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Abstract

Literature

One prominent symptom in addiction disorders is the strong desire to consume a particular

substance or to display a certain behaviour (craving). Especially the strong association

between craving and the probability of relapse emphasises the importance of craving in the

therapeutic process. Neuroimaging studies have shown that craving is associated with

increased responses, predominantly in fronto-striatal areas.

Aim and Methods

The aim of the present study is the modification of craving-related neuronal responses in

patients with alcohol addiction using fMRI real-time neurofeedback. For that purpose,

patients with alcohol use disorder and healthy controls participated once in neurofeedback

training; during the sessions neuronal activity within an individualized cortical region of inter-

est (ROI) (anterior cingulate cortex, insula, dorsolateral prefrontal cortex) was evaluated. In

addition, variations regarding the connectivity between brain regions were assessed in the

resting state.

Results and Discussion

The results showed a significant reduction of neuronal activity in patients at the end of the

training compared to the beginning, especially in the anterior cingulate cortex, the insula,

the inferior temporal gyrus and the medial frontal gyrus. Furthermore, the results show that

patients were able to regulate their neuronal activities in the ROI, whereas healthy subjects

achieved no significant reduction. However, there was a wide variability regarding the

effects of the training within the group of patients. After the neurofeedback-sessions, individ-

ual craving was slightly reduced compared to baseline. The results demonstrate that it
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seems feasible for patients with alcohol dependency to reduce their neuronal activity using

rtfMRI neurofeedback. In addition, there is some evidence that craving can be influenced

with the help of this technique.

Future Prospects

In future, real-time fMRI might be a complementary neurophysiological-based strategy for

the psychotherapy of patients with psychiatric or psychosomatic diseases. For that purpose,

the stability of this effect and the generalizability needs to be assessed.

Literature
Alcohol dependence is characterised by criteria such as tolerance development, withdrawal
symptoms, drug craving and reduced control of alcohol intake [1]. One of the most prominent
symptoms in addiction disorders is the strong desire to consume a particular substance (crav-
ing). Craving ranks among the most important aspects of relapse. The exposure to stimuli,
which have regularly been associated with drug consumption as well as addiction behaviour,
can become conditioned cues eliciting conditioned responses, such as drug consumption and
craving [2,3,4]. The strong association between craving and the risk of relapse emphasises the
importance of craving within the therapeutic process.

Neuroimaging studies have revealed some evidence for the association of ACC and medial
frontal areas during cue exposure [5]. In addition, the orbitofrontal cortex [OFC] [6,7], the
dorsolateral prefrontal cortex [DLPFC] [8], the thalamus [8] and the striatum [5,9] seem to be
affected. Grusser and colleagues (2004) have described that a neuronal network seems to be
activated by drug-associated and alcohol-associated stimuli, including the ACC and the adja-
cent medial prefrontal cortex, the ventral/dorsal striatum, the amygdala and the hypothalamus.
In addition, increased BOLD signal responses in the striatum and the medial PFC were related
to the subsequent relapse rate [10].

Li and colleagues (2013) have demonstrated that the reduction of neuronal activity in addic-
tion-associated brain areas can be accompanied by reduced craving [11]. For that purpose,
neurofeedback with functional Magnetic Resonance Imaging (fMRI) was used. In summary,
the concept of neurofeedback suggests possibilities to voluntarily influence brain activity. The
effect of neurofeedback could well be explained by the basis of behavioural therapy (operant
conditioning). Basically, it is a learning process which leads to the strengthening of distinct
behaviours [12]. Up to now, predominantly electroencephalography was used for neurofeed-
back, e.g. in patients with attention deficit/hyperactivity disorder [13,14,15,16,17], for the com-
munication with severely paralysed patients [18,19,20,21], or to suppress epileptic activity [22].
However, with EEG-neurofeedback it is difficult to modulate the activity in small brain areas
because of the low spatial resolution. In addition, the activity of subcortical regions cannot be
modulated.

