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Abstract: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by muscu-
lar atrophy, spasticity, and bulbar signs caused by loss of upper and lower motor neurons. Evidence
suggests that ALS additionally affects other brain areas including premotor cortex and supplementary
motor area. Here, we studied movement execution and inhibition in ALS patients using a stop-signal
paradigm and functional magnetic resonance imaging. Seventeen ALS patients and 17 age-matched
healthy controls performed a stop-signal task that required responding with a button press to a right-
or left-pointing black arrow (go-stimuli). In stop-trials, a red arrow (stop-stimulus) was presented
shortly after the black arrow indicating to withhold the prepared movement. Patients had by trend
higher reaction times in go-trials but did not differ significantly in their inhibition performance.
Patients showed stronger inhibition-related activity in inferior, superior, and middle frontal gyri as
well as in putamen and pallidum. Error-related activity, conversely, was found to be stronger in
healthy controls, particularly in the insula bilaterally. Patients also showed increased activity in the
motor cortex during button presses. The results provide evidence for altered prefrontal and subcortical
networks underlying motor execution, motor inhibition, and error monitoring in ALS. Hum Brain Mapp
36:2878-2889, 2015. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disorder which is characterized by muscular atrophy,
spasticity, and bulbar signs attributable to the loss of upper
and lower motor neurons. Although changes in the motor
system are clinically most prominent, more widespread
changes in the central nervous system have been suggested
by structural (Cosottini et al., 2013; Lillo et al., 2012; Thorns
et al., 2013) and functional neuroimaging (Cosottini et al.,
2012; Mohammadi et al., 2009a, 2009b) and pathological
(Maekawa et al., 2004) and neuropsychological findings
(Phukan et al., 2007). For instance, reports of reduced gray
matter in sensorimotor cortical areas as well as premotor
cortex (PMC), middle and inferior frontal gyri, and parietal
cortex point to system-wide effects of ALS (Cosottini et al.,
2012, 2013; Lillo et al., 2012). Moreover, these structural
changes are accompanied by altered functional activity in
prefrontal and motor areas as shown by positron emission
tomography (PET) (Abrahams et al., 1996) and functional
magnetic resonance imaging (fMRI) studies (Cosottini
et al, 2012; Mohammadi et al.,, 2009a). Specifically, ALS
patients have been repeatedly found to show increased
activity in (pre)motor cortical areas during manual move-
ments, supposedly reflecting reduced intracortical inhibi-
tion (Konrad et al., 2002, 2006; Mohammadi et al., 2011;
Schoenfeld et al., 2005).

Although ALS has traditionally been deemed a pure motor
disease, nonmotor symptoms have long been recognized and
suggested to be associated with frontotemporal dementia
(Phukan et al., 2007). Most consistent neuropsychological
findings are impairments in executive functions such as in
verbal fluency or attention, whereas memory or language
functions are often (Phukan et al., 2007) but not always (Frank
et al., 1997) reported to be spared. One central aspect of exec-
utive functions is the inhibition of prepotent responses
(Miyake et al.,, 2000), which is typically studied with the
Stroop task, Go/Nogo-task or Stop-signal-task. Reports about
performance of ALS patients in the Stroop task are inconsis-
tent, with most studies finding no impairments (Kew et al.,
1993; Moretti et al., 2002; Phukan et al., 2007). However, Go/
Nogo- and Stop-signal paradigms might be more sensitive to
detect subtle deficits, and behavioral measures alone cannot
reveal possibly altered underlying neural activity.

In a stop-signal task (SST), a go-stimulus is presented in
each trial asking for a simple motor response. The go-
stimulus is infrequently followed by a second stimulus,
the stop signal, which requires withholding the already
prepared response (Logan et al., 1984). The SST allows
computing a behavioral measure of response inhibition,
the stop-signal reaction time (SSRT), which estimates the
latency of the inhibitory process (Logan et al., 1984).
Neuroimaging studies using the Go/Nogo- or Stop-signal
paradigm report middle and inferior frontal gyri (MFG,
IFG), presupplementary motor area, intraparietal sulcus,
and subcortical structures as striatum and subthalamic
nucleus activated in association with response inhibition

(Aron et al., 2014; Chikazoe, 2010; Swick et al., 2011). As ALS
also affects prefrontal structures, including middle and infe-
rior frontal gyri, it seems likely that not only basic motor
functions are impaired but also cognitive control of motor
functions including motor inhibition and action monitoring.

