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Alcohol dependence is a serious condition characterized by persistent desires to drink and
unsuccessful efforts to control alcohol consumption despite the knowledge of dysfunction
through the usage. The study at hand examined the influence of an alcohol exposure on
inhibitory processes. Research provides evidence that trying to resist the temptation to
drink exerts self-control, a limited resource which is used during all acts of inhibition. In line
with this, studies demonstrate an impaired ability to regulate an already initiated response
in alcohol-dependent and healthy subjects when confronted with alcohol-related stimuli.
The related neuronal correlates in alcohol-dependent patients remain to be elucidated. The
inhibition performance of 11 male alcohol-dependent patients during an alcohol exposure
was compared with the task performance during a control condition. Behavioral data and
neural brain activation during task performance were acquired by means of functional mag-
netic resonance imaging. The alcohol cue exposure led to subjectively stronger urges to
drink which was accompanied by differential neural activation in amygdala and hippocam-
pus. Moreover, the results revealed typical neural activation during inhibition performance
across both conditions. Anyhow, we could not detect any behavioral deficits and only subtle
neural differences between induction conditions during the performance of the inhibition
task within the inferior frontal cortex. The results suggest that although the sample reports
a subjectively stronger urge to drink after the alcohol cue exposure this effect was not
strong enough to significantly impair task performance. Coherently, we discover only sub-
tle differential brain activation between conditions during the inhibition task. In opposition
to findings in literature our data do not reveal that an exposure to alcohol-related cues and

thereby elicited cue reactivity results in impaired inhibition abilities.
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INTRODUCTION

Alcohol dependence is a condition characterizing the concerned
person by a “persisting substance use despite clear evidence of
overtly harmful consequences” according to the International
Classification of Diseases, 10th edition (World Health Organiza-
tion, 1992). Recent research proposes alcohol dependence could
result from an imbalance between increased automatic (e.g., cog-
nitive biases/reactions toward emotionally laden stimuli) and
decreased controlled processes (e.g., executive control required
for response inhibition; Wiers et al., 2007; Noel et al., 2010).
According to a model on the development of alcohol dependence
repeated alcohol consumption during adolescence leads to a sen-
sitized appetitive system triggering automatic (drinking) behavior
and an underdeveloped regulatory executive system (Wiers et al.,
2007). An imbalance of these systems impacts on an outlasting
global loss of willpower by affecting reactive mechanisms on direct
incentives and reflective mechanisms which moderate impulsive
behavior (Noel et al., 2010). Hence alcohol may trigger automatic
attentional, memory, and associated emotional systems (bottom-
up) which modulate (top-down) goal driven attentional resources
needed to reflectively regulate ongoing voluntary behavior. This
could explain why patients with alcohol dependence keep up

consumption or relapse despite their knowledge about the severe
consequences.

Alcohol craving is another central criterion for the diagnosis of
alcohol dependence and is described as “a strong desire or sense of
compulsion to take alcohol” (World Health Organization, 1992).
Craving is thought to contribute to relapse in alcohol-dependent
patients through loss of self-control, an ability strongly related to
willpower (Rankin et al., 1983; Modell et al., 1992; Anton et al.,
1995; Littleton, 1995). Longitudinal studies investigating ther-
apeutic processes and outcomes in alcohol-dependent patients
support this relationship (O’Malley et al., 1992; Volpicelli et al.,
1992; Paille et al., 1995).

One mechanism that is thought to explain the existence of
craving symptoms is based on classical conditioning. The theory
postulates that exposure to cues that have been regularly associated
with alcohol consumption can elicit conditioned urges to drink
alcohol (i.e., craving; Anton, 1999). Alcohol-dependent patients
who are trying not to drink must, therefore, expend great effort to
overcome such conditioned responses when they are confronted
with alcohol-related cues (Brown, 1998; Everitt and Robbins,
2005). In other words, they need much self-control to resist the
temptation to drink. The ability to self-control seems, however,
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to be a limited resource, which must be used during all acts of
inhibition (Muraven et al., 1998; Muraven and Baumeister, 2000;
Muraven and Shmueli, 2006). Thus, according to the “resource
depletion model” exerting self-control during alcohol craving can
reduce drinkers’ ability to exert self-control in other realms. Also,
according to Tiffany and co-workers’ “cognitive processing model
of craving” mental processes that are effortful are triggered by
situations in which craving is induced and hence may interfere
with other cognitive tasks (Tiffany, 1999; Tiffany and Conklin,
2000). The researchers assume that, contrary to classically con-
ditioned responses, some craving induced physiological changes
reflect reactions to cognitive demands of certain situations, i.e.,
representing, if anything, secondarily conditioned effects. Thus,
craving effects are not restricted to conditioned responses, a view
which offers to investigate data applying broader cognitive psycho-
physiological models. The model states that performing com-
plex behavior will be guided by automatic and non-automatic
processes. Craving is related to the activation of non-automated
processes (Tiffany, 1990). It is elicited in situations when attempt-
ing to overcome impediments to automated consumption or to
avoid the execution of an automatic drug use sequence. The cog-
nitive substrate associated with craving is reflected in behavior,
self-report, and autonomic responses visible in alcoholics who try
to stay abstinent and those who do not give up consumption.
Above from this, being viewed as a non-automated process craving
is capacity limiting, hence hindering successful operation of other
cognitively demanding processes (Tiffany and Conklin, 2000). As
a consequence the ability to resist the urge to drink alcohol and
automated drug use is diminished.

There is an ever-growing body of evidence underpinning this
limited resource model and the cognitive model of craving by
demonstrating that inhibitory performance is impaired when self-
control has to be shown. In studies conducted by Muraven and
Shmueli (2006) and by Gauggel et al. (2010) craving-related cue
reactivity was elicited via a cue exposure paradigm within lab-
oratory settings. In both studies, cue reactivity was induced by
letting the participants take a smell of their favorite alcoholic
beverage in contrast to exposing the subjects to the smell of a
glass of water. Muraven and Shmueli (2006) investigated a sam-
ple of 160 social drinkers whereas Gauggel et al. (2010) studied 20
detoxified patients with alcohol dependence. Both studies used the
well-established stop-signal paradigm (SSP; Logan, 1994), a task
requiring the ability to cancel an already initiated motor response.
Results from both studies support the resource depletion model
by demonstrating that cue exposure leads to impairment in sub-
sequent self-control tasks such as the SSP. Importantly, the effect
size was much larger in the study by Gauggel et al. (2010) than
in Muraven and Shmueli’s (2006) study, suggesting that detoxified
alcohol-dependent patients have even greater inhibitory deficits
than social drinkers after exposure to alcohol.