Real-time fMRI (rtfMRI) provides a relatively new approach to measure neuronal responses
and neurofeedback (NF) using functional Magnetic Resonance Imaging (fMRI). Using real-
time fMRI (rtfMRI) the level of neuronal activity in circumscribed brain regions can be fed
back to participants [23,24,25]. Thus, the goal is not just activation, but an enhancement of
control over brain activation corresponding with an enhancement of control over the related
cognitive process [26]. Several studies have demonstrated that the successful manipulation of
activity in the sensory-motor area is suitable to increase the BOLD signal in motor,
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somatosensory and supplementary motor areas [27,28,29,30]. The main focus of more recent
studies has been the manipulation of blood oxygenation level dependent (BOLD) responses in
areas which are related to cognitive and emotional processes [25,31,32,33,34,35,36,37,38].

It has been shown that rtfMRI-associated neuronal variations can lead to cognitive and
emotional changes [39]. Several studies using control conditions indicated that unspecific neu-
rofeedback-training does not lead to learned regulation of localised brain activity: persons who
received rtfMRI information derived from brain regions that either are supposed to be not
involved in the processing of the present task [39,40,41] or from a previously tested participant
[40] were not able to control their brain responses accordingly [39,40];their behaviour did not
change. In a recent study, real-time fMRI was used in subjects with contamination anxiety
[42]. The results indicated reduced activity in brain areas which have been associated with
emotional processing (e.g. insula and adjacent areas, hippocampus, amygdala, substantia nigra,
thalamus) after neurofeedback training. By contrast, BOLD responses in brain areas have been
linked to emotion-regulation and cognitive control (e.g. prefrontal cortex). These variations
could not be shown in the group which received neurofeedback of a brain region that is not
associated with the task (sham neurofeedback). In addition, a modulation of functional con-
nectivity in anxiety-related brain areas was demonstrated [42].

Until now, there have only been a few studies focusing on the effect of rtfMRI in patients
e.g. patients with chronic pain and major depression [40,43, 44]. Li and colleagues (2013)
examined the ability of patients with tobacco use disorder to regulate the activity in frontal
brain areas (e.g. ACC, middle prefrontal cortex). Smokers were able to reduce the activity in
the ACC during the presentation of addiction-related cues. The reduction of neuronal activity
was accompanied by reduced craving [11]. Hence, at least a temporary reduction of craving
was demonstrated.

Canterberry and colleagues (2013) examined neurofeedback as a tool to facilitate self-regu-
lation of craving in nicotine-dependent cigarette smokers. Altogether, neurofeedback led to
decreases in self-reported craving and activation in the ACC. Dependence severity predicted
response to neurofeedback at the last visit: individuals with lower nicotine-dependence severity
were more successful in reducing ACC activation [45]. In addition, Hanlon and colleagues
(2013) demonstrated that treatment-seeking smokers are more effective at decreasing activity
in functionally defined regions involved in craving (e.g. ventral anterior cingulate cortex rather
than increasing activity in regions involved in “resisting” (e.g. dorsal medial prefrontal cortex)
[46].

Ruiz and colleagues (2013) examined rtfMRI-responses in patients suffering from schizo-
phrenia. Their results demonstrated abnormal connectivity between brain regions e.g. fronto-
temporal areas or variations in the connectivity, especially among frontal and limbic brain
areas. The results of a resting state paradigm indicated that self-regulation capability was nega-
tively correlated with the severity of negative symptoms and the duration of the illness. In addi-
tion, self-regulation led to changes in emotion detection. At the end of the training, effective
connections between insula cortex, amygdala and medial PFC were enhanced [47].

The aim of the present project was to investigate the feasibility of rtfMRI neurofeedback to
influence both neuronal responses and craving to addiction-related cues in patients with alco-
hol use disorder. For that purpose, brain responses in areas, which are associated with craving
were modulated in patients with alcohol dependence. The main hypotheses were that BOLD
responses in circumscribed brain areas can be modulated with the aid of rtfMRI neurofeedback
and that these processes are related to decreased subjective craving ratings after neurofeedback
sessions. In addition, we speculated that functional differences regarding true rtfMRI could be
enhanced compared to baseline in the sense that an improved down-regulation of hyper-con-
nectivity in brain regions like the insular cortex, ACC or DLPFC may be of clinical relevance
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(Seo et al. 2013). To further specify this hypothesis we defined seed-based regions of interest
(ROIs) partly belonging to the Default Mode Network (DMN) like the ACC and craving-rele-
vant regions beyond the DMN like the insular cortex. We further hypothesise that a possible
change in the BOLD signal of these ROIs may change seed-based functional connectivity in
broader parts of the human brain.