Indeed, this was found in an electroencephalography
(EEG) study which investigated response preparation and
inhibition in ALS patients using the SST and event-related
potentials (ERPs; Thorns et al., 2010). Patients presented
with slower reaction times in go-trials and diminished later-
alized readiness potentials as neurophysiological markers of
movement initiation. Patients also showed diminished inhib-
itory control behaviorally and reduced stop-signal-related
frontolateral activity (Thorns et al., 2010). Moreover, error-
related electrophysiological activity was reduced indicating
compromised action monitoring functions in ALS patients.
Together, the authors interpreted the findings as indices of
prefrontal dysfunction in patients. This was further sup-
ported by worse performance in several neuropsychological
tests of executive functions including verbal fluency and the
Stroop task (Thorns et al., 2010). Another recent study inves-
tigated oculomotor inhibitory control in ALS patients using
an antisaccade paradigm and fMRI (Witiuk et al., 2014). ALS
patients made more antisaccade errors and showed reduced
dorsolateral prefrontal (dIPFC) and increased insula activity
in error trials compared to healthy controls. When preparing
for antisaccades, however, ALS patients showed increased
activity in a number of regions of the saccade preparation
network including the dIPFC, the supplementary eye fields,
and frontal eye fields. This activity was negatively correlated
with saccade reaction times. The authors interpreted this as
evidence for impaired oculomotor inhibitory control in ALS
related to dIPFC dysfunction. The data also pointed to possi-
ble prefrontal compensatory mechanisms that helped to
counteract these impairments (Witiuk et al., 2014).

Although the two studies agreed on impaired inhibitory
control in ALS, the reported neural changes associated with
the impairments and compensatory mechanisms are less con-
sistent. This is obviously partly due to differences in the tasks
(manual vs. oculomotor inhibition) and the methods (fMRI
vs. EEG). With this study, we, therefore, aimed to expand on
this research with an fMRI study using a standard visual SST
that required the inhibition of manual responses (Aron et al.,
2007). Based on previous findings (Mohammadi et al., 2011;
Thorns et al., 2010; Witiuk et al., 2014), we expected ALS
patients to show (i) increased and more widespread activity
in motor cortex during motor execution, (ii) impaired
response inhibition behaviorally, and (iii) reduced neural
activity related to motor inhibition and error monitoring.

METHODS
Participants

The study was approved by the local ethics committee.
All participants gave their written consent prior to their
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inclusion in the study. Two groups of participants were
investigated using BOLD-fMRI. The first group comprised
17 healthy volunteers (seven women) aged from 49 to 70
years (mean age 53 years). The second group comprised
17 ALS patients (five women) aged from 44 to 69 years
(mean age 55 years), who, during the course of the dis-
ease, fulfilled the diagnostic criteria for probable or defi-
nite ALS according to the revised El Escorial criteria of the
World Federation of Neurology. The mean (* SD) age at
disease onset was 54 (£ 6) years. According to the initial
site of symptoms, ALS patients were divided into bulbar-
onset (n=>5) and limb-onset (n=12) groups. The mean
ALSFRS-R score was 40 (* 4). The interval between the
diagnosis and the study was 10 (=8) months. None of the
patients had other neurological diseases. None of the ALS
patients needed noninvasive ventilation or percutaneous
endoscopic gastrostomy at time of the investigation.

Grip Strength

Grip strength is considered to be a good indicator of
upper limb strength. We, therefore, used the Martin-Type
Squeeze Dynamometer (Vigorimeter, Martin, Tiittlingen,
Germany) to assess grip strength of the right hand to sup-
plement our clinical assessment. The medium-sized bulb
was positioned in the palm of the participant’s hand with
the air tube extending out between the individual’s thumb
and index finger and with the fingers wrapped around the
bulb such that the fingers touched the surface of the bulb
as much as possible. Three measurements with maximum
voluntary force were taken and averaged to obtain the
grip strength score. Pauses of 30 s were taken in between
trials. This method is known to be precise and reliable
(Merkies et al., 2000, 2003). The mean (£SD) grip strength
of the right hand was 104 (*£19) kPa in the group of
healthy volunteers and 87 (£8.6) kPa in the ALS group.
Grip strength of the ALS group was thus reduced com-
pared to that of the healthy volunteers (P = 0.02).

Neuropsychological Testing

Patients and healthy controls underwent neuropsycho-
logical testing. To assess verbal fluency, we applied the
Regensburger Wortfliissigkeitstest with its subtests for lex-
ical and semantic fluency and flexibility (Aschenbrenner
et al.,, 2000). Verbal intelligence was assessed using the
Mehrfach-Wortschatztest (MWT-B) (Lehrl, 2005). Verbal
learning and memory were assessed using the German
version of the auditory verbal learning and memory test
(Verbaler Lern- und Merkfahigkeitstest [VLMT]) testing
learning and delayed recollection of a 15-item word list
(Helmstaedter et al., 2001). Additionally, we administered
the attention network task (ANT) in the version presented
by Fan et al. (2002). The ANT is an established choice reac-
tion time task which provides measures for spatial atten-
tion, alertness, and executive functions. It was
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Figure I.

