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Abstract
Research on inhibitory motor control has implicated several prefrontal as well as subcortical and
parietal regions in response inhibition. Whether prefrontal regions are critical for inhibition,
attention or task-set representation is still under debate. We investigated the influence of the lateral
PFC in a response inhibition task by using cognitive electrophysiology in prefrontal lesion
patients. Patients and age- and education-matched controls performed in a visual Stop-signal task
featuring lateralized stimuli, designed to challenge either the intact or lesioned hemisphere.
Participants also underwent a purely behavioral Go/Nogo task, which included a manipulation of
inhibition difficulty (blocks with 50 vs. 80 % go-trials) and a Change-signal task that required
switching to an alternative response. Patients and controls did not differ in their inhibitory speed
(stop-signal and change-signal reaction time, SSRT and CSRT), but patients made more errors in
the Go/Nogo task and showed more variable performance. The behavioral data stress the role of
the PFC in maintaining inhibitory control but not in actual inhibition. These results support a
dissociation between action cancellation and PFC- dependent action restraint. Laplacian
transformed event-related potentials (ERPs) revealed reduced parietal activity in PFC patients in
response to the stop-signals, and increased frontal activity over the intact hemisphere. This
electrophysiological finding supports altered PFC- dependent visual processing of the stop-signal
in parietal areas and compensatory activity in the intact frontal cortex. No group differences were
found in the mu and beta decrease as measures of response preparation and inhibition at electrodes
over sensorimotor cortex. Taken together, the data provide evidence for a central role of the lateral
PFC in attentional control in the context of response inhibition.
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1. Introduction
Inhibiting a motor response that is no longer required is an important aspect of cognitive
control. Extensive research implicates the prefrontal cortex (PFC) in inhibitory motor
control and is supported by results from functional imaging (Aron et al., 2007; Rubia et al.,
2001; Wager et al., 2005), cognitive electrophysiology (Liotti et al., 2005; Ramautar et al.,
2006b; Schmajuk et al., 2006) and lesion studies (Aron et al., 2003; Leimkuhler and
Mesulam, 1985; Picton et al., 2006; Swick et al., 2008). There is an ongoing debate,
however, about what specific role the PFC plays in response inhibition. It is unclear whether
the PFC is involved in directing attention to the stop-signal, in inhibiting the motor output
or, more generally, in updating an action plan (Aron, 2010; Chao et al., 2009; Li et al., 2006;
Verbruggen et al., 2010). We addressed this question by having patients with unilateral PFC
lesions perform three standard paradigms tapping into response inhibition while we recorded
behavioral responses and/or their electrical brain activity (electroencephalography, EEG).

Neuroimaging studies of response inhibition have identified a set of regions activated in
conditions that require withholding a motor response. Specifically, a network comprising the
inferior frontal gyrus (IFG), dorsolateral PFC, inferior parietal lobule, pre-supplementary
motor area (pre-SMA) and basal ganglia nuclei is typically found in fMRI-studies of
response inhibition (Chikazoe, 2010; Rubia et al., 2001; Wager et al., 2005). Whereas
inferior parietal activity is generally believed to be caused by attentional capture by the often
infrequent and highly task-relevant stop-signal (Boehler et al., 2010; Wager et al., 2005), the
case is less clear for prefrontal areas. An influential model holds the right IFG responsible
for inhibiting the motor output via connections with the subthalamic nucleus and pre-SMA
(Aron et al., 2007; Aron et al., 2004). Other research questions this model and claims a
critical role in response inhibition for the pre-SMA, whereas the IFG is assumed to subserve
task-set updating or signal monitoring (Li et al., 2006; Mostofsky and Simmonds, 2008;
Simmonds et al., 2008).

The classical paradigms used to study response inhibition are the Stop-signal task and the
Go/Nogo task. In the Stop-signal task, participants are required to perform in a choice
reaction time task with infrequent stop-trials embedded (Logan et al., 1984). In stop-trials,
the go-signal is followed after a short delay by the stop-signal indicating to withhold the
response. In the Go/Nogo task, nogo-signals are presented intermixed with go-signals. Thus,
the Stop-signal task requires the cancellation of an already prepared response, whereas the
Go/Nogo task calls for action restraint (Eagle et al., 2008; Schachar et al., 2007). Finally, the
Change-signal task demands switching to an alternative response, i.e. inhibiting one
response and executing an alternate one (De Jong et al., 1995; Krämer et al., 2011).

In the current study, we investigated the critical role of the PFC in response inhibition with a
combined lesion and electrophysiological approach. We examined PFC patients’ inhibitory
speed and ability for response cancellation (stop- and change-signal reaction time, SSRT and
CSRT) and action restraint (commission errors in the Go/Nogo task). Additionally, we
recorded their EEG while they performed in the Stop-signal task, which featured lateralized
go- and stop-stimuli. Previous attention studies in PFC patients have shown performance
deficits for contralesional target stimuli, which was associated with reduced activity over
occipital and temporo-parietal areas (Barcelo et al., 2000; Knight, 1997; Yago et al., 2004)
of the PFC lesioned hemisphere. This is proposed to result from diminished excitatory input
from prefrontal areas to visual regions. In the present study, we lateralized the stop-signal,
challenging either the affected or unaffected hemisphere. Patients performed the task with
their ipsilesional, i.e. unaffected hand. If the PFC is involved primarily in attentional control
in the context of response inhibition, this should result in diminished activity over parietal
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cortex of the lesioned hemisphere. Conversely, a specific inhibitory motor impairment was
predicted to lead to altered activity over sensorimotor cortex related to motor preparation
and inhibition (Alegre et al., 2004; Krämer et al., 2011; Pfurtscheller and Lopes da Silva,
1999).