Methods

Subjects
Characteristics of the true neurofeedback group. The study included the investigation of

13 patients with alcohol addiction and 14 healthy controls. All patients were recruited from a
specialised therapeutic programme for alcohol-addiction: stationary detoxification in a ward
specialising in drug addiction at the Department of Psychiatry and Psychotherapy; LMU
Munich. All patients were diagnosed by two experienced and licensed psychiatrists in line with
the criteria of the international classification of disease (ICD 10), F10.2 requiring the presence
of at least three of six criteria. Participation in the study did not influence treatment strategies
for patients; the participation in the neurofeedback-study was an add-on to the standard
treatment.

The study was approved by the ethics committee of Medical Department of the Ludwig-
Maximilians-University Munich. The investigation was carried out in accordance with the
Declaration of Helsinki. Written informed consent was obtained from each participant after
procedures had been fully explained. The consent procedures were approved by the ethics
committee.

The key exclusion criteria for MRI were respected (e.g. claustrophobia, pregnancy, metal,
cardiac pacemaker). The inclusion criteria for both groups were age between 18–60 years. In
healthy controls an additional exclusion criterion was a lifetime diagnosis of a neurological and
/ or psychiatric disorder. In addition, patients with the ICD-10 diagnosis of alcohol addiction
were included (F 10.2). Patients with a further neurological and / or psychiatric disorder were
not included in the study.

Characteristics of the sham neurofeedback group. Apart from these two patients and 5
controls were included in a control condition with sham neurofeedback. The patients of the
sham neurofeedback rtfMRI were 43 years (men) and 54 years (woman) old. In the sham con-
trol group 4 men and 1 woman, aged between 22 years and 43 years, were assessed.

Screening procedures
A short diagnostic screening was carried out as a screening for neurologic and/or psychiatric
diseases. The symptomatology of the patient groups was determined using various inventories
(e.g. Obsessive Compulsive Drinking Scale). In addition, affective aspects and personality fac-
tors were assessed using several questionnaires (e.g. Beck Depression Inventory (BDI), State-
trait anxiety questionnaire (STAI)).

The BDI scores of patients (mean: 9.9) were significantly higher than those of healthy con-
trols (mean: 3.2; p = 0.018). The STAI score did not differ significantly between patients
(mean: 35.36) and the control group (mean: 29.79; p = 0.120).

Picture material and stimulation paradigm
The visual stimulation consisted of 30 alcohol-relevant pictures and 30 neutral pictures. Neu-
tral pictures were taken from the International Affective Picture System (IAPS, http://csea.
phhp.ufl.edu). The alcohol-relevant pictures showed specific triggers for alcohol consumption
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e.g. glasses of wine and/or beer, bottles of alcohol, persons drinking alcohol. All pictures were
shown for four seconds, each presented in blocks of 40 seconds. Exactly the same picture
sequence was presented to patients and their matched control subjects (see Fig 1).

FMRI measurements took place at the Institute for Clinical Radiology, Ludwig-Maximi-
lians-University Munich. Patients and healthy subjects participated in an rtfMRI session. The
fMRI session comprised two paradigms: (1) cue exposure and (2) neurofeedback paradigm.

(1) Cue exposure: Neutral pictures and addiction-related cues were presented to the partici-
pants. The pictures were presented in pseudo-randomised order. BOLD responses during the
neutral condition and drug-related pictures were compared in order to define areas of the pre-
frontal cortex with increased BOLD signals in response to alcohol stimuli exposition which are
linked specifically to cue exposures in each participant. An individual region of interest (ROI)
was defined for each patient with true rtfMRI comprising the brain area with the most exten-
sive addiction-related BOLD response in the anterior cingulate cortex (e.g. Childress et al.
1999), the dorsolateral prefrontal cortex (Georg et al. 2001) or the insula. In healthy subjects,
the ROI was also placed in the prefrontal cortex comprising a brain area with enhanced BOLD
responses during the presentation of alcohol-related information as compared to neutral pic-
tures. In patients with sham rtfMRI, a brain area, which has demonstrated not to be influenced
by the presentation of alcohol cues was selected for the ROI analysis (e.g. the cuneus).