The models and results discussed above underline the impor-
tance of exploring inhibitory processing during cue exposure
among alcohol-dependent patients. There is ample evidence on
impairment of various domains of functioning associated with
alcohol dependence. Cognitive deficits and impairments in emo-
tional realms have been widely discussed to be intermingled
in both development of alcohol dependence and probability of

relapse. Nonetheless differences between investigations and find-
ings maintain the discussion concerning underlying processes and
changes leading to alcohol dependence and relapse. Studies dif-
fer with respect to characteristics displayed by the investigated
patients (e.g., age, onset and duration of illness, comorbidities)
or progress related factors (e.g., treatment duration, number of
detoxifications). Thus, the study at hand was initiated to further
investigate the imbalance between attention consuming reactions
to salient stimuli and the functioning of regulatory executive sys-
tems in patients with alcohol dependence who display a prolonged
consumption history.

Moreover, the neuronal correlates of inhibitory processes in
alcohol-dependent patients to whom craving is experimentally
induced through cue exposure have not yet been intensively inves-
tigated. Therefore, the present study will address neuronal mecha-
nisms and correlates involved in inhibitory processes after alcohol
cue exposure.

With regard to brain mechanism associated with drug use and
craving there is ample evidence supporting the role of the limbic
system (Rodriguez de and Navarro, 1998; Miller and Goldsmith,
2001; Heinz et al., 2010). Even so, brain regions intermingled in
cue reactivity and reported as being most relevant may slightly dif-
fer across individual studies due to differing imaging techniques,
stimuli, and populations. For example, confronting subjects with
alcohol-related stimuli like pictures, words, or odors associated
with beverages has been related to activation in limbic areas such
as the anterior cingulate cortex (ACC), amygdala, hippocampus,
and thalamus (George et al., 2001; Schneider et al., 2001; Tapert
et al., 2003, 2004; Vollstadt-Klein et al., 2011). It has been pro-
posed that different limbic circuits are important in several specific
aspects of alcohol-related reward-signal processing (Rodriguez de
and Navarro, 1998). Amygdala and hippocampus are thought to
be involved in the remembrance and encoding of significant affec-
tive stimuli, the appraisal of the acute emotional state as well as
the initiation of responses associated with drug exposure whereas
aspects of perceptual and attentional nature are predominantly
undertaken and coordinated by prefrontal and cingulate cortices
(Rodriguez de and Navarro, 1998; Vollstidt-Klein et al., 2011).

The neural source of inhibitory motor control has been widely
studied in the past years by revealing the neural correlates during
the performance of the SSP. The inferior frontal cortex (IFC), the
pre-supplementary motor area (pre-SMA), and the basal ganglia
are discussed as key areas for the “inhibitory control network” in
animal, lesion, and fMRI studies (Rubia et al., 1999, 2001, 2003;
Aron et al., 2003; Rieger et al., 2003; Gauggel et al., 2004; Aron
and Poldrack, 2006; Boecker et al., 2011). Aron et al. (2003) found
lesion volume affecting the right IFC (rIFC) to be highly correlated
with inhibition performance while Chambers et al. (2006) found
that a temporary deactivation of the pars opercularis in the rIFC
via transcranial magnetic stimulation (TMS) impairs the ability to
inhibit an already initiated action. The role of pre-SMA as a part
of the dorsomedial frontal cortex and its relation to the rIFC is
still unclear. There is emerging evidence from animal and human
studies describing the pre-SMA as “negative motor area” (Aron
et al., 2007; Aron, 2011) which generates control signals for spe-
cific actions rather than controlling whether or not a movement is
made (Scangos and Stuphorn, 2010) while the rIFC is thought to
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be responsible for the implementation of inhibitory control (Aron
et al., 2007). Evidence for an involvement of the basal ganglia in
inhibitory processes comes from studies with patients suffering
from Parkinson’s disease (Gauggel et al., 2004; van den Wilden-
berg et al., 2006) and lesion studies with rats where inhibitory
processes were requested (Eagle et al., 2008).

Altogether, the present study aims at further extending our
knowledge about the impact of cue exposure on self-control and
response inhibition by investigating the performance of detoxi-
fied patients with alcohol dependence in the SSP during alcohol
cue exposure as compared to a neutral exposure condition. Cue
exposure was implemented by presenting the smell of the par-
ticipants’ favorite alcoholic beverage. The smell of orange juice
was applied as a neutral olfactory control stimulation in order
to improve potential limitations of prior investigations (Muraven
and Shmueli, 2006; Gauggel et al., 2010).

We expected (1) that participants would report greater subjec-
tive craving in the alcohol cue exposure compared to the alcohol-
neutral exposure. We further hypothesized that (2) alcohol cue
exposure would result in less available self-control for the execu-
tion of the SSP which would be indicated in longer reaction time
needed to inhibit an initiated response compared to the control
condition. (3) During the alcohol cue exposure we expected more
metabolic activity in limbic areas (especially thalamus, amygdala,
hippocampus, ACC) compared to the alcohol-neutral condition.
Finally, we hypothesized that (4) differences in the IFC, which is
deemed important for response inhibition as measured with the
SSP, would be found between the alcohol cue exposure condition
and the alcohol-neutral condition.

MATERIALS AND METHODS

PARTICIPANTS

Fourteen male alcohol-dependent patients, who fulfilled ICD-10
criteria for alcohol dependence (F10.21), were recruited from
a collaborating psychiatric hospital in Aachen (Germany) to
participate in the present study. All participants were undergo-
ing inpatient treatment for alcohol dependence and were absti-
nent for at least 1 week. Hence, none of the patients was med-
icated to reduce withdrawal symptoms. After excluding 3 par-
ticipants due to technical problems within the scanner envi-
ronment (e.g., malfunctioning interlinkage between scanner and
button or headphone devices), 11 participants (mean age =44,
SD =10, range 25-54years) remained in the analyses. Means
and SDs of the participants’ characteristics are presented in
Table 1.

All participants gave informed consent and were paid for their
participation. The present study was approved by the Ethical Com-
mittee of the Medical Faculty of the University Hospital Aachen
(EK 096/08) and was conducted according to the Declaration of
Helsinki (World Medical Association, 1999). Any patient who met
a standard exclusion criterion for MRI investigation (e.g., metallic
implants that obscure or interfere with MRI) could not participate
in the present study.