2. Methods
2.1 Participants

Fourteen (8 women; 53.9 ± 8 years old) patients with focal unilateral prefrontal lesions (5
right, 9 left hemisphere) participated in the study (Figure 1D). Fifteen (9 women; 56.9 ± 7 y)
healthy, age- and education-matched participants served as controls. Patients had on average
15.8 years of education (± 3.6) and controls had 17.4 years of education (± 2.3; p =.12).
Lesion etiology was either a stroke (n = 9) or a low grade glioma resection (n = 5). Due to
excessive horizontal eye movements in the Stop-signal task, three patients (two right-sided
lesion) had to be excluded from the EEG analyses. Three controls had to be excluded from
EEG analyses because of excessive artifacts (n = 2) or an inhibition rate < 25 % (n = 1).
These participants were included in the behavioral analyses (except the control with the low
inhibition rate) resulting in groups of n = 14 for the behavioral and n = 11 (8 left lesion, 3
right lesion) and 12 for the EEG analyses of the stop-signal task. Due to technical problems,
data from the Go/Nogo task of two PFC patients (one rPFC, one lPFC) were lost as well as
Change-signal task data from one PFC patient (rPFC). None of the patients or controls had
any other neurological or psychiatric disease or any history of substance abuse. All
participants had normal or corrected-to-normal vision. The study was performed in
agreement with the Declaration of Helsinki. All subjects gave informed consent approved by
the University of California, Berkeley Committee for Protection of Human Subjects and the
Department of Veterans Affairs Northern California Health Care System Human Research
Protection Program or the Norwegian Regional Committee for Medical Research Ethics,
Region South. Participants received money for participation.

2.2 Task and procedure
Participants performed first in a Stop-signal task while their EEG was recorded and
afterwards in a Go/Nogo-task and a Change-signal task without EEG-recording.

For the stop-signal task, we used lateralized stimuli to test for possible PFC lesion x
hemifield of presentation effects. The go-signal was a white bar (width about .5° visual
angle) presented 5° either to the right or left side from a central fixation cross which
required a right or left button press, respectively. Participants used the index and middle
finger of one hand for the task. Patients used their ipsilesional hand, i.e. left lesion patients
used their non-dominant hand. To account for this, we asked as many controls to also use
their non-dominant hand. In 25 % of the trials, a stop-signal, i.e. a red bar was presented
after a variable delay indicating to stop the response. The delay of the stop-signal was
adapted based on a staircase-tracking algorithm to yield an inhibition rate of about 50 %
(Band et al., 2003). After every successful inhibition, the delay was prolonged by 10 ms,
whereas the delay was shortened by 10 ms after every failed inhibition. The tracking was
performed across both hands. The longest possible delay was set to 480 ms and the shortest
to 20 ms. Participants were instructed in the beginning to be both as fast and as accurate as
possible and not to wait for the stop-signal. The order of go- and stop-trials was randomized
with the constraint of not more than two consecutive stop-trials. The stop-signal reaction
time (SSRT) was calculated by sorting participant’s correct go reaction times and
subtracting the n-th percentile from the average stop-signal delay with n being the inhibition
rate (Band et al., 2003). This was done separately for left and right responses. Go- and stop-
stimulus duration was 100 ms, trial duration was variable between 1.4 and 1.6 s. Participants
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had two practice blocks of 50 trials each to get acquainted to the task, the first block without
stop-trials and the second with stop-trials. The main experiment comprised 10 blocks with
each 160 trials, taking about 50 minutes in total.

In the Go/Nogo-task, all stimuli were presented in the centre of the screen. A green square
served as go-signal and a red square as nogo-signal. Responses were given with the index
finger and patients used their ipsilesional hand. Stimulus duration was 100 ms with 1.1 to
1.4 s jittered interstimulus-interval. Six alternating blocks with either 80 % or 50 % go-trials
were presented, each comprising 100 trials. Including blocks with 80 % compared to 50 %
of go-trials served as a manipulation of inhibition difficulty with 80 % go-trials being the
condition with a high bias for fast responses and thereby more demanding in terms of
inhibitory control (Krämer et al., 2009; Swick et al., 2008). Participants had 20 practice
trials to familiarize themselves with the task. Task duration was about 15 minutes.

In the Change-signal task, arrows presented in the centre and pointing to the left or right
served as go-stimuli, requiring a left or right button press, respectively. Responses were
given with the index or middle finger and patients used their ipsilesional hand. In 25 % of
the trials, the arrow changed its direction, indicating the need to inhibit the already prepared
response and switch to the alternative response. The delay of the change-signal was adapted
based on a staircase-tracking algorithm (see stop-signal task). Go-stimulus duration was 500
ms and the change-signal delay could increase up to 480 ms. Trial duration was variable
between 1.2 to 1.4 s. Participants had two practice blocks with first go-trials only and then
go- and change-trials to get acquainted with the task. The experiment proper included 480
trials and took about 15 minutes.

2.3 EEG recordings
The EEG was recorded with a 64 + 8 channel BioSemi ActiveTwo amplifier with a
sampling rate of 512 Hz. The horizontal EOG was recorded with electrodes placed at both
external canthi; vertical eye movements (VEOG) were monitored with an electrode placed
below the right eye and a frontopolar electrode. Participants were instructed to fixate a cross
presented in the center of the screen throughout the task. Response buttons were the right
and left mouse button and participants used the index and middle finger of their ipsilesional
hand to respond. Eleven controls responded with their non-dominant hand (left) to match the
patients with left hemisphere lesions. The EEG data was referenced offline to the average
potential of two earlobe electrodes and low-pass filtered with 30 Hz. Analyses were
performed with custom-written scripts in MATLAB (Natick, MA) and the EEGLAB
toolbox (Delorme and Makeig, 2004). Vertical eye movements were corrected based on an
independent component analysis as implemented in EEGLAB and trials with horizontal eye
movement or muscle artifacts were automatically rejected from the analysis (amplitude
threshold for rejection at HEOG: 40 μV, at scalp electrodes: 80 μV). Electrodes of patients
with right hemisphere lesions and controls responding with their right hand were swapped
across the midline in order to average and plot data from the lesioned vs. non-lesioned
hemisphere, i.e. ipsi- or contralateral to the response hand.

2.4 Data analyses
Behavioral analyses—For the stop-signal task, reaction times, error rates and percentage
of missed go-trials were computed separately for ipsi- and contralesional stimuli and
submitted to a repeated measures ANOVA with the within-subject factor Laterality and the
between-subject factor Group (prefrontal lesion patients, PFC, vs. controls, CTR). Also, the
stop-signal reaction time (SSRT) was assessed separately for ipsi- and contralesional
stimuli. Previous studies found an effect of prefrontal lesions on response variability rather
than average reaction times. To address this, we calculated an intraindividual coefficient of
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variability (ICV) by computing each participant’s standard deviance of go reaction times
relative to the individual’s average reaction time (Stuss et al., 2003). This was done
separately for each of the ten blocks (each comprising 120 go-trials) and averaged across
blocks. To estimate the baseline reaction time irrespective of any slowing caused by the
introduction of stop-signals, we computed the median reaction time of the 40 last go-trials in
the first practice block. We were thus able to test for group differences in the baseline
reaction time and in reaction time changes due to the stop-signal, i.e. proactive inhibitory
control (Verbruggen and Logan, 2009).