(2) Neurofeedback-paradigm (using Turbo-BrainVoyager, http://www.brainvoyager.com/
TurboBrainVoyager.html): During the rtfMRI sessions neutral and drug-related pictures were
displayed in blocks of 40 seconds. The alcohol-related pictures were generated for the study
and were not used in any other study before. During each block, each picture was presented for
4 seconds. During one single neurofeedback session, 5 blocks of neutral pictures and 4 blocks
of addiction-related pictures were shown. Each block lasted about 6 minutes. Patients partici-
pated in 4 neurofeedback sessions taking place consecutively (see picture 1).

Patients with alcohol dependence disorder were divided into two subgroups:
(1) True neurofeedback (experimental intervention): Neutral and alcohol-relevant pictures

were presented together with the individual BOLD response in the individual prefrontal cortex
ROI, which was identified during the cue exposure paradigm. The ROI activity was presented
as continuous feedback using a “graphical thermometer” based on the top one-third of voxels
with the highest t-values. Participants were instructed to decrease the responses of the feed-
back-thermometer during the presentation of addiction-cues. During the neutral condition,
participants were asked to gaze at the pictures.

(2) Sham neurofeedback (control condition): Apart from the pictures, individual BOLD
responses of a sham ROI were presented to the participants as feedback via a thermometer.
The sham ROI was placed in a brain area that is not related to craving and/or cue exposure

Fig 1. Experimental paradigm: presentation of neutral and alcohol-related pictures in blocks of 40
seconds with 10 pictures of the respective category; participants were instructed to reduce brain
activity during the presentation of alcohol-associated information; during the presentation of neutral
information, participants were instructed to simply gaze at the pictures [green: presentation of
alcohol-related pictures; grey: presentation of neutral pictures].

doi:10.1371/journal.pone.0133034.g001
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(e.g. cuneus). Patients were instructed to decrease the responses of the feedback-thermometer
during the presentation of addiction-cues.

Resting state condition
A resting-state sequence (fcMRI) was included directly before and after the neurofeedback-
training. The resting state-task took about 8 minutes before and after rtfMRI. For fcMRI data
acquisition at rest, patients were instructed to keep their eyes closed without falling asleep, and
try to think of nothing in particular. Measurements were acquired at exactly the same time of
day to ensure equal inter-day testing conditions.

Assessment of the intensity of NF strategies and craving. After the fMRI scans, all par-
ticipants attended a brief structured interview to determine the strategies which they employed
to help them to reduce their craving. Craving was assessed before the resting state session out-
side the MRI scanner using the Obsessive Compulsive Drinking Scale [OCDS]. In addition,
two questions about the current intensity of craving (urge to drink; control of drinking behav-
iour) were asked before and after the neurofeedback training. The results of these questions
were summed up.

MRI data acquisition and fMRI data analysis
FMRI-imaging was performed in a 3 Tesla Philips scanner with echo planar capability. A
three-dimensional MPRAGE data set (T1-weighted) was acquired for each subject for anatom-
ical referencing. For functional BOLD imaging during the neurofeedback-paradigm an EPI
sequence was acquired in the same position as the anatomical images (repetition time: 2000
ms; echo time (TE): 35 ms; 25 axial slices; Field of View: 230 x 230 x 132 mm; spatial resolution:
3 x 3 x 3 mm; slice thickness: 4 mm; gap: 0.15 mm).

The initial processing and analysis as well as the feedback for the participants were done
using the TurboBrainVoyager software package. The further post-processing of data and analy-
sis of the fMRI data was carried out by the BrainVoyager software package (Brain Innovation,
Maastricht, Netherlands). The first 5 images were excluded from any further analysis due to
relaxation time effects. The preprocessing of the functional data included high-pass filtering
(cutoff: three cycles in a time course) to low frequency signal drift inherent in echo planar
imaging, a slice scan time correction, spatial smoothing (Gaussian filter with FWHM 8.0 mm),
and a 3D motion correction. In addition, functional images were transferred to a standard
Talairach brain. Significant BOLD activity was determined by a cross correlation of MR image
pixel intensity with an expected hemodynamic response function. Voxelwise t-tests were used
to identify those brain areas where the signal change was significantly different between alco-
hol-related responses and neutral stimuli. For each participant the conditions alcohol-relevant
pictures and neutral were calculated as regressors.