Trial outline. In each trial, an arrow pointing to the right or left
was presented for 700 ms, asking for a right or left hand button
press (go-trials). Trial duration was jittered between | and 4
seconds. In stop-trials, the black arrow was followed by a sec-
ond arrow (depicted in gray here but red in the experiment)
after a variable interval (stop-signal delay, SSD). The SSD was
adapted trial-by-trial to yield an inhibition rate of 50% (see text
for details.).

programmed and presented using Presentation® (Neuro-
behavioral Systems).

Experimental Design

We applied a SST that required the participants to
respond with a right button press to a right-pointing black
arrow and with a left button press to a left-pointing black
arrow (go-stimuli). In stop-trials, a red arrow (stop-stimu-
lus) was presented shortly after the black arrow indicating
to withhold the prepared movement (see Fig. 1 for trial
outline). We presented 75% of go-trials and 25% of stop-
trials. Each stimulus array was presented in the middle of
the screen. Stimulus duration was set to 700 ms. Trial
duration was jittered between 1 and 4 s. Trial duration
and order of go-and stop-trials were optimized to yield a
better estimation of the condition-specific hemodynamic
response. The delay of the stop-signal was adapted on a
trial-by-trial basis by means of a staircase-tracking algo-
rithm to yield a rate of 50% of successful inhibitions. The
signal delay was set to 200 ms initially. After a successful
inhibition, the signal delay was increased by 50 ms (mak-
ing the inhibition harder), after an unsuccessful inhibition
the signal delay was reduced by 50 ms. The SSRT was cal-
culated by first sorting the participant’s reaction times to
go-stimuli and then subtracting the participant’s average
stop-signal delay from the nth reaction time with n being
the percentage of stop-errors (Band et al., 2003).

Participants received two training blocks of 40 trials
each to get acquainted with the task. In the first block,
only go-trials were presented; in the second block, go- and
stop-trials were presented. The experiment proper was
divided into four runs, each comprising 128 trials, result-
ing in a total of 512 trials. Participants were informed that
the experiment was programmed in a way that made it
impossible for them to perform correctly every stop-trial.
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This was explained to prevent them from slowing down
in the primary task. They were instructed to perform as
fast and accurately as possible. After the practice and
every run, participants were given feedback about the per-
centage of correct inhibitions and their average reaction
time.

Behavioral Data Analysis

Reaction times and percentage of errors in go-trials were
computed for each participant and submitted to independ-
ent sample t-tests. The SSRT, percentage of inhibitions,
and average stop-signal delay were compared with inde-
pendent sample t-tests. All behavioral data stems from the
testing within the MRI machine.

Image Acquisition

Magnetic-resonance images were acquired on a 3-T Sie-
mens Magnetom Scanner (Erlangen, Germany) equipped
with a standard quadrature head coil. A total of 113 T2*-
weighted volumes of the whole brain (echo planar imag-
ing (EPI)-sequence; TR 2000 ms, TE 30 ms, flip angle 800,
FOV 192 mm, 34 slices, slice thickness 3 mm, and interslice
gap 0.75 mm) parallel to the AC-PC line were recorded for
functional imaging for each run. Each participant under-
went four runs. A Tl-weighted high resolution data set
was acquired using a three-dimensional magnetization-
prepared rapid gradient-echo imaging (3D-MPRAGE)
sequence for anatomical information (1 mm isovoxel). The
subject’s head was fixed during the entire measurement to
avoid head movements.

fMRI Data Analyses

fMRI data processing was carried out using fMRI Expert
Analysis Tool Version 5.98, part of FSL (functional MRI of
the brain (FMRIB’s) Software Library, available at: www.
fmrib.ox.ac.uk/fsl). The following preprocessing was
applied for all functional data: motion correction using
MCFLIRT (Jenkinson et al., 2002); nonbrain removal using
BET (Smith, 2002); spatial smoothing using a Gaussian ker-
nel of FWHM 5 mm; grand-mean intensity normalisation
of the entire 4D dataset by a single-multiplicative factor;
highpass temporal filtering (Gaussian-weighted least-
squares straight line fitting, with sigma =>50.0 s). For all
functional data, registration to high resolution structural
and standard space images was carried out using affine
brain image registration implemented in FLIRT (Jenkinson
et al., 2002; Jenkinson and Smith, 2001). Registration from
high resolution structural to standard space was then fur-
ther refined using FNIRT nonlinear registration (Smith
et al., 2004).