For the Go/Nogo task, reaction times and both commission and omission error rates were
computed separately for the 50 and 80% go-blocks. As in the stop-signal task, we also
assessed participants’ variability in reaction times by computing the standard deviance
relative to the average reaction time. For the change-signal task, reaction times, error rates
and change-signal reaction time (CSRT) were computed and compared between groups with
independent t-tests.

To assess individual patient’s behavior relative to the control group, we calculated both the
z-score as effect size and determined significance of differences using a (one-tailed) t-test as
recommended by Crawford and Garthwaite (2011) with the formula

with x* being the individual’s score, x̄ the group’s mean and s the group’s standard
deviance.

ERP analyses—As go- and stop-signals in stop-trials are presented with short
interstimulus-intervals (average 350 ms), ERPs of the stop-stimuli might be distorted due to
the overlap with the go-ERP. To yield an estimate of a “pure” stop-signal ERP, we
computed difference waveforms separately for successful stop-trials and contra- and
ipsilesional stimuli. This approach is based on the ADJAR method (Woldorff, 1993) and has
previously been applied to ERP-analyses of the stop-signal task (Krämer et al., 2011;
Ramautar, 2004; Ramautar et al., 2006a). Specifically, we shifted go-ERPs from the
respective reaction time distribution (i.e. slow reactions for successful inhibitions) and
stimulus laterality across the range of individuals’ stop-signal delays weighted by the actual
occurrence of that delay and averaged them. These go-ERPs were then subtracted from
successful inhibitions (Krämer et al., 2011; Ramautar et al., 2004; Ramautar et al., 2006b) to
yield a stop-signal ERP independent of the preceding go-ERP. Current source density
interpolation of the go-stimulus-locked ERPs in go-trials and stop-stimulus-locked ERPs in
stop-trials was estimated through Laplacian computation based on a spherical spline
interpolation (using a spline order of 4) (Kayser and Tenke, 2006) using a toolbox for
Matlab (Kayser, 2009).

To assess statistical differences between the conditions, average amplitudes in the time-
windows of interest were subjected to repeated measures ANOVAs. The time windows of
interest were based on previous studies (Ramautar et al., 2006b; Schmajuk et al., 2006) and
visual inspection of the peak latency of the components of interest. To reduce the number of
statistical comparisons and to improve the signal-to-noise ratio, we clustered electrodes over
regions of interest, i.e. parieto-occipital or frontal areas. The clusters were left parieto-
occipital (P5, P7, PO3, PO7), right parieto-occipital (P6, P8, PO4, PO8), left frontal (F3, F5,
FC3, FC5) and right frontal (F4, F6, FC4, FC6). For analyses of the stop-N2, we also
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included a medio-frontal cluster (C1, Cz, C2, CPz). Note that clustering the electrodes after
CSD interpolation degrades spatial resolution again to some extent. We decided to use
electrode clustering as it improves signal-to-noise ratio and group differences depend less on
individual electrode selection. For visualization only, the data were low-pass filtered with
15Hz.

Time-frequency analyses—To study the inhibition-related power changes in the mu and
beta frequency bands over motor cortex, single trial data at C3 and C4 were convolved with
a complex Morlet wavelet:

with the relation f0/σf (where σf = 1/(2πσt) set to 6.7 (Tallon-Baudry et al., 1997). Time-
frequency analyses (including phase-coupling analyses, see below) were performed on
Laplacian transformed data. Specifically, we computed and averaged for each subject
changes in time varying energy (square of the convolution between wavelet and signal) in
the studied frequencies (from 1 to 25Hz; linear increase) with respect to baseline. As we
were interested in correlates of motor preparation and inhibition in stop-trials, we analyzed
the relative power change after the go-signal in inhibited and non-inhibited stop-trials.
Selection of the analyzed mu (10 – 13Hz) and beta frequencies (15 – 22Hz) was based on
previous research and visual inspection of the data (Krämer et al., 2011; Marco-Pallares et
al., 2008). For all statistical effects involving more than one degree of freedom in the
numerator, the Huynh-Feldt correction was applied to correct for possible violations of the
sphericity assumption (Huynh and Feldt, 1976). We report the uncorrected degrees of
freedom and the corrected probabilities.

We also analyzed the phase-coupling between electrode clusters as a measure of inter-
electrode synchrony. Phase synchrony has gained increasing interest during the last years as
a measure of both local computations, possibly subserving perceptual binding (Singer and
Gray, 1995), as well as large-scale integration (Fries, 2005). We computed the phase relation
between electrodes as phase-locking value (PLV) following Lachaux et al. (1999):

with N being the number of trials and φe1 and φe2 being the instantaneous phase of
electrodes 1 and 2. As for the ERP analyses, we first averaged the signal within each
electrode cluster and then computed the PLV with every other electrode cluster. To estimate
changes in phase-coupling after the stimulus, we computed the percent signal change
relative to a baseline of 500 to 50ms before the stimulus. Condition and group effects were
evaluated with repeated measures ANOVAs.

3. Results
3.1 Behavioral data

Stop-signal-task—As mentioned in the method section, the behavioral data will be
presented for all PFC patients (n = 14), whereas patients with excessive eye movement
artifacts were excluded from EEG analyses, yielding a sample of 11 patients. Behavioral
results of patients and controls are presented in Table 1 and Figure 2. Patients had longer
reaction times for contra- compared to ipsilesional go-stimuli (contralesional: 652 ms vs.
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ipsilesional: 629 ms; t13 = −2.3, p = .04). However, the ANOVA testing for Group and
Hemifield effects did not yield significant main effects or interactions (interaction Group x
Hemifield: p = .094). Patients made more errors in the go-task (F1,26 = 7.7, p = .01) and
missed more go-trials (F1,26 = 7.1, p = .013), which did not differ between hemifields (both
p > .1). PFC patients also showed more variable reaction times compared to controls
(Group: F1,26 = 7.6, p = .011; see figure 2A left). We also assessed participants’ baseline
reaction time in the practice block, but did not detect any group differences (F < 1). With
respect to inhibitory performance, the staircase-tracking algorithm resulted in 55 %
successful inhibitions with no group differences (F < 1) or laterality effects (F < 1).
Importantly, PFC patients did not differ from controls in their inhibitory speed, i.e. the
SSRT (F < 1) or the average stop-signal delay (F < 1; see figure 2A right). There was a trend
for a slower SSRT for contra- compared to ipsilesional stimuli in patients, but the interaction
of Group x Hemifield was only marginal (F1,26 = 2.98, p = .096).

