2=.12). Subsequent mixed ANOVAs for
electrode P1 and Pz separately revealed that an interaction “comp-
atibility×trial type×group” was evident for electrode Pz (F(1,58)=
7.34; pb .001; η2=.11), but not for electrode P1 (F(1,58)=0.89;
p>.3). Therefore, only electrode Pz was analysed further. The interac-
tion for electrode Pz is given in Fig. 3B. For electrode Pz it is shown
that the P3 amplitude did not differ between groups on compatible trials
(t(58)=−0.49; p>.3; pre-HDs: 25.02±0.37, controls: 25.14±0.45)
and incompatible non-switch trials (t(58)=−0.05; p>.6; pre-HDs:
22.73±0.42; controls: 22.61±0.41) and on compatible switch trials
(t(58)=0.24; p>.5; pre-HDs: 21.56±0.54, controls: 21.48±0.43), but
on incompatible switch trials (t(58)=−3.01; p=.004; pre-HDs:
17.29±0.33, controls: 19.39±0.67). On incompatible switch trials,
the P3 was larger for the pre-HDs (19.3±0.6), compared to controls
(17.1±0.4). The sLORETA analyses on the P3 ERPs suggest that group
differences in incompatible switch trials were related to regions in the
parietal lobe, encompassing BA5 and BA7, centered in BA7.

The latencies of the P3 were also analysed at electrode Pz and rev-
ealed an interaction “compatibility×trial type×group” (F(1,58)=
9.32; p=.003; η2=.13). Similar to the amplitudes, post-hoc tests
revealed that the groups did not differ in their P3 latencies on com-
patible (t(58)=0.26; p>.4) and incompatible non-switch trials
(t(58)=0.12; p>.3) as well as on compatible switch trials (t(58)=
−0.41; p>.3). Yet, on incompatible switch trials the P3 latency was
longer in pre-HDs (425±5), compared to controls (397±5)
(t(58)=7.9; pb .001), which parallels the prolongation of RTs in
this condition. As to the main effects, the latencies were longer on in-
compatible (388±5) than on compatible trials (336±4) (F(1,58)=
376.28; pb .001; η2=.86) and on switch (385±3) than on non-
switch trials (337±5) (F(1,58)=371.45; pb .001; η2=.86). P3 laten-
cies were also longer for pre-HDs (365±2) than for controls (358±
3) (F(1,58)=6.13; p=.016; η2=.09).

Switch costs (N2 and P3 data)
Switch costs reflected in latencies and amplitudes were calculated

by subtracting parameters from non-switch trials from parameters de-
rived from switch trials. For all parameters (i.e., N2 amplitudes and la-
tencies, P3 amplitudes and latencies), there was an interaction
“compatibility×group” (F(1,58)>9.32; pb .003; η2>.13). Bonferroni-
corrected post hoc tests revealed that group differences in switching
costs were solely evident in the incompatible condition. The difference
in N2 amplitudes was larger in controls (−2.1±0.2) than in pre-HDs
(−0.5±0.2) (t(58)=−5.17; pb .001). The difference in P3 ampli-
tudes (t(58)=−3.43; p=.001) and latencies (t(58)=4.30; pb .001)
was also larger for controls (amplitudes: −5.4±0.3; latencies: 60±
5) than for pre-HDs (amplitudes: −3.2±0.3; latencies: 33±5).

Time–frequency analyses (TF-analyses)

The ERP analyses suggest that the N2 was decreased in its ampli-
tude and the P3 was increased in its amplitude in pre-manifest
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Fig. 3. (A) Stimulus-locked ERP at electrode FCz for compatible and incompatible
switch and non-switch trials. The pre-HD and control groups are given separately. A
representative scalp topography map is given for pre-HDs and controls at the time
point of the peak of the N2. Time point 0 denotes the time point of stimulus delivery.
(B) Histogram of the mean N2 amplitude (μV/m2) (±SEM) in the different conditions.
(C) sLORETA sources of the N2 ERP.