DESIGN
The design of the present study was a within subject design, in
which we compared an alcohol condition (alcohol cue exposure)

Table 1 | Participant characteristics.

N M SD Range
DEMOGRAPHIC DATA
Age (years) 1 44 11 25-54
School (years) 1 106 19 9-13
PATIENT SHEET
Beginning of problematic drinking behavior (age) 11 29 1 17-54
No. of ambulant treatments 3 2 0
No. of inpatient treatments 5 7 9
FDDA ALCOHOL
Regular consumption of alcohol since (age) 10 26 8 17-45
Drinks max./day* 11 35 14 25-71
FDDA OTHER DRUGS
Regular consumption of tobacco since (age) 9 18 3 14-26
Regular consumption of cannabis since (age) 2 18 3 16-20

*To be able to compare different beverages the statements on this were
converted to drinks: e.g., 11 beer= 5 drinks, 1/ wine= 9 drinks.

with a control condition (alcohol-neutral exposure) on the
dependent variables [reported subjective craving, stop-signal reac-
tion time (SSRT) and error rate of the SSP]. The order of condi-
tions was randomized, so that half of the participants received
the alcohol exposure before the alcohol-neutral exposure and
vice versa.

PROCEDURE

Pretest

One week prior to the experiment volunteers that met the inclu-
sion criteria were informed about the study contents and proce-
dures. Moreover, participants filled out a volunteers sheet includ-
ing demographic questions (e.g., age, education), a patient form to
assess individual drinking habits and treatment history, the Edin-
burgh Handedness Inventory (Oldfield, 1971) to ensure only right
handed patients would participate and a questionnaire assessing
individual drug history (“Fragebogen zur differenzierten Droge-
nanamnese,” FDDA; Griisser et al., 2004). Here, we were especially
interested in participants’ average alcohol consumption and their
age of first and regular consumption (see Table 1). The FDDA
documents the consumption onset and duration of other drug
use as well (see Table 1). Except tobacco and cannabis, which
nine respectively two patients consumed regularly no other drug
was frequently used in our sample. In addition, participants were
asked about their favorite alcohol and about situations in which
they usually and never drink alcohol. This information served
as guideline for the induction of conditions during the experi-
ment. Therefore, detailed descriptions of the respective situations
(including, e.g., sounds, smells, other persons, surroundings) and
accompanying subjective feelings, thoughts, and body sensations
were documented.

Training phase

Prior to performing the SSP in the fMRI scanner environment,
participants performed two training sessions of 5min each to
become familiar with the task (Figure 1). The SSP consists of
circles or triangles (onset stimuli) to which participants have
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FIGURE 1 | Stop-signal paradigm.

to respond. The paradigm contains three trial types (Go-trials,
Stop-trials, and Null-events) each lasting for 3000-3500 ms. A
fixation cross is presented in the middle of a gray screen for
1500 ms before each trial. In case of a Null-event, the fixation
cross is presented instead of an onset stimulus. In the Go-trials
participants perform a simple discrimination task on the two dif-
ferent onset stimuli. They are asked to respond to triangles by
pressing a response button with the index finger and to respond
to circles by pressing another response button with the middle
finger of the right hand. In case of a Stop-trial a Stop-Signal
(1000-Hz tone) is presented after the onset stimulus for 500 ms
and participants are instructed not to press any button, thus to
inhibit their initiated response to the stimulus. Importantly, the
delay from onset stimulus to the presentation of the Stop-Signal
varies (stimulus onset asynchrony, SOA) according to the staircase-
tracking algorithm (Kaernbach, 1991). The SOA is adapted to
the participants’ responses, in a way that an inhibition rate of
50% is attained. At the beginning, the SOA is set to 250 ms. If
a response can be inhibited successfully the SOA is enhanced by
50 ms in the next Stop-trial. If the response can not be inhib-
ited, the SOA is decreased by 50 ms in the next Stop-trial. The
SSRT, which is the time participants needed to inhibit an initi-
ated response, is calculated by means of the difference between
the mean reaction time on correctly answered Go-trials and the
mean Stop-SOA. This measure indicates participants’ rate of inhi-
bition controlling for their speed of responses to Go-trials. This
difference is important, because people who react slower can
inhibit a response more easily than people who react faster on
the same SOAs.

Training session 1 aimed at making participants familiar with
the discrimination task and therefore consisted of 33 Go-trials and
3 Null-events only. In order to practice the inhibition task, train-
ing session 2 consisted of 90 trials (56 Go-trials, 24 Stop-trials, and
10 Null-events). Participants were instructed to react as fast and
accurately as possible to the stimuli and not to wait for the Stop-
Signal, but to try to inhibit their response whenever the Stop-Signal
appeared. They were also informed that they could not always be

successful, because the Stop-Signals were adapted according to an
algorithm which leads to a success rate of 50%.

At the end of the training phase participants were asked to
remember the circumstances under which they would always or
never drink alcohol discussed the week before in order to make the
individual situations accessible during the standardized induction
of the two conditions in the scanner environment. The experi-
menter repeated the scripts for both conditions in detail in order
to facilitate elicitation of accompanying thoughts, feelings, and
bodily sensations.

Exposure of alcohol and control conditions

In both alcohol and control condition all participants listened to
the same standardized auditory scripts while lying in the scanner
environment.

Within the alcohol condition (A), cue reactivity was induced
by instructing participants to remember and imagine the situa-
tion in which they usually drink alcohol before listening to the
standardized script within the scanner environment. In the alco-
hol condition the script referred to the imagination of the typical
place in which the participant would be drinking alcohol including
the typical smell and sounds of this place as well as to the imagina-
tion of the bodily sensations in this situation and the rising urge to
drink alcohol. In addition to the auditory instructions, the smell of
participants’ favorite alcohol was presented by placing a saturated
cloth in the conditioner of the fMRI scanner. This smell of their
favorite alcohol was presented every 5 min for 30 s throughout the
whole experiment.

In the control condition (N), participants were instructed to
imagine the situation, in which they never drink alcohol before
listening to a standardized auditory script containing aspects of
the place in which this situation would occur as the typical sound
and smell. Moreover, it was referred to the bodily sensations in a
comfortable situation and the patients were instructed to concen-
trate on the associated feelings. This time, the smell of oranges was
presented to the participants, which again was offered every 5 min
for 30 s throughout the whole measurement.
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Course of MRI investigation

The subsequent fMRI investigation comprised the accomplish-
ment of two SSPs of about 20 min each intermediated by an
acquisition of the brain structure for about 10 min, and a 20-
min break. The functioning of the buttons required for the SSP
was tested prior to the task execution. Both SSPs comprised
340 trials [210 Go-trials (70%), 90 Stop-trials (30%), and 40
Null-events].