Because of previous reports of a specific role of the right IFG in response inhibition, we
performed further analyses. First, we compared right and left lesion patients in their
behavioral measures with non-parametric tests (Mann-Whitney-U-test) and did not find any
group difference (SSRT of right PFC patients: 233 ms and left patients: 249 ms). Next, we
examined individual patient’s SSRT against their extent of damage to the IFG (Figure 2B),
but no relationship or trend for a correlation was observed. Importantly, four out of five
rPFC lesion patients performed within +/− one standard deviance of the control participants,
despite clear rIFG damage in three of them (Figure 2B). One rPFC patient’ SSRT was above
one standard deviance from controls, but significantly different from controls only for
contralesional stimuli (z-score IL: 1.4, p > .1; z-score CL: 2.9, p < .01). Notably, two lPFC
patients performed worse than controls both for ipsilesional stimuli (z-scores: 4.8 and 3.1,
both p < .01) and contralesional stimuli (z-scores: 4.4 and 3.6, both p < .01). The rPFC
patient’s lesion comprised besides the rIFG also Brodmann areas 6, 8, 9, and 46 (determined
using MRIcron). Both lPFC patients also had extensive PFC damage, including Brodmann
areas 4, 6, 8, 9, 43, and 47.

Go/Nogo-task—Both patients and controls were faster and made more commission errors
in the 80 compared to 50 % go-blocks (Difficulty effect on reaction times: F1,24 = 63.8, p < .
001, on error rate: F1,24 = 50.4, p < .001; Table 1), but the difficulty effect was more
pronounced in PFC patients (Difficulty x Group on reaction times: F1,24 = 6.5, p = .018;
error rate F1,24 = 6.4, p = .019). Patients also had overall a higher rate of commission errors
(main effect Group: F1,24 = 11.5, p = .002; Figure 2C). As in the stop-signal task, PFC
patients had more variable reaction times compared to controls (F1,24 = 5.2, p = .032). Also,
reaction times were found to be more variable in the 80 % compared to 50 % go-blocks
(Difficulty: F1,24 = 10.9, p = .003), which did not differ between groups (F < 1). Finally, a
regression analysis showed a positive linear relation between the reaction time variability
and the commission error rate, in both 50 % go-blocks (R = .83, F1,24 = 54.5, p < .001) and
80 % go-blocks (R = .51, F1,24 = 8.2, p = .008) across patients and controls. The correlation
remained for the 50 % go-block when considering the two groups separately (controls: R = .
53, p = .053; patients: R = .82, p = .001). Additional comparisons of patients with right and
left prefrontal lesions with non-parametric analyses (Mann-Whitney-U-test) only yielded a
significant difference in number of correct go trials in the 80 % blocks (right: 92 % ± 7.9;
left: 99.1 % ± 1.6), but no differences in commission error rates.

Change-signal-task—Patients and controls did not differ in their reaction times in go-
trials (p > .3), but patients made more errors (F1,25 = 11.7, p = .002) and missed more trials
(F1,25 = 11.1, p = .003). Patients did not show an altered inhibitory speed, as measured
through the CSRT (F1,25 = 1.9, p = .175; Table 1 and Figure 2D). Comparisons of right and
left lesion patients with Mann-Whitney-U-tests did not yield significant results for any of the
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change-signal task measures (right: 264 ms; left: 276 ms). As for the SSRT, we also
examined individual participants’ CSRT in the four patients with rPFC damage. Again, only
one patient (the same as for the SSRT) had a CSRT that was above controls’ CSRT (z-score
2.6, p < .01). The other three rPFC performed within the normal range of controls (z-score <
1.2, p > .2). Of the nine patients with lPFC damage, two performed below average of
controls (z = 2.0, p < .05 and z = 6.8, p < .001).

3.2 EEG data
Go-trials—Go-stimuli elicited the typical P1/N1-complex, maximally over contralateral
parieto-occipital sites (Figure 3). The P1 peaked around 90 ms and the N1 around 170 ms.
To assess statistical differences in the N1 range, we subjected the mean amplitude from 160
– 190 ms over right and left parieto-occipital clusters to a repeated measures ANOVA with
the within-subject factors Hemisphere (lesioned vs. non-lesioned), Laterality (contra- vs.
ipsilesional stimulus side) and the between-subject factor Group. Note that for the controls
the factor Hemisphere refers to the response hand only (lesioned = ipsilateral to response
hand; non-lesioned = contralateral to response hand). PFC patients had a reduced N1 to
contralesional stimuli (F1,21 = 7.1, p = .015), but not to ipsilesional stimuli (F < 1).
However, the interaction of Group x Hemisphere x Laterality showed only marginal
significance (F1,21 = 4.1, p = .056; main effect Group: F1,21 = 3.8, p = .06).