Fig. 4. (A) Stimulus-locked ERP at electrode Pz for compatible and incompatible switch
and non-switch trials. The pre-HD and control groups are given separately. A represen-
tative scalp topography map is given for pre-HDs and controls at the time point of the
peak of the P3. Time point 0 denotes the time point of stimulus delivery. (B) Histogram
of the mean P3 amplitude (μV/m2) (±SEM) in the different conditions. (C) sLORETA
sources of the P3 ERP.
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Huntington's disease gene mutation carriers (pre-HDs), especially
when switching processes had to be executed on incompatible (i.e.,
Stroop-related) stimulus material. Using time–frequency (TF) analy-
ses, we further examined evoked wavelet power in the delta and
theta frequency range to complement the time-domain analyses.
We focussed on the incompatible switch trials, as only this condition
revealed differences between the groups. TF-analyses were
performed for electrode FCz for the N2-range and electrode Pz for
P3-range.
N2 effects
For the delta frequency band (at 3 Hz), we found a “comp-

atibility×trial type×group” interaction (F(1,58)=38.25; pb .001;
η2=.39). Bonferroni-corrected post-hoc test (independent samples
t-tests) showed that the groups did not differ on compatible and in-
compatible non-switch trials and on compatible switch trials (all
t(58)sb1.5; p>.2). On incompatible switch trials, the groups differed
with the pre-HD group showing lower delta frequency evoked power
(3.48±0.04), than the control group (3.61±0.03) (t(58)=−23.39;

image of Fig.�3
image of Fig.�4


143C. Beste et al. / NeuroImage 62 (2012) 137–146
pb .001). Controls revealed an increase in evoked wavelet power from
the compatible switching to the incompatible switching condition
(t(29)=−6.92; pb .001). In pre-HDs, there was no increase in
evoked wavelet power between these conditions (t(29)b0.8; p>.3).
These results are depicted in Fig. 5A. When using the theta frequency
band (5 Hz) no interaction effects modulated by the factor group
were evident (Fs 0.6; p>.4).

P3 effects
Comparable to the N2 analysis, there was an interaction “comp-

atibility×trial type×group”, too (F(1,58)=5.60; p=.021; η2=.08)
(Fig. 5B). Post-hoc tests showed that the groups did not differ on
compatible and incompatible non-switch trials, as well as on compat-
ible switch trials (t(58)sb1.41; p>.2). Yet, on incompatible switch
trials the pre-HD group revealed a higher evoked delta band power
(3.6±0.1), than the control group (3.47±0.03) (t(58)=14.06;
pb .001). These results parallel the findings obtained from the time
domain analyses.

An implicit assumption of a frequency power analysis is that
power density in the pre-stimulus (baseline) period reflects the back-
ground non-event related EEG rhythms, which may be critical with
respect to the relatively short interval between stimulus and re-
sponse. Therefore, we quantified the power at baseline (i.e., we com-
puted the mean TF-power in the time interval resembling the
baseline) and included it as a covariate in the ANOVAs. This procedure
(i.e., the inclusion of baseline TF power) did not change the pattern of
Fig. 5. (A) Time–frequency plot for electrode FCz (N2 evoked power) in incompatible
switching condition for pre-HDs and controls. The ordinate denotes the frequency;
the abscissa the time in milliseconds (ms). The power of the different frequency
bands is colour-coded. Time point 0 denotes the time point of stimulus delivery. The
dotted white lines denote the frequency of 3 Hz. (B) Time–frequency plot for electrode
Pz (P3 evoked power) in incompatible switching condition for pre-HDs and controls.
results (all covariate Fsb0.4; p>.5). Hence, we assume that the re-
sults are unbiased with respect to baseline activity.

Correlational analyses

The above analyses show that group-dependent modulations in
the N2 and P3 phase-locking are mediated via distinct brain areas.
In a last step, we analysed how modulations in N2 and P3 phase-
locking are related to clinically relevant parameters. The strength of
the individuals evoked power in the N2 range on incompatible switch
trials was inversely related to the DBS (r=− .558; R2=.30; pb .001)
and related to the YTO according to Ranen et al. (1995) (r=.782;
R2=.61; p=.001) and Langbehn et al. (2004) (r=.600; R2=.36;
p=.001), the probability of eAO within the next five years
(r=.648; R2=.40; pb .001). These correlations suggest that N2-
related processes become more compromised the close the estimated
onset of disease manifestation and the higher the genetic disease
load. Additional regression analyses showed that the amount of N2
evoked power was related to caudate head volume (r=.426;
R2=.17; p=.012), also when corrected using total intra-cranial vol-
ume (TIV) (r=− .454; R2=.20; p=.009). The results show that N2
evoked power, when caudate volume was smaller. As to the P3 on in-
compatible switch trials, there was no correlation of evoked wavelet
power with any of these parameters (rb .061; p>.15). Scatterplots
for the correlational analyses regarding N2 evoked power are given
in Fig. 6.