The four different runs in each participant were then
used to calculate one statistical map for each person using
general linear model (GLM) analysis with fixed effects. At

TABLE I. Results of neuropsychological tests

Test ALS HC P-value
Lexical fluency (M-words) 15.2 20 0.080*
Lexical fluency (S-words) 21 19.6 0.687
Lexical flexibility (G-R-words) 18.9 21.5 0.381
Semantic fluency (animals) 29 35 0.089*
Semantic flexibility (fruits/sports) 18.9 23 0.035**
MWT-B 29.2 31 0.206
VLMT (runs 1-5) 445 48 0.259
VLMT (run 7) 8.6 8.1 0.429
ANT - Alertness (s) 38 41 0.658
ANT - Spatial (s) 7 18 0.095*
ANT - Executive (s) 170 155 0.676
ANT - Executive (% errors) 16 18 0.798

HC: healthy controls; MWT-B: vocabulary test; VLMT: verbal
learning and memory test (runs 1-5 are 1st-5th give number of
correct answers in five repetitions of word list; run 7 gives num-
ber of correctly recollected words after a delay of 30 min); ANT:
attention network task.

*P<0.1.

**P <0.05.

the next step, these individual maps were entered into a
group GLM analysis using a mixed-effects approach in
FMRIB’s local analysis of mixed effects. Z (Gaussianised
T/F) statistic images were thresholded using clusters
determined by Z >2.3 and a (corrected) cluster significance
threshold of P < 0.05 (Worsley, 2001). The resulting images
show the Z-scores for the group, condition or interaction
effects.

It is debated which is the best comparison in the SST to
identify inhibition-specific neural activity (Aron et al.,
2007; Boehler et al., 2010; Swick et al., 2011). As the stop-
signal is infrequent, a comparison between go- and inhib-
ited stop-trials might be confounded with a salience
response to the infrequent stop-signal. Comparing success-
fully inhibited and noninhibited stop-trials, conversely,
might be overly conservative as inhibitory activity might
be merely delayed or weaker but not absent in noninhib-
ited stop-trials. Here, we chose the following approach to
study neural activity reflecting motor execution, motor
inhibition, and action monitoring. The comparison “go-
trials > successful stop-trials (SS)” was taken as measure of
movement execution; both contrasts “successful stop-trials
(SS) > unsuccessful stop-trials (US)” and “SS > go-trials”
were examined as measures of motor inhibition; “US > go-
trials” and “US >SS” were examined as measures of error-
monitoring.

RESULTS
Neuropsychological Test Results

Patients showed slightly reduced verbal fluency
reflected in significantly less words produced in the
semantic flexibility and by trend less words in the
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TABLE Il. Group differences in movement execution (go > successful inhibition)

MNI coordinates

Regions of activation Hemisphere voxels X Y Zz z-score

Healthy group > ALS patients

Central Operculum Cortex L 51 —42 -2 16 4.7
ALS patients > healthy group
Primary motor cortex L 220 —30 —18 60 4.5
Primary motor cortex R 180 36 —22 62 52
Primary somatosensory cortex L 59 —42 —28 50 4.4
Primary somatosensory cortex R 61 36 —32 58 4.4
Cingulate gyrus, posterior L 145 -2 —48 20 4.5
Cingulate gyrus, posterior R 149 6 —44 20 44
Parietal operculum cortex R 46 56 —24 18 4.9
Cerebellum L 210 —16 —48 —30 4.5
Cerebellum R 264 28 —42 -32 47

A Go > Successful stop

HC > ALS

B
23 6
.
ALS > HC

Figure 2.

Movement execution. A shows the contrast in right-handed Go  patients show increased activity in M| and posterior cingulate
versus SS for the healthy controls (yellow—red) and ALS patients cortex (PCC; shown in blue), but reduced activity in the left fron-
(blue). B shows the interaction of Group (ALS patients compared  tal operculum (shown in red). [Color figure can be viewed in the
to healthy controls) and the contrast of go versus SS-trials. ALS  online issue, which is available at wileyonlinelibrary.com.]
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TABLE Ill. Group differences in motor inhibition

MNI coordinates

Regions of activation Hemisphere voxels X Y V4 z-score
Successful > unsuccessful inhibition
ALS patients > healthy group
Inferior frontal gyrus R 45 52 32 18 8.6
Superior frontal gyrus L 32 —-16 8 62 5.8
Superior frontal gyrus R 40 26 8 60 4.6
Paracingulate gyrus L 39 -6 32 34 4.5
Middle frontal gyrus L 275 —40 14 32 53
Precuneus cortex L 49 —4 —48 62 5.5
Precuneus cortex R 39 4 —46 64 4.5
Putamen R 67 28 4 —4 4.7
Pallidum R 73 24 -12 2 48
Amygdala R 84 30 -2 -22 4.6
Successful inhibition > go-trials
Healthy group > ALS patients
Lateral Occipital Cortex R 25 24 -62 48 4.8
ALS patients > healthy group
Inferior Frontal Gyrus R 57 48 32 16 4.7
Middle Frontal Gyrus L 52 —46 32 24 47

semantic fluency and lexical fluency tasks. Patients did
neither differ from controls in verbal intelligence nor
measures of verbal learning and memory. In the ANT,
patients showed a marginally reduced spatial attention
effect but did not differ in the alertness or executive func-
tions parameters, neither for reaction time effects nor accu-
racy (Table I).