Stop-trials—Stop-signals elicited a clear negativity around 230 ms in both controls and
patients, peaking around 220 ms over parieto-occipital electrodes and around 240 ms over
frontal sites (Figure 4). Over parieto-occipital sites, the negativity was largest contralateral
to the stop-stimulus. Importantly, PFC patients showed a reduction of the parietal negativity,
but an increased negativity over intact frontal sites. We ran separate ANOVAs for the earlier
(200 – 240 ms) parietal and the later (230 – 270 ms) frontal effect. As controls presented a
more medio-frontal negativity, we ran the ANOVA for the frontal effect with the factor
Hemisphere (three levels: left, central and right), Laterality and Group. The ANOVA for the
parietal effect included the same factors as above for the go-trials. For the parietal effect, we
observed a generally reduced negativity in PFC patients compared to controls (Group: F1,21
= 5.6, p = .028). When comparing the groups separately for the conditions and clusters, we
observed significant differences only in the ipsilesional cluster after contralateral stimuli (p
= .017; all others: p > .1), but the interaction of stimulus side and hemisphere was not
significant. The analyses of activity at frontal electrodes revealed an interaction of Group x
Hemisphere (F2,42 = 4.28, p = .02). Separate analyses for the lesioned, medio-frontal and
intact sites showed an increased negativity in patients compared to controls over the intact
hemisphere only (lesion side: p > .2; medio-frontal: p > .1; intact side: F1,21 = 4.5, p = .046).
Although we did not detect a significant three-way interaction of Group x Hemisphere x
Laterality, we did exploratory analyses to test for group differences in the response to ipsi-
vs. contralesional stimuli, because of previous evidence of increased frontal activity in
particular when challenging the lesioned hemisphere (Voytek et al., 2010). We observed
significant group differences after contralesional stimuli (t21 = 2.6, p = .018), but not after
ipsilesional stimuli (t21 = 1.5, p = .16; Figure 4).

Increased lateral frontal activity supports possible compensatory activity to account for
reduced activity in posterior brain regions to ensure adequate task performance. As a clear
peak was neither for the parietal N2 nor for the frontal N2 clearly detectable in every single
patient, which precludes peak latency estimation, we refrained from statistical comparisons
of the component’s latency for frontal and parietal sites.

As noted in the behavioral results, we observed an increased performance variability in
patients, which reflects impaired top-down attentional control. We then asked whether the
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frontal activity in stop-trials, considered compensatory activity in the intact hemisphere, was
related to the level of impaired attentional performance as measured by the ICV. In patients,
the z-scored lateral frontal negativity was found to be positively correlated with the ICV,
meaning that the larger the negativity the smaller the performance variability, but the
correlation only approached significance (r = .56, p = .076; Figure 4). This trend correlation
was not detected in the controls (r = .09, p > .5), but the group interaction was not significant
(p > .1) as assessed with a moderator analysis (Cohen et al., 2003).

Fronto-parietal phase-coupling—Diminished parietal activity in frontal lesion patients
is evidence for fronto-parietal interactions, proposed to underlie attentional control and goal-
directed behavior. One possible mechanism of fronto-parietal interaction is phase-coupling,
i.e. synchronization of neural activity (Fries, 2005). Phase-coupling should be more robust
in the hemisphere contralateral to visual field stimulation and reduced in the PFC lesioned
hemisphere. Moreover, compensatory activity in the intact hemisphere might result in
increased phase-coupling. To test these hypotheses, we computed the phase-coupling
(phase-locking value, PLV) between parietal and frontal clusters in both hemispheres of
controls and over the lesioned and the intact hemisphere in the PFC patients. This was done
for go-trials only, of which we had more trials providing a more robust test of phase-
coupling. We examined several frequency bands and found significant phase-coupling
effects only in the theta band (4–8 Hz). As can be seen in Figure 5A, an increase in fronto-
parietal phase-coupling was evident shortly after the go-stimulus with a maximum coupling
effect around 200 ms. We subjected the average PLV change between 100 – 350 ms (one 4
Hz cycle) to a repeated measures ANOVA. In controls, intra-hemispheric phase-coupling
was stronger contralateral than ipsilateral to the stimulus side, as reflected in an interaction
of Laterality (ipsi- vs. contralateral stimulus) and Hemisphere (F1,11 = 12.8, p = .004; Figure
5A). In patients, only an effect of Hemisphere was observed (F1,10 = 5.7, p = .043),
reflecting phase-coupling over the intact but not over the lesioned hemisphere. Importantly,
phase-coupling over the intact hemisphere was independent of the stimulus side in PFC
patients (interaction Laterality x Hemisphere: p > .2; Figure 5B), providing further support
for a role of the intact hemisphere in compensatory processes. However, the three-fold
interaction of Group x Hemisphere x Laterality did not yield significance (F1,21 = 2.04, p = .
17).

Sensorimotor cortex activity—To assess possible group differences in response
preparation and inhibition in sensorimotor cortex, we computed the average power decrease
in the mu and beta band at C3 and C4 (ipsi- and contralateral to the response hand). We
compared failed and successful inhibitions to examine possible group differences in
sensorimotor activity during motor preparation and inhibition. Motor preparation was
associated with a mu and beta power decrease strongest contralaterally to the response hand
and maximal around response execution, i.e. around 600 ms (see Figure 6). We subjected
the average power between 400 to 700 ms to a repeated-measures ANOVA with the factors
Hemisphere (ipsi- vs. contralateral to response hand), Laterality (ipsi- vs. contralesional
stimulus) and Inhibition (failed vs. successful), and the between-subject factor Group. For
both the mu and beta response, we observed main effects of Inhibition (mu: F1,21 = 12.7, p
= .002; beta: F1,21 = 6.5, p = .019) and Hemisphere (mu: F1,21 = 22.2, p < .001; beta: F1,21 =
18.0, p < .001), reflecting a stronger power decrease in error compared to inhibited trials and
contra- compared to ipsilateral to the response hand. Patients showed a weaker beta power
decrease ipsilateral to the response (i.e. over lesioned sites), but were not different from
controls over sensorimotor areas contralateral to the response (Group x Hemisphere: F1, 21 =
8.7, p = .008). Patients also had a stronger mu decrease after ipsi- compared to
contralesional stimuli (Laterality x Group: F1,21 = 5.0, p = .037), but this did not interact
with inhibitory success.
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4. Discussion
We aimed to specify the role of the PFC in response inhibition with a combined behavioral
and electrophysiological approach in lesion patients. Patients with unilateral PFC lesions
and age- and education-matched controls performed in a series of paradigms tapping into
different aspects of response inhibition. PFC patients were comparable to controls in the
speed of inhibiting a response but showed impaired maintenance of inhibitory control and
more variable task performance. Moreover, patients were found to have reduced parietal
activity after stop-stimuli, particularly evident over the PFC lesioned hemisphere in response
to contralesional stimuli, and increased lateral frontal activity over the intact hemisphere.
Phase-coupling analyses indicate that theta phase-coupling is also reduced in the PFC
lesioned hemisphere. No group differences were observed in sensorimotor activity related to
response preparation and inhibition. Taken together, this pattern of results points to altered
visual processing of the stop-signal in parietal areas and compensatory activity over the
intact lateral frontal cortex. The behavioral data stress the role of the PFC in maintaining
inhibitory control but not in actual inhibition. This pattern of results across three tasks
supports a dissociation between action cancellation and PFC-dependent action restraint.