Discussion

In the current study, we investigated the role of fronto-striatal
loops for the parallel execution of flexible response adaptation and
conflict monitoring in a combined Stroop-Task-Switching paradigm.
Recent neurocomputational models of fronto-striatal circuit function-
ing (Frank, 2005; Humphries et al., 2006; Leblois et al., 2006;
Redgrave et al., 1999) imply that parallel processing in these loops
is only possible to a certain extend, which depends on the ability to
represent different action representations in MSN ensembles. Exam-
ining the above, we inferred neurophysiological mechanisms from
ERPs as well as evoked EEG oscillations (e.g. Basar et al., 2001) in a
major basal ganglia disorder (i.e., pre-manifest Huntington's disease
gene mutation carriers; pre-HDs). Neurophysiological data was inte-
grated with structural MRI volumetric data and source localisation
using sLORETA was carried out. Pre-manifest Huntington's disease
gene mutation carriers were examined because changes in MSNs
are a characteristic of this disease (e.g. Cepeda et al., 2007; Thomas
et al., 2011) and already evident in the pre-manifest stage (Tabrizi
et al., 2009).

The results show that pre-HDs revealed higher switch costs when
task-switching and the resolution of conflict occurred in parallel:
when one switched from word reading to colour naming (“switch in-
compatible” in the current study), the switch costs are greater in pre-
HDs than in controls. When one switched from colour naming to
word reading (“switch compatible” in the current study) switch
costs were generally lower and also not different between the groups.
In the other conditions, where high demands on conflict monitoring
did not co-incide with task-switching, no group differences were ev-
ident. The observed effect on compatible and incompatible switch tri-
als may be regarded at odds with the ‘asymmetric switch cost effect’
usually reported in such paradigms (e.g. Allport et al., 1994;
Schneider and Anderson, 2010). However, it has to be noted that
such asymmetric switch cost effects disappear, when a gap between
cue (rhomb or square) and the target stimulus is evident (see:
Monsell et al., 2000), as it was the case in our study. The behavioural
data shows that a neurodegenerative processes in fronto-striatal
loops, as evident in pre-HDs, primarily compromise flexible adapta-
tion of actions, when this process co-incides with high demands on
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Fig. 6. Scatterplots denoting the correlation between N2 evoked wavelet power and the years until estimated age of onset (YTO) according Ranen et al. (1995) (top), Langbehn et al.
(2004) (middle) and the ‘disease burden score’ (bottom) are depicted at the left side of the panel. Scatterplots denoting the correlation between N2 evoked wavelet power and
corrected and non-corrected caudate head volume are presented on the right side of the panel.
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conflict monitoring. When conflict monitoring and flexible response
adaptation do not co-incide, a high integrity of fronto-striatal loops
seems to be dispensable.

The neurophysiological data underlines the pattern found within
our behavioural data and further suggest that this pattern of results
is due to a differential affection of conflict monitoring and working
memory processes:

With respect to conflict monitoring processes, the N2 (e.g. Folstein
and van Petten, 2008; van Veen and Carter, 2002) group differences
were only evident on incompatible switch trials which completely
underlines the behavioural data. The N2 was attenuated in pre-HDs.
Also, evoked wavelet power in the delta frequency band within the
N2 time range was lower, when compared to controls. Modulations
in the delta frequency band have previously been shown to reflect
processes related to the inhibition of responses (Ocklenburg et al.,
2011). The data may thus reflect an inability to suppress the irrele-
vant, previous task-set (e.g. Mayr, 2001) and select the appropriate
response (Gajewski et al., 2010), when fronto-striatal loops are com-
promised. The sLORETA analyses on ERPs suggest that functional
changes in the anterior cingulate (BA32 and BA24) may mediate the
above pattern reflected by the N2. The sources obtained for the N2
ERP are in accordance with other studies (e.g. Folstein and Van
Petten, 2008; van Veen and Carter, 2002). In conditions of high con-
flict, additional response selection processes necessary to adjust be-
haviour due to the changed task rule may overstrain fronto-striatal
circuits. This interpretation is underlined by the fact that controls rev-
ealed an increase in N2 amplitudes (e.g. Jackson et al., 2001;
Karayanidis et al., 2003) and N2 evoked wavelet power in conditions
with high conflict, while pre-HDs did not intensify N2-related pro-
cesses. The lack of intensification of processes reflected by the N2
has previously been shown to be related to higher switch costs
(Gajewski et al., 2010).