In addition, the results of the individual ROIs were calculated: the percentage variations of
the number of activated voxels during the presentation of alcohol relevant information minus
neutral pictures were calculated separately for each participant before and after rtfMRI
measurements.

Resting-state paradigm: acquisition and analysis
Data for functional connectivity were acquired using an echo-planar imaging (EPI) sequence
with the following parameters was used: Repetition time (TR): 2500 ms, echo time (TE): 25 ms,
flip angle (FA): 90 deg., spatial resolution: 3 × 3 × 3 mm3, imaging matrix: 76 × 77, field-of-
view (FoV): 230 × 230 × 132 mm, number of slices: 44, number of volumes: 180 and SENSE:
1.8 (p reduction, AP). The analysis of functional MRI connectivity was done as described
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previously in more detail (Keeser et al. 2011). The scripts have been updated to the latest ver-
sion using the C-PAC code (http://fcon_1000.projects.nitrc.org/indi/cpac/index.html) and the
software packages AFNI (http://afni.nimh.nih.gov/afni) and FSL, software version 5.0.6 were
used. Preprocessed time series data from the entire data set (pre- and post-measurements)
were concatenated across subjects to create a single 4D dataset that was decomposed using
MELODIC (Multivariate Exploratory Linear Optimized Decomposition into Independent
Components) built in FSL. Independent components were estimated using the automatic
dimensionality estimation function in FSL. The dual regression approach was used to evaluate
the Default Mode Network (DMN) pre- and post Neurofeedback training for visual purposes
only as key regions (anterior cingulate cortex (ACC), BA 9) of the DMN were selected for the
seed-based functional connectivity analysis. As head motion can influence fcMRI [48,49] the
mean relative displacement (in mm) of each brain volume in relation to the previous one was
estimated for the translation parameters xyz-direction across all time points.

Seed-based analysis of functional connectivity
For the preprocessing of EPI (functional) and T1 (anatomical) data the Analysis of Functional
Images (AFNI) software (Cox, 1996; http://afni.nimh.nih.gov/) was used. 180 Resting-State
volumes were included in the analysis. The first three volumes of each scan were discarded to
avoid equilibration effects using 3dTCat. For each volume the outlier fraction was computed
using the tool 3dToutcount and data was „de-spiked”using 3dDespike. All slices were slice
time corrected using 3dTshift. A 12-parameter affine transformation registered each partici-
pant’s anatomical scan with the TT_N27 template, and the anatomy was warped to Talairach
space (Talairach & Tournoux, 1988). This transformation was also applied to the functional
data and an 8 mm full-width half maximum (FWHM) Gaussian filter was applied in order to
smooth the volumes accordingly. A six-parameter rigid body transformation corrected head
motion was used, demeaned motion parameters and derivatives were calculated and excessive
motion was censored. Subjects who exhibited excessive head motion were excluded from fur-
ther analysis. A regression analysis was done including the average signal from white matter
voxels, ventricle voxel activations, head motion and band-pass filtering (0.01–0.1) using
AFNI’s 3dDeconvolve to remove nuisance signals from the voxel time course was adjusted.
Subjects that exhibited excessive head motion were excluded from further analysis.

Binarised masks where built according to selected training regions and pre-known regions of
interest in addictive behaviour: ACC, left insula, right insula, left DLPFC (BA 9, 46 separately),
right DLPFC (BA 9, 46 separately), see Fig 2. The time course between these ROIs and all other
voxels in the brain was calculated (seed-based functional connectivity analysis) using 3dmaskave
and 3dfim+. In order to standardise outcome, z-score values were calculated using the formula:

log 1þa
1�a

2

Statistical Analysis
The OCDS ratings of patients and controls before NF were compared using t-tests for indepen-
dent comparisons (Wilcoxon test).