4.1 Behavioral effects of PFC lesions
PFC patients did not show any impairment in their inhibitory speed as measured with the
SSRT and the CSRT. There was a tendency for a hemifield effect on the SSRT with patients
being slightly slower for contralesional compared to ipsilesional stop-stimuli. This suggests
a deficit in the visual detection of the stop-signal rather than in the inhibition per se.
Reduced detection rates of contralesional task-relevant stimuli in PFC patients have been
reported previously (Barcelo et al., 2000) and are assumed to result from weaker facilitating
top-down control from PFC on visual areas. The hemifield effect on go reaction-times in the
present study corroborates this interpretation. The observation of unimpaired stop-signal
task performance is in contrast to previous reports of an increased SSRT in lateral PFC
patients, particularly patients with right IFG lesions (Aron et al., 2003), and an increased
SSRT after transcranial magnetic stimulation (TMS) of the right IFG (Chambers et al., 2007;
Chambers et al., 2006; Verbruggen et al., 2010). It should be noted that the right PFC
sample was small in the present study (n = 5 for behavioral data), which limits conclusions.
However, analyses of single participant’s data showed that only one of the rPFC patients and
two lPFC patients were significantly impaired in their SSRT and CSRT. All of these patients
had additional damage to premotor, motor and dlPFC areas. Importantly, we did not find a
correlation or correlation trend between rIFG damage and SSRT as in other studies (Aron et
al., 2003). We observed SSRTs and CSRTs comparable to controls in most rPFC patients (4
out of 5) and did not detect any differences between right- or left-lateralized lesion patients,
neither on average nor among those with behavioral deficits. Our results are in accord with
other findings of a normal SSRT in lateral PFC patients, but altered inhibitory speed related
to medial PFC lesions (Dimitrov, 2003; Floden and Stuss, 2006; Picton et al., 2006). These
discrepant findings might be caused by task differences. Chambers and colleagues found an
increased SSRT after rIFG stimulation only in conditions of higher response competition in
the go-task (Chambers et al., 2007). Alternatively, it has been suggested that the rIFG might
impose a response bias rather than interrupting the motor preparation (Floden and Stuss,
2006). This notion is supported by rIFG activation during proactive inhibition in fMRI
studies (Chikazoe et al., 2009).

Although both SSRT and CSRT were unimpaired in PFC patients, their level of commission
errors and reaction time variability was altered compared to controls. Patients made more
nogo-errors, especially under conditions of a strong bias for fast responses (80 % go-blocks),
and performed more variably in the Go/Nogo- and Stop-signal tasks. Both a high error rate
in Go/Nogo-tasks and more variable performance have been reported previously in PFC
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patients (Stuss et al., 2003; Swick et al., 2008). In healthy controls, previous studies found a
clear relationship between nogo-performance and response variability (Bellgrove et al.,
2004). This corroborates the notion that performance variability as correlated with inhibitory
success in the Go/Nogo-task reflects an important aspect of top-down control. In the same
study, Bellgrove and colleagues (2004) investigated which task-related neural activity was
correlated with performance variability and identified frontal regions, comprising the dlPFC
and premotor cortex . In the present study, inhibitory success in the Go/Nogo-task was also
correlated with intra-individual variability of reaction times. Our results confirm a critical
role of lateral PFC in maintaining top-down control in the context of reaction time tasks, as
previously suggested (Bellgrove et al., 2004; Stuss et al., 2003). The current task settings of
short inter-trial interval and long experiment duration might have additionally challenged the
ability to maintain attention and contributed to the clear behavioral deficits observed in the
PFC patients. In the present study, we tested for the first time both a Stop-signal task and a
Go/Nogo-task in the same group of frontal patients. A dissociation between interrupting
motor preparation and restraining one’s behavior has been proposed previously based on
psychopharmacological research (Eagle et al., 2008). Our data confirm this dissociation and
demonstrate a critical role of the PFC in action restraint, but not action cancellation.

4.2 Reduced parietal and increased lateral frontal activity in PFC patients
In stop-trials, we observed a negativity around 200 ms after stimulus onset, which was
maximal over posterior electrodes contralateral to the stop-stimulus. This N2 is typically
observed in visual Stop-signal tasks and can be measured over both frontocentral and
parietal or parieto-occipital electrodes (Krämer et al., 2011; Pliszka et al., 2000; Ramautar et
al., 2004; Ramautar et al., 2006b; Schmajuk et al., 2006). The posterior N2 has been linked
to perceptual processing of the attended and task-relevant stop-signal and has a proposed
source in extrastriate visual areas and/or inferior parietal cortex (Schmajuk et al., 2006).
This converges with fMRI-studies showing enhanced inferior parietal activity in response to
stop- and nogo-signals, especially if they are task-relevant (Boehler et al., 2010). The fact
that the negativity was found to be lateralized over parietal areas with a maximum
contralateral to the stimulus strengthens the argument that it reflects visual processing of the
stop-signal, which is modulated by spatial attention. Critically, PFC lesion patients showed a
reduction of the N2 over parietal electrodes and an enhanced N2 over intact lateral frontal
regions. This pattern reveals a reduced visual processing of the task-relevant stop-stimulus
and likely compensatory activity over the intact hemisphere. It is noteworthy that controls
had a maximum negativity over medio-frontal sites, possibly emanating from ACC or pre-
SMA. This suggests that PFC patients show not only increased frontal activity in the non-
lesioned hemisphere but altered neural responses with a stronger involvement of intact
lateral frontal areas. However, the group difference for medio-frontal areas did not reach
significance.