Imminently before the task was performed either the A or N
were induced as described above. To assess the individual cue reac-
tivity, two items of the Alcohol Craving Questionnaire (ACQ-Now;
Singleton, 1996) were answered while lying in the scanner, once,
immediately after the respective induction and another time after
the SSP. The statements (“I want to drink so bad I can almost
taste it.” and “I would feel less restless if I drank alcohol.”) had
to be rated on a seven-point Likert scale (—3 = strongly disagree
to 3 = strongly agree). Higher scores indicate stronger substance
craving.

Finally, at the day of the MRI investigation, patients filled
out the German version of the Brief Symptom Inventory (BSI,
Derogatis and Melisaratos, 1983; Derogatis, 1993; Franke, 2000)
in order to acquire the occurrence of comorbidities and symp-
topathology other than alcohol dependence in the sample. The
BSI is a self-report assessment of a patient’s symptoms on
nine primary dimensions and their intensity at a specific point
in time. The BSI provides t-distributed (M =50, SD=10)
norm values for the nine dimensions and moreover a global
severity index (GSI) can be calculated which allows to quan-
tify the patient’s over all severity-of-illness. Table 2 provides
the information gained from this assessment in our patient
sample.

Table 2 | Comorbidities assessed with the Brief Symptom Inventory.

BSI DEP ANX GSI
1 71 74 74

2 59 48 55
3 71 64 67
4 56 64 51

5 59 64 60
6 80 79 72
7 80 80 80
8 43 54 52
9 43 54 37
10 59 48 49
1 80 80 80
Mean* 63.7 64.5 61.5
SD 13.7 12.4 14.1
SEM 4.1 3.7 4.2
Median 59 64 60
Min—Max 43-80 48-80 37-80

*The table displays t-distributed values (M= 50, SD= 10), values >60 indicate
high psychological stress. BSI, Brief Symptom Inventory; DEFR, depression; ANX,
anxiety; GSI, global severity index; SD, standard deviation;, SEM, standard error
of mean.

MR TECHNICAL PARAMETERS

Structural and functional MR measurements were acquired at
the University hospital of the RWTH Aachen using a 3-T
Magneton TRIO TIM MR scanner (Siemens, Erlangen, Ger-
many) with a standard CP head coil. For functional imaging,
“Akzent_bold” gradient-echo echoplanar T2*-weighted images
(EPI) were acquired [time repetition (TR) = 2400 ms, time echo
(TE) = 30 ms, flip angle (FA) = 90°, field of view (FoV) = 220 mm,
voxel size (VS)=2.5mm x 2.5mm x 2.5mm, basis resolution
(BR) =88 mm x 88 mm, slice thickness (ST)=2.5mm, 42 axial
slices, interleaved slice acquisition].

Anatomical images were acquired using a TI1-weighted
3D magnetization-prepared, rapid acquisition gradient echo
(MP-RAGE) pulse sequence (TR=2300ms, TE=2.98ms,
time inversion =900 ms, FA=9°, VS=1mm x 1 mm x 1.2 mm,
BR =256 mm x 256 mm, ST = 1.2 mm, 160 sagittal slices).

The SSP as well as the ACQ statements were presented by means
of the software “presentation” on a head mounted display inside
the fMRI scanner. Possible visual defects were adjusted with appro-
priate lenses. The volume of the Stop-Signal was adjusted for every
participant, so that each participant was able to hear the tone in a
comfortable manner inside the scanner.

STATISTICAL ANALYSES

Behavioral data

Numerical data were analyzed using the software package PASW
Statistics 18 (SPSS Inc, 2009) applying analyses of variance
(ANOVA) with a within subject factor “condition” (A, N) and
parameters of the SSP (RTs, errors, SSRTs in correct Stop-
and Go-trials) and the two ACQ rating scores (pre and post
SSP) as dependent measures. Moreover, in order to investi-
gate whether the ratings in the ACQ stayed stable across time
in the induction conditions, which would indicate that induc-
tion effects hold throughout SSP, paired T-tests were calcu-
lated between the ACQ ratings pre and post SSP for both
conditions.

fMRI data

Functional data were analyzed with SPM5 (Wellcome Trust
Centre for Neuroimaging, London, UK; http://www.fil.ion.ucl.
ac.uk/spm) implemented in MATLAB 7 (The Mathworks Inc.,
Natick, MA, USA). Data were realigned, normalized into stan-
dard stereotactic space (Talairach coordinates), and smoothed
with a Gaussian Kernel of 8 mm (full width half maximum).
For each participant and each condition (A and N) the follow-
ing events were modeled with a canonical hemodynamic response
function (HRF): correctly responded Go-trials, successfully inhib-
ited Stop-trials, incorrect Go-trials, and Stop-trials that were
responded to.

For the Go-trials the onsets of the events were set to the time
of the presentation of the respective onset stimulus. For the Stop-
trials the event onsets were modeled at the time of the Stop-Signal
due to the high variability of the SOA, hence ensuring a good
coverage of activation related to individual response inhibition.
Finally, for each subject contrast images were calculated and sub-
mitted to a second-level random effects analysis with a within
subject factor “condition” referring to A and N assuming measures
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to be dependent, and a factor “trial type” referring to the con-
trasts of the respective Go- and Stop-trials assuming that these are
independent measures.

As there is a lot of evidence on the relevant brain regions
recruited for Go- and Stop-trials during the performance of
the SSP (Rubia et al., 2001; Aron and Poldrack, 2006; Boecker
et al., 2011) as well as regions intermingled in craving-associated
processes (Miller and Goldsmith, 2001) we conducted specific
region of interest (ROI) analyses to test whether the same brain
areas would be involved during task performance in the partici-
pating subjects in the present investigation as reflected in similar
activation patterns.