Behavioral Data SST

During the first-practice run (go-trials only), ALS
patients did not differ from controls in their reaction time
(tzp=—1.4, P=0.135). They were slower though in the
first practice session with stop-trials (t;; = —2.2, P = 0.033),
indicating that patients slowed down more to account for
the stop-trials. During the fMRI sessions, ALS patients
remained nominally slower than controls in go-trials, but
this effect marginally failed to reach significance (ALS: 585
ms, HC: 533 ms; t3; =19, P=0.06). Patients and controls
were equally accurate in go-trials (percentage of errors in
ALS: 4.6%, in HC: 4.5%; P>0.9). The stair-case tracking
algorithm in stop-trials was successful in that patients and
controls made on average 51% (ALS) and 53% (HC) of
errors in stop-trials (P> 0.5). Patients and controls did nei-
ther differ in the average stop-signal delay (ALS: 204 ms,
HC: 185 ms; P =0.52) nor their SSRT (SSRT in ALS: 375
ms, in HC: 345 ms; P >0.2).

fMRI Results Related to Motor Execution

When comparing go- to inhibited stop-trials, healthy
controls and ALS patients showed a similar pattern of
activity in primary motor and somatosensory cortex, cin-

gulate gyrus, cerebellum, and thalamus among other areas
(Table II). The exact lists of activations for the different
main effects of condition (go- vs. stop-inhibited vs.
stop-error) separately for both groups are provided in the
Supporting  Information  (Supporting  Information,
Tables I—III). In Figure 2, the contrast of go- vs. inhibited
stop-trials is shown for right hand responses only yielding
left-sided M1 activity in controls but bilateral activations in
the ALS patients. When comparing the two groups across
right and left hand responses, healthy participants showed
increased activity in the left central operculum cortex,
whereas ALS patients showed increased activity bilaterally
in primary motor and somatosensory cortex, posterior cin-
gulate gyrus, parietal operculum (Fig. 2B), and cerebellum
(Table II and Supporting Information, Table I).

fMRI Results Related to Motor Inhibition

Neural activity related to motor inhibition was reflected in
the contrasts comparing SS- relative to US- or go-trials (Table
II and Supporting Information, Table II). Both healthy con-
trols and ALS patients showed in SS-trials relative to go-
trials activity in the typical network of response inhibition
including prefrontal activity in inferior, superior and middle
frontal gyri, anterior cingulate cortex (ACC), and supple-
mentary motor area (SMA) (Fig. 3A; Supporting Informa-
tion, Table II). Prefrontal activity was observed bilaterally
but more extended on the right hemisphere. When compar-
ing SS-trials to US-trials, a largely similar pattern of activity
was detected in controls and patients (Fig. 3C; Supporting
Information, Table II). In addition to bilateral IFG, superior
frontal gyri (SFG), and MFG, subcortical regions were found
including pallidum, putamen, and amygdala (Fig. 3B,D;
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B GroupxSS>go

»

IFG

MFG é

ALS > HC
____J°

D Group x SS > US

23 6
—

ALS

C SS>US

IFG MFG
‘

il

Figure 3.

Motor inhibition. A shows the contrast of SS versus Go for the
healthy (yellow-red) and ALS group (blue). B shows the results
for the interaction of group and SS>go-trials. There was
increased activity in ALS group compared to the controls in
right IFG and left MFG. C shows the contrast of SS relative to
US, again separately for controls (in red) and ALS patients (in

Supporting Information, Table II). Importantly, group com-
parison revealed increased activity for ALS patients in the
IFG and MFG for both comparisons (SS>go: Fig. 3B; and
SS>US: Fig. 3D; Table III). For the contrast SS>US, ALS
patients additionally showed stronger subcortical activity in
putamen, pallidum (Fig. 3D; Table III), and amygdala.