PFC dependent, attentional modulation of visual processing has been shown by extensive
electrophysiological and functional imaging research (Bressler et al., 2008; Buchel and
Friston, 1997; Corbetta et al., 1993; Fuster et al., 2000; Hopfinger et al., 2000; Kastner et al.,
1999). Moreover, altered perceptual processes after prefrontal lesions have been shown for
the visual (Barcelo et al., 2000; Knight, 1997; Yago et al., 2004) and auditory (Chao and
Knight, 1998) modalities. For instance, PFC patients were found to have diminished early
sensory activity independent of attention (after 100 ms, P1) as well as a reduction in later
stages of feature- and target-selection in a visual attention paradigm (Yago et al., 2004). This
indicates both tonic and phasic enhancement of perceptual processes in extrastriate cortex by
lateral prefrontal regions, subserving attentional control and goal-directed behavior. The
present data are in line with reduced extrastriate activity in response to behaviorally relevant
stimuli, as evidenced by the reduced parietal activity in go-trials and in stop-trials. As in
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previous studies (Barcelo et al., 2000; Knight, 1997), this effect was detectable especially
over the lesioned hemisphere.

Phase-coupling analyses of go-trials indicated that coupling in the theta-range indexes
fronto-parietal interactions. Theta phase-coupling has been reported previously in the
context of cognitive control, possibly underlying fronto-occipital interactions in attention
(Cohen, 2009) or cingulate-dlPFC interactions in post-error adaptation (Cavanagh et al.,
2009). Here, theta phase-coupling between frontal and parietal cortex was found to depend
on the stimulus side such that intra-hemispheric coupling was stronger for contra- compared
to ipsilateral visual field stimulation in controls. Importantly, PFC patients showed reduced
theta coupling in the lesioned hemisphere compared to the intact hemisphere. Moreover,
theta-coupling in the intact hemisphere did not differ between contra- and ipsilateral stimuli,
suggesting that for contralesional stimuli the intact frontal cortex is taking over when the
injured hemisphere is challenged. It should be noted that the PLV is a non-directional
measure and thus provides no conclusive evidence for frontal top-down control over parieto-
occipital areas. The reduced N1 in go-trials and N2-stop-trials might also be caused by
reduced tonic input from frontal areas rather than decreased phasic input. It should also be
stressed that phase-coupling was assessed in go-trials, of which we had more trials and no
rapid succession of two visual events as in stop-trials. Thus, it is not possible to directly link
the PLV results with the frontal N2 effects we observed in stop-trials. We propose that the
reduced PLV over the lesioned hemisphere and the altered PLV over the intact hemisphere
are electrophysiological signatures of impaired fronto-parietal interactions in the patients
and possible compensatory mechanisms in intact brain regions.

Critically, PFC patients did not show any changes in sensorimotor activity contralateral to
the response hand, as measured by the mu and beta decrease after the go-stimulus. With
respect to the question as to whether visual processing of the stop-stimulus or later response
preparation or inhibition stages are altered after PFC damage, our results provide evidence
for the former.

In addition to the reduced parietal activity in response to go- and stop-trials, PFC patients
showed an increased negativity over the intact frontal hemisphere after a stop-signal. This
effect correlated with the patients’ behavioral deficit, such that patients with more
pronounced frontal compensatory activity had less variable performance, i.e. were less
impaired. This suggests that some patients can compensate for reduced or missing input
from the lesioned hemisphere and resulting behavioral decrement by increased activity in
the intact PFC. Alternatively, variable performance might be related to more jittered frontal
activity which would also result in a decreased average N2 amplitude. The frontal group
difference was observed in stop-trials only, but not in go-trials, which might be due to the
stop-trials being less frequent and more demanding. One might also argue that this effect
reflects inhibitory activity (Pliszka et al., 2000; Schmajuk et al., 2006) and that the enhanced
frontal activity allows PFC patients to perform as well as controls in the stop-signal task
despite attention deficits. The lack of a relationship between compensatory activity and
SSRT is not in accord with this explanation. A group difference in the frontal N2 was
detected only when challenging the affected hemisphere in patients, i.e. for contralesional
stop-stimuli. Compensatory activity in the intact frontal cortex after PFC damage,
particularly when challenging the damaged hemisphere, has been reported previously in a
working-memory task (Voytek et al., 2010). Specifically, PFC patients showed increased
theta activity over intact frontal areas during the delay period in a matching-to-sample task.
This was observed in correct trials and after contralesional stimuli only (Voytek et al.,
2010). Here, we extend this finding to cognitive control in the context of response selection
and inhibition.
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4.3 Limitations and conclusions
There are limitations in the current study to discuss. Important for the present study is the
fact that although our sample size was large for a PFC lesion study it was not sufficient to
reliably compare EEG results of right and left PFC lesions. This is a potential weakness
given previous findings of a right-lateralized network in stop-signal tasks (Chikazoe, 2010;
Wager et al., 2005) and reports of an increased SSRT after right IFG lesions (Aron et al.,
2003) or after transcranial magnetic stimulation of the right IFG (Chambers et al., 2007;
Verbruggen et al., 2010). It should be noted that extensive analysis of the group and
individual behavioral data in our patient cohort did not provide any suggestion of a
lateralization of behavioral impairment despite clear right IFG damage in some patients.
Moreover, other lesion studies could not replicate the relationship between rIFG damage and
an altered SSRT (Picton et al., 2006). One might also argue that strong conclusions about
null effects in unilateral PFC lesions may be tempered by the intact PFC taking over the
function of the damaged hemisphere. Indeed our observation of increased activity over the
intact frontal cortex might reflect such compensation precluding measurable behavioral
deficits. It is important to note, however, that unilateral PFC lesions were found to only
disrupt attention and maintenance of inhibitory control in the present study, whereas
inhibitory speed was spared.