For the assessment of subjective craving with two questions of the OCDS, an ANOVA was
calculated with the within subject factor time (before NF, after NF) and the between subject
factor group (patients true rtfMRI; controls true rtfMRI). Because of the variable sample sizes
of the groups and the small sample size, especially of the patients sham rtfMRI group, their
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results were not integrated in a combined ANOVA. In addition, paired t-tests for the pre/-
post-comparisons of craving before and after measurements were calculated for each group

Regarding the ROI analysis, an ANOVA was calculated with the within subject factor time
(cue exposure paradigm and 4 NF sessions) and the between subject factor group (patients true
rtfMRI; controls true rtfMRI). Because of the variable sample sizes of the groups and the small
sample size, especially of the patients sham rtfMRI group, their results were not integrated in a
combined ANOVA but separate ANOVAs for each group were calculated (patient true rtfMRI,
patients sham rtfMRI, healthy subjects true rtfMRI, healthy subjects sham rtfMRI). The results
were corrected for multiple comparisons (Bonferroni correction). All significance tests were
two-sided. For all statistics SPSS 13.0 was used.

Using the dual regression approach to elucidate the DMN pre- and post to neurofeedback
training a FWE-corrected threshold with p<0.05 was used. Paired t-tests (Wilcoxon test) were
used to compare relative head motion post and pre to the neurofeedback training.

For the resting-state seed-based functional connectivity analysis a paired t-test was carried
out for post vs. pre-real-time data using AFNI’s 3dtest ++ with a whole brain corrected α�0.05
and a cluster extent� 40 voxels. Seed regions: anterior cingulate cortex (R/L), insula (L/R),
middle frontal area (BA 46; L/R) and dorsolateral prefrontal cortex (BA 9; L/R).

Results

True neurofeedback condition
Craving ratings. Subjective craving assessed by the German version of the Obsessive

Compulsive Drinking Scale (OCDS) revealed enhanced scores in patients (before true rtfMRI:
M = 11.73; SD = 6.842) compared to healthy controls (before true rtfMRI: M = 2.14;
SD = 2.316; p< .001).

The ANOVA with the within subject factor time (before NF, after NF) and the between
subject factor group (patients true rtfMRI, controls true rtfMRI) demonstrated a significant
effect of time (F(1, 23) = 7.685; p = .011) for the assessment of the individual craving
(questions about the urge to drink; control of drinking behaviour). Separate analyses for
patients and controls showed that patients reached slightly decreased scores after rtfMRI

Fig 2. Regions defined for the seed-based functional connectivity analysis in areas are known to be
relevant for addictive behaviour, including the left insula, the right insula, the left DLPFC (BA 9, 46)
and the right DLPFC (BA 9, 46).

doi:10.1371/journal.pone.0133034.g002
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(M = 1.82; SD = 1.722) compared to the ratings before rtfMRI training (M = 0.91; SD = 1.044).
The differences reached trend level (p = .083).

NF fMRI results. Patients from the true rtfMRI group showed reduced BOLD responses
during the presentation of alcohol-relevant information in the fourth neurofeedback session
compared to the neuronal activity in the cue exposure task, especially in the ACC, the insula,
the dorsolateral prefrontal cortex, the medial frontal gyrus, the inferior temporal gyrus, the
cuneus and parietal areas (see Fig 3; Table 1). However, the variability of the results between
patients was great, sometimes showing a strong correspondence between neuronal response
and task during the fourth neurofeedback session (see Fig 4); in other cases, the association was
not clearly found.

By contrast, in healthy subjects BOLD responses during the presentation of alcohol cues did
hardly change between the first cue-exposure session compared to the fourth neurofeedback
trial: neuronal responses were slightly increased in the medial prefrontal cortex; all other brain
areas did not show any variations (see Fig 3; Table 1).

Results of the ROI analysis. The ANOVA, including the results of the true rtfMRI groups
(patients and controls), demonstrated a significant effect of NF: the percentage number of acti-
vated voxels decreased during the NF training (F(4, 92) = 2,621; p = 0,040). The interaction of
group and time (F(4, 92) = 1,435; p = 0,229) and the between subject effect were not significant
(F(1, 23) = 0,042; p = 0,840).