fMRI Results Related to Error Monitoring

Neural activity related to error monitoring was eval-
uated with the comparison of US-trials relative to SS-trials
and relative to go-trials (Fig. 4; Table IV and Supporting

blue). D shows the interaction of group and successful relative
to US. ALS patients showed increased activity in bilateral SFG,
right IFG and MFG, bilateral precuneus (PREC), right pallidum,
and putamen (PUT). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Information, Table III). US-trials relative to SS-trials
yielded activity in bilateral insula, frontal operculum, and
primary motor and somatosensory cortex in both groups
(Fig. 4A; Supporting Information, Table III). When com-
paring US-trials to correct go-trials, controls and patients
showed activity in the typical error monitoring network
including bilateral insula, frontal operculum, IFG, ACC,
and SMA (Fig. 4C; Supporting Information, Table III). Crit-
ically, healthy controls showed increased activity in the
error monitoring network including ACC (Fig. 4D; Table
IV), orbitofrontal cortex, inferior frontal cortex, and insula
(Fig. 4B).
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A US>SS

C US > go-trials

Error monitoring. A shows the contrast of unsuccessful (US)
relative to SS, separately for healthy controls (yellow—red) and
ALS patients (blue). B shows the interaction of group and the
contrast of US relative to SS. We found decreased activity in
ALS patients in left inferior frontal cortex (IFC), bilateral insula

B Group x US >SS

Figure 4.

(INS) and left orbitofrontal cortex (OFC). C shows the contrast

D Group x US > go-trials

TABLE IV. Group differences in error monitoring

of US relative to go-trials, separately for controls (red) and
patients (blue). D shows the interaction of group and the con-
trast of US relative to go-trials. ALS patients showed reduced
activity in right ACC and left OFC. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

MNI coordinates

Regions of activation Hemisphere voxels X Y Z z-score
Unsuccessful >successful inhibition
Healthy group > ALS patients
Frontal Operculum Cortex L 42 —44 24 -2 6.3
Frontal Orbital Cortex L 101 —40 24 -8 5.3
Insular Cortex L 48 —34 18 -2 4.8
Insular Cortex R 59 36 16 —4 5.1
Unsuccessful inhibition > go-trials
Healthy group > ALS patients
Cingulate Gyrus, anterior R 32 2 16 36 52
Frontal Orbital Cortex L 85 —46 22 -12 5.1
Paracingulate Gyrus L 21 -6 24 38 55
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DISCUSSION

We investigated behavioral and neural changes related
to response inhibition and error monitoring in ALS
patients compared to age-matched, healthy controls. ALS
patients showed by trend slower response times but did
not differ in their inhibition performance. On the neural
level, patients as hypothesized showed increased activity
in cortical and cerebellar nodes of the motor network and
decreased activity in the error-monitoring network. In con-
trast to previous ERP data (Thorns et al., 2010) which had
found an amplitude reduction of a right frontal negative
component about 200 ms after the stop-signal in ALS
patients, increased inhibition-related neural activity was
observed in ALS patients. To the extent to which both
effects index inhibition processes and their amplitudes
index the extent of inhibition, these effects are at odds.
One possibility for the discrepancy could be that ALS
patients were investigated at different stages of the dis-
ease. Whereas disease duration was 2.8 years in Thorns
et al. (2010), it was just 1 year in this study. The patients
of this study were thus at an earlier stage of the disease
and the increased recruitment of the inhibitory network
might point to a compensatory mechanism that allowed
them to perform on a level comparable to controls. More-
over, the precise relationship between the fMRI and ERP
indices of inhibition is not fully known (Huster et al.,
2010).

Motor Network Activity

ALS patients showed increased activity in bilateral pri-
mary motor and somatosensory cortex as well as in the
anterior cingulate gyrus and bilateral cerebellum during go-
trials compared to healthy controls. Increased and/or more
widespread movement-related activity in regions of the
motor network has repeatedly been reported for ALS
patients (Kollewe et al, 2011; Konrad et al, 2002, 2006;
Mohammadi et al., 2011; Schoenfeld et al., 2005), although
reduced movement-related activity in ALS has been found
(Cosottini et al., 2012). Moreover, the increased size of the
activated area has been found to be unrelated to interindi-
vidual differences in hand weakness of the patients
(Mohammadi et al., 2011), and increased cortical activity
during hand movements was evident in both limb and bul-
bar onset patients (Kollewe et al., 2011). The finding of
more widespread activity and coactivation of the ipsilateral
motor cortex is typically explained with a loss of intracorti-
cal inhibition in ALS (Konrad et al.,, 2002; Mohammadi
et al., 2011; Schoenfeld et al., 2005). Reduced intracortical
inhibition has been demonstrated by transcranial magnetic
stimulation (TMS) studies (Ziemann et al., 1997) and could
be related to a loss of inhibitory interneurons in motor but
also prefrontal cortex as revealed by postmortem morpho-
metric analyses (Maekawa et al., 2004).