As reported in Aron and Poldrack (2006) the IFC (BA 47),
the sub-thalamic nucleus (STN), the globus pallidus (GP; lat-
eral, medial), and the motor cortex (MC; BA 4, 6) were chosen
in the present study as relevant regions for inhibitory processes
within the SSP as assessed with the Stop-trials. Based on the
assumptions of the same authors the prefrontal cortex (PFC;
BA 8,9, 10, 11, 44, 45, 46, 47), the striatum (S), the GP (lat-
eral, medial), the thalamus (TH), and the MC (BA 4, 6) were
selected as areas relevant to response selection, i.e., regions that
should be recruited during the Go-trials (Aron and Poldrack,
2006). In order to test whether these typical brain regions would be
recruited during the SSP task performance we firstly analyzed the
data looking at the total of Stop- and Go-trials across conditions
(Stop_A&N; Go_A&N). Hereafter, we calculated the differential
contrasts for successful Stop- and Go-trials between the conditions
(Stop_A > N; Stop_N > A; Go_A >N, Go_N > A). In all analy-
ses a conservative threshold of p < 0.05, corrected for multiple
comparisons (FWE) and an extend threshold of >1 voxel were
applied.

Moreover, to survey our third hypothesis the left and right lim-
bic lobe as reported in Miller and Goldsmith (2001) served as ROI
for the subsequent analyses. Here we chose to inspect the differ-
ential activation between the conditions (A > N; N > A) applying
conjunction analyses (with p < 0.05, uncorrected on voxel level)
including all Stop- and Go-trials in order to investigate activation
associated with cue reactivity across the complete duration of task
performance.

Altogether, all second level contrasts were calculated within
these specific ROIs (described above) as defined by the aal-
coordinates (Maldjian et al., 2003). Anatomical labeling pro-
vided in the tables was performed with help of the aal-
coordinates provided by the WFU-Pickatlas (Maldjian et al,
2003).

RESULTS

BEHAVIORAL DATA

Exposure of alcohol and control conditions

The ANOVA showed a significant effect for the within subject
factor “condition” [F(4)=4.3; p <0.05; n% = 0.7]. Figure 2
shows that patients indicate a significantly stronger urge to drink
alcohol in the A condition as compared to the N condition in
both items of the ACQ (all p <0.05) before and after the SSP.
Table 3 summarizes means, SDs, and p-values. Importantly, the
results from a subsequent paired T-test showed that the answers

71
L 64 * u
2 **p<0.01
8 *p<0.05
5 51
g 7
o
= 44 —
2 z
S)
k7
©
2 24
3
o
o 14
T T T T T T T T T 1
A N A N A N A N
Item 1 Item 2 Item 1 Item 2
Pre ACQ Post
FIGURE 2 | Exposure of alcohol and control conditions.
Table 3 | Exposure of alcohol and control condition.
A N Statistics’
M(SD)  M(SD)  F(14) p n;
Pre SSP ltem 1 3.1(2.4) 1.6(0.9) 8.7 <0.05 05
ltem2  4.4(18) 2.9(1.6) 21.7 <0.01 0.7
Post SSP ltem 1 2.9(2.4) 15(0.8) 6.0 <0.05 04
tem2  4.1(17) 2.5(1.5) 1.1 <0.01 0.5
pre SSP  post SSP Statistics?
M (SD) M (SD) T(10) P
ltem 1 A 3.1(2.4) 29(2.4) 0.8 0.44
N 1.6 (0.9 15(0.8) 1.5 0.17
ltem 2 A 4.4(18) 4.1(1.7) 0.7 0.52
N 2.9(1.6) 2.5(1.5) 1.5 0.18

A, alcohol; N, neutral; 'ANOVA [F(4)=4.3; p< 0.05; % = 0.7]; ? Paired T-tests.

before and after task performance within the conditions did not
differ indicating that the specific exposure conditions remained
stable over time (values of the paired T-tests are shown in
Table 3).

Stop-signal paradigm

The ANOVA showed no significant effect for the within sub-
ject factor “condition” [F(9) =1.3; p=0.52; n%, = 0.9]. Table 4
summarizes means, SDs, and p-values. There were neither
significant error- nor significant RT differences in the cor-
rect Go-trials and the correctly responded Stop-trials (i.e., tri-
als in which participants pressed the correct button despite
the Stop-Signal) between the induction conditions (A and
N). Importantly, the SSRT as well did not differ between
conditions.
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As the occurrence of other symptoms like anxiousness and
depressive mood is frequent in patients with alcohol dependence
we re-examined our results by including the BSI scores of the
depression and anxiety dimensions and the GSI score as covari-
ates in our analysis. This analysis served to look for effects of cue
exposure conditions on inhibition performance while keeping the
influences of other psychopathology constant. When introduc-
ing the BSI scores as covariates F-statistics reveal no significant
effect of the factor condition on the SSRT [F(1,7) = 5.4; p = 0.053;
n3 = 0.4]. Hence including the covariates into the model did
not change the over all pattern of results. Moreover, this analy-
sis revealed that neither the BSI Depression score [F(1,7) = 0.00;
p=0.9; nf) = 0.00], nor the BSI Anxiety score [F(1,7) =0.33;
p=0.6;13 = 0.05] nor the BSI GSI [F(1,7) =0.11; p=0.7; 1} =
0.02] had any significant effect on the inhibition performance
(SSRT).

Table 4 | Stop-signal paradigm — ANOVA.

N=1 A N Statistics’
M sb m™m SD F(1,10) p "3
Go-RT 594 97 591 123 0.02 0.88  0.00
Stop-RT* 529 88 519 103  0.31 0.59 0.03
SSRT2 231 42 237 48 0.15 0.71  0.02
% Go correct 95 3.1 95 3.9 0.03 0.87  0.00
% Stop correct* 52 2.0 52 2.7 0.12 0.73  0.01
T(10) p
Stop-SOA 363 974 355 149 0.28 0.78

A, alcohol; N, neutral; SOA, stimulus onset asynchrony. *Stop-RT and % Stop cor
rect refer to trials in which subjects correctly reacted despite the Stop-Signal;
TANOVA [F(9)=1.3; p=0.52, 0% = 0.9]; paired T-test (two-sided), Difference
between mean Go-RT and mean Stop-SOA.

fMRI DATA

Exposure of alcohol and control conditions

For A > N the conjunction analysis revealed significant differen-
tial activation in the left hippocampus (peak voxel at: x = —30,
y=—14, z=—11) and the left amygdala (peak voxel at: x = —26,
y = —7,z=—18) whereas the inverse contrast (N > A) showed the
maximum activation in the posterior cingulate cortex (peak voxel
at: x = —4, y = —24, z=27; p < 0.05, uncorrected on voxel level,
extend threshold >1 voxel). Table 5 summarizes all significant
coordinates of the conjunction analyses.