With respect to working memory processes P3 parameters are im-
portant. The prolongation of P3 latency, reductions of P3 amplitude and
evokedwavelet power, as observed in pre-HDs, have been suggested to
reflected increased working memory load (e.g. Kok, 2001), or modula-
tions in attentional set shifting (e.g. Neuhaus et al., 2011). Alterations
in the P3 have been observed in several other studies examining
Huntington's disease (e.g. Beste et al., 2008a,b,c, 2010b; Münte et al.,
1997), yet mostly in more severe disease stages. Deficits in working
memory processes related to the updating, organisation and imple-
mentation of the new task-set (e.g. Barcelo et al., 2006; Gehring et al.,
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2003; Goffaux et al., 2006; Karayanidis et al., 2003; Nicholson et al.,
2005, 2006; Rushworth et al., 2002) during task switching only oc-
curred in situations requiring parallel conflict monitoring and flexible
response adaptation processes. Source localisation analyses on ERPs
suggest that functional changes underlying these working memory
deficits are related to the superior parietal cortex (BA7). This is well
in line with studies stressing the importance of parietal areas for work-
ing memory and task switching processes (e.g. Gottlieb, 2007; Hedden
and Gabrieli, 2010; Jamadar et al., 2010).

Possible neuronal mechanisms and implications

The above results suggest that processes related to conflict monitor-
ing and working memory are affected in pre-HDs during parallel pro-
cessing. However, the effect in working memory processes was lower
than the effect observed for conflict resolution processes (N2 effects).
This suggests that deficits observed in conflict monitoring are the driv-
ing factor in difficulties related to the parallel execution of flexible
response adaptation and conflict monitoring. With respect to the
sLORETA results on ERPs, N2-related processes (conflict monitoring)
are related to the ACC, while P3-related processes (working memory)
were related to parietal areas. MRI volumetric caudate head volume
predicted modulation of conflict monitoring (N2 data), but not of
working memory processes (P3 data). In contrast to the ACC, parietal
areas are not directly embedded in fronto-striatal loops (e.g.
Chudasama and Robbins, 2006). In the pre-manifest disease stage, neu-
rodegenerative effects on MSNs are already evident (e.g. Cepeda et al.,
2007) and highly genetically determined (Thomas et al., 2011). It is
possible that dysfunctions observed for the ACC in the sLORETA N2
ERP results reflect an indirect effect of dysfunctions at the striatal
level. Clearly, MSN functioning cannot be directly examined using
MRI volumetric measurement, which accounts for structural effects
on a macroscopic level. However, it has been shown that especially
MSNs are affected in HD (e.g. Cepeda et al., 2007) and vulnerable to
mutant huntingtin (Thomas et al., 2011). The DBS gives an estimate
of the amount of the individual's mutant huntingtin exposure (Tabrizi
et al., 2009). A higher DBS was related to higher switch costs and an at-
tenuated N2. Therefore, it is possible that a dysfunction and degenera-
tion of MSNs may affect processing of the ACC as the cortical endpoint
of this functional basal ganglia loop.

The results have implications for models stating that MSNs play a
crucial role in action selection within fronto-striatal loops (Gurney
et al., 2004) and that these mechanisms are governed by a winner-
takes-all network (WTA) (Bar-Gad et al., 2003; Plenz, 2003). Within
such a network, parallel processing is theoretically possible to some ex-
tend (Redgrave et al., 1999), depending on the ability to represent dif-
ferent action representations at the same time in fronto-striatal
networks and especially MSN ensembles. The above discussion on the
N2-effects suggests that pre-HDs are not able to intensify N2-related
processes, reflecting an inability to process additional response selec-
tion demands, necessary to adjust behaviour and to inhibit the previ-
ous task-set. It is possible that striatal structures in pre-HDs are not
able to represent more than one process at once, leading to deficits,
when two processes impinge upon striatal structures. Besides structur-
al changes in the MSN network, deficits in dopaminergic neural trans-
mission, which are evident in pre-HDs (e.g. van Oostrom et al., 2009)
and modulate MSN functioning (Surmeier et al., 2007).

Summary

In summary, the results reveal neuronal (electrophysiological)
mechanisms that mediate parallel conflict monitoring processes and
flexible adaptation of actions. While both, response monitoring and
working memory processes, seem to play a role, especially response
selection processes and ACC–basal ganglia networks seem to be the
driving force in mediating parallel conflict monitoring and flexible
adaptation of actions. This is corroborated using source localisation
of ERP data by means of sLORETA. The time–frequency data shows
that differences in the integrity of fronto-striatal loops predominantly
affect the delta frequency band. MRI volumetric measurements and
estimators for neurobiological processes compromising MSN func-
tion, also underline the importance of ACC–basal ganglia networks.
From a neurological point of view, the results suggest that situations
requiring a parallel execution of fronto-striatal loop processes are
sensitive to early changes in cognitive processes in Huntington's dis-
ease. From a broader neurobiological perspective, the results suggest
compromised fronto-striatal loops may not be able to represent dif-
ferent kinds of information in parallel and may therefore not be
able to perform parallel processing of different cognitive functions.
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