To conclude, three main points arise from the present study. First, we confirm previous
suggestions of a dissociation between action cancellation and action restraint and provide
evidence for the critical role of the PFC in action restraint. While psychopharmacological
studies demonstrated a double dissociation in terms of neurotransmitters such that serotonin
impacts action restraint and noradrenalin is involved in action cancellation (Eagle et al.,
2008), we found a specific deficit of lateral PFC lesion patients in maintaining inhibitory
control only, but not in inhibitory speed. Other regions such as medial PFC and basal
ganglia might be more vital for interrupting motor preparation. Second, PFC patients
showed a reduction of parietal activity in stop-trials and increased activity over the intact
frontal cortex but had no changes in sensorimotor dynamics. This provides evidence for the
impact of PFC on attentional control in the context of response inhibition that is
physiologically reflected in reduced visual processing of the stop-signal and behaviorally in
an increased error rate. Finally, ERP and coherence metrics provide neural evidence of
compensatory activity in the intact hemisphere.
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Figure 1. Paradigms and patients
A Stop-Signal task featuring lateral stimuli as go- (white bar) and stop-signals (red bar). B
Go/Nogo task with green square as go-signal and red square as nogo-signal. C Change-
signal task with arrows indicating a right or left button press. D Overlay of lesion
reconstructions of the PFC patients. The color coding indicates the number of patients with
damaged tissue in that area. Note that right-sided lesions are flipped.
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Figure 2. Behavioral results
A Results of the Stop-signal task showing an enhanced reaction time variability in the go
task (intraindividual coefficient of variance, ICV; left side), but no significant differences
between patients (PFC) and controls (CTR) in the stop-signal reaction time (SSRT; right
side). B SSRT (left: contralesional stop-stimuli; right panel: ipsilesional stop-stimuli) of
every patient relative to their lesion extent of the inferior frontal gyrus (BA 44/45;
determined based on probabilistic Jülich brain atlas; (Eickhoff et al., 2005)), separately for
right (triangles) and left (dots) lesion patients showing no correlation between right or left
IFG damage and SSRT. Dashed lines depict the average controls’ SSRT and +/− one
standard deviance. C Rate of commission errors in the Go/Nogo task in 50 and 80 % go
blocks. Participants made more errors in the more demanding conditions and patients made
overall more errors. D No group difference was found in the inhibitory speed (change-signal
reaction time, CSRT) in the Change-signal task.
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Figure 3. Event-related potentials in go-trials
A PFC patients had a reduced N1 to contralesional go-stimuli over the lesioned hemisphere
(left side), but no significant differences were detected after ipsilesional go-stimuli (right
side). The analyzed time-window between 160 – 190 ms is indicated with a grey bar. B
shows the topographic map of the average amplitude between 160 – 190 ms after the
contralesional (left side) and ipsilesional stimuli (right side) for controls (CTR) and patients
(PFC). In all figures, the circle in the patients’ map indicates the lesion site.
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Figure 4. Event-related potentials in stop-trials
A Depicted are the ERPs after the contralesional stop-stimuli in successfully inhibited trials.
Patients (PFC) had a reduced negativity in parieto-occipital sites over the lesioned
hemisphere and enhanced activity in a frontolateral cluster over the intact hemisphere. B
Average amplitude in the frontolateral cluster over the intact hemisphere after contra- (CL)
and ipsilesional stop-stimuli in patients and controls. Patients and controls differed
significantly in ERPs to the contralesional stimuli. C Correlation between frontolateral
activity (z-normalized) after contralesional stop-stimuli and the performance variability
(intraindividual coefficient of variance, ICV) in PFC patients.
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Figure 5. Fronto-parietal theta phase-coupling
A For controls, the percentage change of the phase-locking value (PLV) relative to the pre-
stimulus baseline in go-trials is shown, separately for ipsi- (solid line) and contralateral
(dashed) stimuli. Note that ipsi- and contralateral refers to relative to the response hand
(corresponding to the left side here). On the left, intra-hemispheric phase-locking changes in
the left hemisphere are plotted, on the right the PLV for the right hemisphere. B Depicted is
the percentage PLV change for PFC patients, shown separately for ipsi- (solid) and
contralateral (dashed) stimuli and for intra-hemispheric coupling ipsi- and contralateral to
the response, i.e. the patients’ lesioned and intact hemisphere.

Krämer et al. Page 22

Cortex. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Power changes in mu and beta band in stop-trials
Percentage power change relative to the baseline before the go-stimulus (at time 0; average
delay of stop-signal: around 350 ms) in patients (red) and controls (black) in inhibited trials
(SI; solid line) and stop-errors (SE; dashed line). Shown is the time-course at C4
(contralateral to the response) for trials after ipsilesional stimuli. The grey bar indicates the
analyzed time-window between 400 – 700 ms after the go-signal. A Results for the mu band
(10 – 13 Hz) with a stronger decrease in errors compared to inhibited trials and contralateral
to the response more than over ipsilateral sites. The maps on the right side show the average
power change between 400 – 700 ms in error trials for controls and patients. B Results for
the beta band (15 – 22 Hz) with a stronger decrease in errors compared to inhibitions and
contralateral to the response more than ipsilateral (maps of error trials on the right for
patients and controls).
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Table 1

Behavioral results

CTR PFC

Stop-Signal task IL CL IL CL

N 14 14 (9 L, 5 R)

RT 623 (88) 623 (91) 629 (86) 652 (90)

RT baseline 371 (62) 399 (103)

ICV .21 (.03) .26 (.06)

Go-errors 1.8 (1.7) 2.3 (2.8) 11 (13.7) 7.6 (7)

Go-omissions 7.8 (7) 8.9 (9) 41 (51) 51 (56)

% inhibitions 56 (08) 54 (8) 53 (8) 56 (9)

Stop-signal delay 350 (79) 351 (79) 350 (75) 351 (76)

SSRT 232 (26) 232 (28) 235 (49) 250 (51)

Go/Nogo task 50% 80% 50% 80%

N 14 12 (8 L, 4 R)

RT 378 (45) 357 (51) 389 (66) 349 (68)

% go correct 99.9 (.2) 99.8 (.4) 97.1 (6) 97.0 (5)

% commission errors 2.8 (2.9) 8.2 (4.8) 9.3 (7.9) 20.7 (12.7)

ICV .20 (.03) .23 (.04) .27 (.10) .29 (.12)

Change-signal task

N 14 13 (9 L, 4 R)

RT 509 (112) 549 (92)

go errors 7.7 (5.6) 31.5 (25)

% go omissions 2.4 (1.5) 22 (22.4)

CSRT 251 (24) 272 (55)

Behavioral results for controls (CTR) and prefrontal lesion patients (PFC). N gives the number of included participants for the different tasks (L
left-sided lesion, R right-sided lesion). Significant group differences are highlighted in bold. IL ipsilesional; CL contralesional; RT reaction time
(ms); ICV intraindividual coefficient of variability; SSRT Stop-signal reaction time; CSRT Change-signal reaction time. Values in brackets give
the standard deviance.
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