A separate ANOVA for patients during true fMRI revealed a significant differences regard-
ing the percentage of activated voxels during the presentation of alcohol-related information
in the individually defined ROI training across sessions: The percentage of activated voxels was
higher before the neurofeedback training compared to subsequent neurofeedback-sessions
(F(4, 40) = 2.631; p = .048). A significant reduction was demonstrated in the comparison of

Fig 3. Comparison of neuronal responses during the fourth neurofeedback-session compared to the
first neurofeedback-session (alcohol-related pictures > neutral pictures) in patients as well as healthy
controls with true rtfMRI: Patients: reduced activity especially in the insula, the ACC, the medial
frontal gyrus, the inferior temporal gyrus and the cuneus (p(Bonf)<0.0001; x = 0; y = -16; z = 22).
Healthy controls: slightly increased activity especially in the medial frontal gyrus (p(Bonf)<0.0001; x = -7;
y = -1; z = 60).

doi:10.1371/journal.pone.0133034.g003
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responses during the cue-exposure before rtfMRI compared to the third neurofeedback trial
(p = .023); the difference between cue exposure and the first rtfMRI trials reached trend level
(p = .059). However, the results within the true rtfMRI group varied considerably: in some
patients the BOLD response was manipulated considerably whereas other patients were not
able to regulate their BOLD responses significantly.

In healthy subjects, BOLD responses did not decrease significantly during the neurofeed-
back-training (F(4, 52) = 1.338; p = .268).

Sham neurofeedback condition
Craving ratings. Craving ratings of patients (p = .317) and controls (p = .180) of the sham

NF-group was not influenced by neurofeedback-training.
ROI-analysis. The percentage of activated voxels during the presentation of alcohol-

related pictures did not change significantly during neurofeedback in patients (F(4, 4) = 1.767;
p = .298) and healthy controls (F(4, 40) = 1.801; p = 0.542).

Results of the head motion comparison
The post vs. pre comparisons of the fcMRI time series data in regard to head motions by the
mean relative displacements (in mm) revealed no significant differences (mean relative dis-
placement prior to neurofeedback: 0.1175±0.0586, post to neurofeedback: 0.0957±0.0659,
p = 0.208).

Table 1. Functional variations of patients and controls. Neuronal responses during the 4th neurofeedback session compared to the 1st neurofeedback
session (alcohol-related pictures minus neutral pictures) in patients and healthy controls (p(Bonf) < 0.0001; T-score: 6.7–10.2; abbreviations: BA: Brodman
area; L: left; R: right; t-max: maximal t-score;Ø t-score: average t-score; voxels: number of activated voxels; x: Talairach coordinate x-axis; y: Talairach coor-
dinate y-axis; z: Talairach coordinate z-axis)

Patients

brain region BA L/R Ø t-score t-max voxels centre of gravity

x y z

frontal lobe

inferior frontal gyrus 47 R -8.04 -11.21 2220 45 31 -7

medial frontal gyrus 9 R -7.50 -10.40 11664 4 49 26

superior frontal gyrus 6 R -7.37 -10.17 32995 11 28 57

8 L -7.95 -10.02 1246 -10 38 53

8 L -7.45 -8.95 2232 -29 21 52

insula 13 R -7.24 -8.54 4315 44 -19 1

temporal lobe

superior temporal gyrus 39 L -8.27 -10.61 7284 -49 -61 19

22 L -7.01 -8.31 2042 -48 -20 4

medial temporal gyrus 39 R -8.55 -12.02 7841 45 -57 22

subcortical

ncl. lenitformis/putamen R -7.21 -8.29 937 23 10 -12

diverse

paracentral gyrus 5 L -7.25 -8.86 6189 -2 -38 58

postcentral gyrus 4 R -7.49 -9.26 2103 29 -30 55

precuneus 23 L -8.52 -13.48 26231 0 -64 21

Healthy controls

medial frontal gyrus 6 L 7.07 7.64 626 -4 -3 58

doi:10.1371/journal.pone.0133034.t001
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Results of the resting state paradigm
Default mode network. Patients demonstrated enhanced activations, especially in medial

frontal areas as well as the dorsolateral-prefrontal cortex after true rtfMRI sessions. In healthy
controls differences regarding the DMN activity before and after neurofeedback training did
slightly change (see Fig 5).