Stop-signal paradigm: Stop_A&N, Go_A&N

Across both conditions the ROI analyses revealed the maximum
activation within the IFG (BA 13; peak voxel at: x =30, y =20,
z=06) during the correct inhibited Stop-trials while the max-
imum activation was located in the precentral gyrus (BA 4)
during the correct responded Go-trials (peak voxel at: x = —46,
y=—13, z=52; p <0.05, FWE corrected, extend threshold >1
voxel). Table 6 summarizes all significant suprathreshold maxima.
Figure 3 displays the distribution of activations for the respective
contrasts.

Stop-signal paradigm: Go_A > N, Go_N> A, Stop_A> N,

Stop_N> A

The differential contrasts between the conditions revealed neither
for the correct responded Go-trials nor for the successfully inhib-
ited Stop-trials any significant suprathreshold activation (p < 0.05,
FWE corrected, extend threshold >1 voxel).

However, in order to account for the small behavioral effects
of the induction as reported by the patients and to unravel
even very small differential activation between the conditions
in the Stop-trials, we also compared data between condi-
tions for the Stop-trials on a more lenient threshold (p <0.05
uncorrected with an extent threshold of >1 voxels). Applying

Table 5 | Exposure of alcohol and control condition - conjunction analysis.

k* p** Z¥*** Talairach coordinates’ Region label and (BA) Hemisphere
x y z

A > N?
36 0.003 2.77 -30 —-14 -1 Hippocampus L
54 0.005 2.59 —26 -7 -18 Amygdala L
N > A2
40 0.003 2.79 —4 —24 27 Cingulate gyrus (BA 23) L
38 0.005 2.56 8 23 41 Cingulate gyrus (BA 32) R
67 0.007 2.46 —4 -1 28 Cingulate gyrus (BA 24) L
4 0.012 2.25 -20 34 15 Anterior cingulate (BA 32) L
19 0.013 2.21 24 -3 -28 Uncus (BA 36) R
25 0.015 2.17 18 13 31 Cingulate gyrus (BA 24) R
15 0.02 2.06 6 -35 39 Cingulate gyrus (BA 31) R
7 0.034 1.83 -12 -39 39 Cingulate gyrus (BA 31) L
2 0.049 1.66 38 —-24 —-22 Parahippocampal gyrus (BA 36) R

"Talairach coordinates of the voxel of maximal statistical significance, ? Conjunction across all stop- and go-trials; A, alcohol; N, alcohol-neutral condition; L, left; R,

right; *Number of voxels; **p < 0.05, uncorrected; ***Z-score for the voxel of maximum significance.
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Table 6 | Activation in the stop-signal paradigm across conditions.

k* p** Z*** Talairach coordinates’ Region label and (BA) Hemisphere
x y z
Stop_A&N?2
1279 0.037 4.26 30 20 6 Inferior frontal gyrus (BA 13) R
Go_A&N?
503 0.002 5.04 —46 -13 52 Precentral gyrus (BA 4)
88 0.010 4.69 —61 —13 41 Precentral gyrus (BA 6)

"Talairach coordinates of the voxel of maximal statistical significance, ? Stop-and Go-trials across both conditions; A, Alcohol, N, alcohol-neutral condition; L, left; R,

right; *Number of voxels; **FWE p < 0.05; ***Z-score for the voxel of maximum significance.

FIGURE 3 | Activation during correct responded Go-trials and
successfully inhibited Stop-trials across conditions; SPM5; ROI;
p < 0.05, corrected for multiple comparisons (FWE).

this threshold revealed most significant differential activation
within the IFG (BA 9) for the contrast A>N and within
the GP for the inverse contrast (N> A). Table 7 summa-
rizes all remaining suprathreshold activations and Figure 4 dis-
plays the distribution of activations for the respective post hoc
contrasts.

DISCUSSION

The resource depletion model (Muraven and Baumeister, 2000)
and the cognitive processing model of craving (Tiffany and Con-
klin, 2000) both postulate that effortful mental processes interfere
with other cognitive tasks (e.g., response inhibition) when trig-
gered by situations in which craving is induced and self-control
is demanded. Based on these assumptions we examined the effect
of an alcohol cue exposure on the ability of detoxified alcohol-
dependent patients to inhibit their ongoing responses in a SSP
and the associated neural activation.

The finding that alcohol-dependent patients report a stronger
urge to drink alcohol when confronted with alcohol-related
cues is in line with results reported in previous studies
(Schneider et al., 2001; Muraven and Shmueli, 2006; Gauggel
et al., 2010). Moreover, looking at the elicited neural activa-
tion during the alcohol exposure indicates that typical brain
regions were triggered. Amygdala and hippocampus are both
key structures within the limbic system, which in turn has
been reported to orchestrate stress responses and reward-
related aspects within drug abuse and craving processes by

incorporating the anatomical requirements for successful accom-
plishment of emotional as well as motivational tasks (Rodriguez
de and Navarro, 1998; Miller and Goldsmith, 2001; Heinz et al.,
2010).

Cue reactivity is a learned response that connects a substance
and the typical surroundings and context under which consump-
tion takes place. On the neural level amygdala and hippocampus
are recruited to correctly remember such situations and the emo-
tions that are associated with the circumstances of drug consump-
tion and experience (Schneider et al., 2001; Goldstein and Volkow,
2002; Weiss, 2005; Heinz et al., 2010). Our results are in accordance
with the above assumptions underpinning that the participants
were vividly reminded of the respective situation and that alco-
hol cue exposure involved conditioned emotional responses as
mediated by the amygdala and hippocampus.