Regarding motor performance in this study, ALS
patients showed slower response times only during the

practice block and by trend during the actual experiment.
In the first-practice block without stop-trials, ALS patients
did not differ from controls in the response times suggest-
ing that ALS patients traded speed in the go-trials off
against accuracy in the stop-trials. It has previously been
argued that the increased motor activity in ALS reflects
the higher motor task difficulty for the patients rather than
any neural reorganization (Schoenfeld et al., 2005). As task
performance was largely comparable between patients and
controls in the present study, a mere difficulty effect can
be ruled out as explanation for the neural activity differen-
ces. However, recent work also demonstrated short-term
changes in motor-related cortical activity during the pro-
gression of ALS (Stoppel et al., 2014). The authors exam-
ined ALS patients in two sessions separated by a 3-months
interval and found increased motor-related activity relative
to controls only in the first session but not 3 months later.
These results were explained with compensatory mecha-
nisms at earlier stages of the disease which break down
with progressive loss of motor neurons (Stoppel et al.,
2014). A three-month interval might be too short, though,
to reveal clinically relevant disease changes and a different
picture emerged when directly comparing patients at dif-
ferent stages of motor weakness (none, mild, or marked
weakness; Mohammadi et al,, 2011). Here, ALS patients
showed a larger area of activation in M1 contralateral to
the response hand independent of the disease stage,
whereas at the same time the activation strength as indi-
cated by percent signal change decreased with progressing
motor weakness. It was argued that the increased activa-
tion size reflects reduced intracortical inhibition which is
at ceiling already at early disease stages, whereas the
reduced M1 activity strength reflects loss of motor neurons
directly related to the motor weakness (Mohammadi et al.,
2011). In fact, another study using a maximal force hand
grip task reported reduced movement-related activity in
sensorimotor cortex in ALS patients (Cosottini et al., 2012)
but hyperactivity in prefrontal and parietal regions. Here,
we did not separately assess activation size and strength,
but the observed group differences might be rather caused
by an increased area of activation in bilateral M1 in the
ALS patients. Moreover, our paradigm was a minimal
force task requiring only button presses which limits the
direct comparison of our results with studies using simple
and maximal force motor tasks.

Inhibitory Motor Control

Both healthy controls and ALS patients showed the typi-
cal pattern of activations when contrasting inhibited stop-
trials with go-trials or failed inhibitions, namely activity in
inferior, middle and SFG, medial prefrontal cortex (PFC),
and basal ganglia (Swick et al., 2011). Within this network,
ALS patients showed increased prefrontal (IFG, MFG) and
basal ganglia activity (pallidum, putamen), whereas
healthy controls showed increased activity only in lateral
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occipital cortex. Although ALS patients showed a nomi-
nally increased stopping latency (SSRT) on the behavioral
level, this group difference was not significant. As alluded
to above, the marginally slower response times of patients
in the stop-signal paradigm but not in the practice block
without stop-trials suggest a more pronounced speed-
accuracy trade-off in patients compared to controls.

A previous EEG-study using the SST reported a reduced
inhibition-related neurophysiological response (stop-N2) in
ALS patients (Thorns et al., 2010). Although EEG and fMRI
have different temporal and spatial resolution and measure
different physiological signals, the present result of
increased inhibition-related activity in IFG and MFG is dif-
ficult to reconcile with a reduced stop-N2. Moreover,
whereas the previous study also found impaired inhibitory
control on a behavioral level, we did not detect significant
group differences in the SSRT, although patients had a
nominally larger SSRT. Notably, as the previous study used
a stop-signal paradigm with fixed stop-signal delays, the
authors did not compute the SSRT, but rather inhibition
probability, as a behavioral measure. The two behavioral
variables are thus not completely comparable. It might be
the case, however, that the patient group of Thorns et al.
(2010) was already more affected by the disease, resulting
in impaired behavior and reduced stopping-related neural
activity. The present patient group was relatively less
affected and is also suggested by the neuropsychological
test results, which showed only mild deficits, as well as by
the rather short disease duration since diagnosis. It might
be that an increase of inhibition-related neural activity is
seen during earlier stages of the disease which is followed
by a reduction of inhibition-related PFC activity in later
stages. Longitudinal studies examining changes in inhibi-
tory motor control are needed to test this directly. In addi-
tion, combined EEG/fMRI recordings should reveal
important information on the relationship between electro-
physiological and hemodynamic indices of inhibition
(Donamayor et al., 2012; Huster et al., 2010) to reconcile the
differences between this study and Thorns et al. (2010).

Our results of increased inhibition-related prefrontal
activity fit with the recent study on antisaccades in ALS
patients (Witiuk et al., 2014). Correct performance in the
antisaccade task requires the inhibition of the automatic
(prosaccadic) response and generation of the more con-
trolled saccade to the opposite side of the target stimulus.
The authors reported increased activity in the frontal eye
fields, the dIPFC, and the supplementary eye fields when
patients prepared for an antisaccade relative to a prosac-
cade (Witiuk et al., 2014). Although our paradigm did not
allow disentangling preparation for and execution of the
response inhibition, the results converge in increased pre-
frontal activity related to inhibitory action control in ALS
patients. Interestingly, a recent study comparing cortical
activity during a maximal force hand task also reported
hyperactivation in prefrontal areas in ALS together with
hypoactivation in sensorimotor areas (Cosottini et al.,
2012). The authors argued that the increased activity in

premotor activity reflected an over-recruitment of fronto-
parietal networks during the motor task (Cosottini et al.,
2012). Although their task was a simple motor task and
the reported activation cluster more posterior than in this
study, enhanced prefrontal activity in ALS patients might
be generalizable to demanding motor tasks.

Different explanations can be conceived for the increased
prefrontal activity in ALS patients. Postmortem morpho-
metric analyses showed a reduction of inhibitory interneur-
ons not only in the precentral gyrus but also in the PMC,
dIPFC, and ACC (Maekawa et al., 2004). This indicates that
increased prefrontal activity might be a byproduct of
reduced intracortical inhibition rather than a functionally
relevant compensatory mechanism (Witiuk et al., 2014). We
cannot exclude this explanation as we did not observe any
relationship between neural activity and behavioral per-
formance, which could provide evidence for a functionally
relevant mechanism. ALS patients showed reduced prefron-
tal activity related to error monitoring, however (see
below), which rather argues against this point.

Alternatively, changes downstream in the motor inhibi-
tion pathway might lead to increased activity in regions
upstream. Specifically, a dysfunctional motor and PMC in
ALS might be compensated for by increased activity in the
prefrontal cortex. A TMS-study using the SST, for instance,
demonstrated the relevance of intracortical inhibition in
primary motor cortex by showing that the GABAg-medi-
ated silent period was prolonged in inhibited stop-trials
(van den Wildenberg et al., 2009). Earlier work had shown
that nogo-trials in a go/nogo-paradigm are associated
with increased GABA p-mediated short intracortical inhibi-
tion (SICI) (Sohn et al., 2002). As pointed out above, ALS
patients were found to have reduced GABA -mediated
intracortical inhibition, but the cortical silent period was
unaffected (Ziemann et al., 1997). It is thus possible that
reduced intracortical inhibition in motor cortex might be
compensated for by increased activity in the “source” of
inhibitory motor control, namely inferior and middle fron-
tal cortex as well as in the basal ganglia nuclei. TMS stud-
ies probing intracortical inhibition in motor cortex in ALS
during SSTs could test this hypothesis and distinguish
between the alternative explanations of increased prefron-
tal activity in ALS patients. In this study, we did not have
enough patients with bulbar-onset to investigate group dif-
ferences between bulbar-onset and limb-onset patients in
inhibition-related cortical activity. However, as a previous
study reported group differences only in cortical activity
during tongue movement but not during hand movement
(Kollewe et al., 2011), we would hypothesize that groups
should not differ in neural activity underlying inhibitory
control of hand movements either.

Error Monitoring

While both patients and controls showed activity in the
typical error monitoring network when comparing
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unsuccessful inhibitions to successful inhibitions or go-
trials (Aron et al., 2007; Rubia et al., 2003), ALS patients
showed reduced activity in several nodes of this network,
namely the anterior cingulate cortex, insula, and inferior
frontal cortex. We know from studies using structural MRI
and diffusion tensor imaging that these regions are
affected by ALS, which might explain the reduced error-
related activity (Agosta et al., 2012; Cosottini et al., 2012;
Thivard et al., 2007). Our finding is inline with a reduced
neurophysiological response to stop-errors in ALS patients,
which presumably emanated from medial PFC (Thorns
et al., 2010). These results provide further support for early
involvement of prefrontal structures in ALS. Notably, neu-
ral activity changes in PFC were evident in this study
although patients did not (yet) have any strong neuropsy-
chological deficits.

CONCLUSIONS

ALS patients at a relatively early stage of the disease
and with only mild neuropsychological deficits showed
altered neural activity in PFC regions and insula with
regard to inhibitory motor control and error monitoring.
Increased inhibition-related PFC activity might reflect com-
pensatory activity for dysfunctional intracortical inhibition
in motor cortex, although it cannot be excluded that
reduced intracortical inhibition in PFC itself leads to
increased BOLD responses. However, we also observed
reduced medial PFC activity after errors, speaking against
a general and unspecific effect of ALS on PFC activity.
Future studies examining longitudinal changes in the pro-
gression of the disease will be helpful to delineate the
compensatory effects and deficits in PFC functions caused
by ALS.
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