The finding that the neutral control condition was predom-
inantly associated with elicited activation within the posterior
cingulate cortex and not with activation of the amygdala or
hippocampus further strengthened the discovery that solely the
alcohol cue exposure elicited conditioned emotionally laden cue
reactivity responses. While Goldstein and Volkow (2002) found
the ACC to be associated with higher order motivational func-
tions and attention processes, such as context dependent tracking,
modulating, and updating certain values as a function of the expec-
tation and ability to control and suppress behavior, the general
heterogeneity of the functional associations of the cingulate cor-
tex is long known (Vogt et al., 1992). For example, anatomically
the anterior cingulate is reciprocally connected to the amygdala
whereas the posterior cingulate cortex is not. Researchers describe
the role of the ACC in intoxication and craving, and its deacti-
vation during withdrawal but rarely embed the posterior part, a
region involved in functions considered to be untypical for the
limbic system, in the discussion (Goldstein and Volkow, 2002).
More generally, the ACC has been described as a region serv-
ing executive functions whenever behavioral and neuroendocrine
responses need to be controlled while it is suggested that the pos-
terior part is predominantly involved in assessing context and
memory rather than initiating behavioral processes (Vogt et al.,
1992). Although the parts of the cingulate cortex certainly are
not independent, one might speculate, that the activation found
in our investigation during the alcohol-neutral exposure indeed
reflects recruitment of environmental or context factors, namely
such information that represent situations in which the patients
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Table 7 | Differential activation between conditions during correct inhibited Stop-trials.

k* p** Z**¥ Talairach coordinates’ Region label and (BA) Hemisphere
X y z
Stop_A > N2
327 0.000 3.36 57 5 22 Inferior frontal gyrus (BA 9) R
224 0.002 2.82 -28 27 -1 Inferior frontal gyrus (BA 47) L
66 0.004 2.63 14 —-18 67 Precentral gyrus (BA 6) R
13 0.015 2.17 6 -31 72 Paracentral lobe (BAG) R
20 0.018 2.09 44 -1 56 Precentral gyrus (BA 4) R
7 0.019 2.07 18 -32 62 Postcentral gyrus (BA 4) R
0.023 2.00 18 —24 66 Precentral gyrus (BA 4) R
0.029 1.90 —48 42 -1 Inferior frontal gyrus (BA 47) L
2 0.029 1.89 -20 -5 8 Inferior frontal gyrus, GP L
15 0.030 1.88 28 25 —15 Inferior frontal gyrus (BA 47) R
14 0.030 1.88 —46 27 -1 Inferior frontal gyrus (BA 47) L
2 0.033 1.84 -30 38 -9 Middle frontal gyrus (BA 47) L
2 0.036 1.80 48 -5 9 Precentral gyrus (BA 6) R
2 0.038 177 48 48 -2 Inferior frontal gyrus (BA 10) R
2 0.045 1.70 61 20 21 Inferior frontal gyrus (BA 45) R
Stop_N > A2
66 0.001 3.03 18 -8 -3 Lentiform nucleus, GP R
8 0.001 3.03 18 1 64 Superior frontal gyrus (BA 6) R
12 0.004 2.67 —28 1 61 Middle frontal gyrus (BA 6) L
67 0.005 2.59 -18 5 66 Superior frontal gyrus (BA 6) L
38 0.006 2.53 30 -18 67 Precentral gyrus (BA 6) R
14 0.011 2.28 —40 9 35 Middle frontal gyrus (BA 9) L
31 0.012 2.26 20 24 56 Superior frontal gyrus (BA 6) R
7 0.013 2.23 24 —4 68 Superior frontal gyrus (BA 6) R
30 0.016 2.15 24 -27 3 Thalamus R
7 0.016 2.13 57 35 -3 Inferior frontal gyrus (BA 47) R
21 0.018 2.1 —6 -13 50 Medial frontal gyrus (BA 6) L
20 0.019 2.08 —6 -9 12 Thalamus, Anterior nucleus L
18 0.019 2.08 -8 19 62 Superior frontal gyrus (BA 6) L
4 0.020 2.06 18 —1 9 Lentiform nucleus, GP R
4 0.027 1.92 —-34 -25 49 Precentral gyrus (BA 4) L
3 0.032 1.85 —-57 31 -5 Inferior frontal gyrus (BA 47) L
3 0.034 1.83 24 -1 4 Lentiform nucleus, GP R
3 0.034 1.83 48 35 -3 Middle frontal gyrus (BA 47) R

"Talairach coordinates of the voxel of maximal statistical significance; ? Correctly inhibited Stop-trials between conditions; A, alcohol; N, alcohol-neutral condition; L,

left; R, right; *Number of voxels; **p < 0.05, uncorrected, ***Z-score for the voxel of maximum significance.

would never drink alcohol, but that this condition did not evoke
emotionally laden cue reactivity responses similar to the alcohol
exposure.

In the study at hand we hypothesized according to the resource
depletion model and according to assumptions made by the cog-
nitive processing model of craving (Tiffany, 1999; Muraven and
Baumeister, 2000; Tiffany and Conklin, 2000), that the conducted
alcohol cue exposure should have resulted in diminished perfor-
mances in the SSP in patients with alcohol dependence. On the
neural level we therefore expected that albeit typical brain regions
should be activated during task performance across conditions, a
finding strengthening the premise that the paradigm effectively

operated, differential neural activation should become evident
during the Stop-trials predominantly within the IFC between the
two exposure contexts.

On the behavioral level, we could not replicate the findings
by Muraven and Shmueli (2006) or Gauggel et al. (2010) who
found that, when confronted with alcohol-smell, the performance
in the SSP in social drinkers and alcohol-dependent patients is
impaired. The participating patient sample in our study did not
show any differences between the performances during the alcohol
cue exposure and the control condition. RTs, error rates, and most
importantly SSRTs did neither differ in the Go- nor in the Stop-
trials between conditions. Even when controlling for the influence
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FIGURE 4 | Differential activation between conditions during
successfully inhibited Stop-trials; SPM5; ROI; p < 0.05, uncorrected on
voxel level.

of typical comorbidities in alcohol dependence, like depression
and anxiety, the over all pattern of results did not change. More-
over, these findings were accompanied by only subtle differen-
tial neural activation in the postulated regions between the two
exposure conditions, although across conditions the characteris-
tic neural activation during task performance was elicited (Aron
et al., 2003; Aron and Poldrack, 2006; Boecker et al., 2011). Even
though the study was designed on the basis of successful exper-
iments which suggested the postulated direction of results and
although we believe we could improve the induction of conditions
there might be several reasons for the discrepant findings.

First, it could be that the alcohol-dependent subjects could
neither perform the task during the alcohol cue exposure nor
the neutral condition. When comparing our behavioral results
in both conditions with findings by Aron et al. (2003) our par-
ticipants show longer RTs compared to a healthy sample of a
similar age and similar RTs as patients with lesions of the right
frontal lobe. Hence, it could be that the patients in our study dis-
play a floor effect, i.e., generally slow RTs under both conditions,
which impeded an additional slowing of responses through our
alcohol cue exposure. However, this argument remains specula-
tive as no healthy control group was included in the study and
other research, including our own investigations, found similar
RTs in healthy and alcohol-dependent samples (Gauggel et al,,
2010; Boecker et al., 2011). Hence, as shown in our previous inves-
tigation (Gauggel et al., 2010) we expected the differences between
conditions to be strong enough to become evident in a within
subject design — a presumption we could not substantiate with
our investigation.

A second explanation why the RTs and SSRTs in the Stop-
trials between alcohol and neutral cue exposure did not dif-
fer could be that the urge to drink alcohol has no influence
on performance at all. Although this is a weak assumption as
most research, including our own (Gauggel et al., 2010), found
stable evidence for a close connection between craving-related
processes and impaired (inhibition) performance (Noel et al,
2001, 2007; Fillmore, 2003; Kamarajan et al., 2005), there are
studies reporting divergent findings (Bradizza et al., 1995; Town-
shend and Duka, 2007). For example Bradizza et al. (1995),
trying to test Tiffany’s predictions that urges to drink alcohol
would interfere with performance on cognitive demanding tasks,
could not provide support for Tiffany’s assumptions. Moreover,

Townshend and Duka (2007) found an avoidance of alcohol-
related stimuli in alcohol-dependent inpatients in comparison
to social drinkers. However, according to incentive salience theo-
ries (Robinson and Berridge, 1993) attentional orientation toward
alcohol-related cues is an important conditioned response mediat-
ing drug-seeking in alcoholic subjects. Moreover, alcohol-relevant
cues can increase attention toward alcohol-related stimuli inter-
fering with the processing of other ongoing tasks (Cox et al,
1999). The authors interpreted these findings as evidence that
patients become increasingly aware of their inability to control
their drinking behavior during therapy leading to an attention
withdrawal when confronted with alcohol-related stimuli rather
than an attention bias toward the drug-related cues (Townshend
and Duka, 2007). This assumption was further supported by
the results found in the assessment of craving with a question-
naire providing scores on four factors of alcohol craving. Here,
the patients rated their perceived “loss of control over drink-
ing” higher and “mild desires and intentions to drink” lower
compared to social drinkers (Townshend and Duka, 2007). Out-
going from the above assumptions one might speculate that our
patients actively detracted their attention from the wish to con-
sume alcohol hence leaving the performance unaffected between
the conditions. This would go in line with the over all rela-
tively low ratings on the urge to drink alcohol in the ACQ.
The SSP is moreover a task which is quite attention consum-
ing and might have facilitated a successful distraction from other
processes.

Finally it is possible that the craving intensity or the urge to
drink alcohol as elicited with our induction procedure was simply
not strong enough to have a significant impact on task perfor-
mance and thereby lead to different RT and SSRTs between the
conditions. After all we do observe differences between the expo-
sure conditions as reflected in a higher self-reported desire to drink
in the items of the ACQ after alcohol cue exposure as well as in
differential neural activation between the two conditions in brain
areas relevant to craving-related processes. Moreover, when apply-
ing a more lenient threshold on the neural data for the SSP we find
differential activation in the hypothesized brain network between
conditions.

During alcohol cue exposure the Stop-trials revealed maximum
differential activation within the rIFC which is known to play the
key role in the ability to perform tasks where inhibition of ongoing
responses is required. Numerous studies on healthy subjects and
patients support this assumption (Rubia et al., 2001, 2003; Aron
et al., 2003, 2004; Rieger et al., 2003; Aron and Poldrack, 2006;
Chambers et al., 2006; Boecker et al., 2011).

The alcohol-neutral exposure on the contrary elicited max-
imum differential activation within the GP during the Stop-
trials. This region is also known to be intermingled in inhibitory
processes (Aron and Poldrack, 2006) a fact which was expected as
we assumed the patients to try to inhibit their responses under both
conditions. Looking at the neuroanatomical connections between
regions involved in inhibitory processes initially the STN receives
excitatory input from the frontal lobes (IFC; BA4, 6, 8; Mink, 1996;
Aron and Poldrack, 2006). The GP as part of the basal ganglia
receives excitatory output from its connection to the STN and fur-
ther sends output projections to thalamus and brainstem (Mink,
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1996). Interestingly, applying the more lenient threshold we also
find differential activation of the thalamus during the alcohol-
neutral condition and not during the alcohol cue exposure. It
seems that looking at the neural network of motor response inhi-
bition STN, GP, and thalamus are triggered subsequently after the
IFC (Mink, 19965 Aron and Poldrack, 2006). This would support
the view that in our patients, when confronted with alcohol-related
cues, neuronal the inhibitory processes are affected at a very early
level of processing compared to the control condition. One might
speculate that the patients put more effort into successful response
inhibition under alcohol cue exposure from the very beginning
resulting in enhanced activation of the IFC to compensate possible
impairments in subsequent mechanisms.

Functionally, it has been shown that a stimulation of the STN
improves the SSRT in patients and that lesions of this region led to
impaired performance (slower SSRTs; van den Wildenberg et al.,
2006; Eagle et al., 2008). Moreover in a study by Aron and Pol-
drack (2006) the GP was activated during successfully inhibited
Stop-trials but not during Stop-trials that were responded to. Both
results argue for our finding that the neutral exposure condition
during which we expected the patients to be more successful in
inhibiting ongoing responses elicited a maximum of activation in
the GP, i.e., in parts of the basal ganglia intermingled in successful
inhibitory motor responses.

A review on the role of the basal ganglia in motor responses
states that the basal ganglia broadly inhibit competing motor
mechanisms thereby allowing actions to proceed without inter-
ference (Mink, 1996). When intended movement is generated,
as for example through the presentation of an onset stimulus
in the SSP, motor areas in the cerebral cortex send a signal to
the STN leading to an excitation of the GP and a subsequent
inhibition of motor pattern generators for competing motions.
Moreover, it is described that depending on the movement and
involved mechanisms, the number of concurring mechanisms may
increase leading to progressive slowing of the actions (Mink, 1996).
Hence when during the inhibition of an already initiated response
resources are required through processes triggered by an alcohol
cue exposure (adding even more competing mechanisms to the
desired movement) this should have an impact on the RTs and
SSRTs in the SSP and be neuronally reflected by aberrant activa-
tion of areas related to the basal ganglia as the GP. As we could not
detect any behavioral deficits in our alcohol-dependent sample the
subtle neural differences between induction conditions during the
performance of the SSP are only coherent.

Altogether the above assumptions remain speculative. The
study at hand suffers from some general limitations which could
have led to the subtle results in comparison to other studies as the
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