Seed-based results. Patients demonstrated increased connections after the rtfMRI com-
pared to before the neurofeedback-training between the left ACC and the thalamus, temporal
areas as well as the dorsal part of the ACC. Increased connections were also seen between the
left insula and the medial prefrontal gyrus/superior frontal gyrus as well as parietal areas,
between insula right and the orbitofrontal cortex/medial frontal gyrus and temporal regions.
The most prominent increases occurred between the left middle frontal area (BA 46) and the

Fig 4. Results of a single patient with true neurofeedback: A) Neuronal response in the ROI during the
fourth neurofeedback session compared to the first session [alcohol-related pictures > neutral
pictures]. B) Time course of activity within the specific ROI during the fourth neurofeedback session [green:
presentation of alcohol-related pictures; grey: presentation of neutral pictures; p(Bonf)<0.002; x = 3; y = 57;
z = 15].

doi:10.1371/journal.pone.0133034.g004

Fig 5. Results of the default mode network in patients and controls: increasedmedial frontal and
dorsolateral prefrontal responses after rtfMRI in patients; in healthy controls, the activity was
comparable before and after rtfMRI (p < 0.05, FWE corrected).

doi:10.1371/journal.pone.0133034.g005
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dorsolateral prefrontal cortex, lentiform nucleus, thalamus/claustrum and the parahippocam-
pal gyrus; the connection between the right middle frontal area and the insula seemed to be
increased as well (see Fig 6, Table 2).

Connections between the right ACC, the left and right dorsolateral prefrontal cortex (BA 9)
did not change in consequence of the rtfMRI paradigm.

Discussion and Conclusion
The aim of the present project was to investigate the feasibility of rtfMRI neurofeedback in
order to influence both neuronal responses and craving to addiction-related cues in patients
with alcohol use disorder. In patients with alcohol use disorder we found a significant reduction
of neuronal activity in the brain regions used as a target area for the neurofeedback-training
(e.g. ACC, DLPFC, insula) during cue-induced craving. Effective modulation of cue-elicited
craving is crucial to successful substance withdrawal. Neurofeedback-related changes seemed
to be specific for patients; ROI-based functional responses did not change significantly in
healthy controls.

Corresponding results were demonstrated in the DMN: in patients, the responses in the
medial frontal areas as well as the dorsolateral prefrontal cortex were enhanced after the neuro-
feedback-training compared to baseline. In addition, the seed-based functional connectivity
between brain areas changed after neurofeedback significantly: patients with alcohol-use disor-
der revealed increased connections between the middle frontal area (BA 46) and other frontal
regions (e.g. dorsolateral prefrontal cortex, insula) as well as subcortical areas (e.g. lentiform
nucleus, thalamus/claustrum, parahippocampal gyrus). Enhanced connections were also seen
between various frontal regions e.g. between the insula and medial/superior frontal gyrus as

Fig 6. Seed based fMRI analysis: Comparison of resting state functional connectivity before and after
neurofeedback training (p(FEW) < 0.05). After neurofeedback, increased functional connectivity was
detected between the left Brodman Area 46 and different cortical and subcortical brain regions, including the
dorsolateral prefrontal cortex (DLPFC), the insula (Ins) and the putamen (P) of the ipsilateral hemisphere.
Connectivity patterns are superimposed on the TT N27-template. Images are displayed in the radiological
convention (coordinates in Talairach space are given in parenthesis).

doi:10.1371/journal.pone.0133034.g006
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Table 2. Changes in connectivity in patients and controls. Variations in the connectivity in patients and healthy subjects; paired t-tests were done for
post-real-time fMRI data compared to pre-real-time fMRI data with an entire brain analysis corrected with/� .05 and a cluster level of� 40 voxels; Talairach
coordinates; coordinates are displayed in LPI format (abbreviations: L: left; R: right; voxels: number of voxels; mid.: middle; ": increase; #: decrease).
Patients

Seed region Target region Voxels x y z "/#
BA 9 R medial frontal gyrus/subcallosal gyrus 67 3 21 -13 #
BA 9 L - - - - - -

BA 46 R Insula 59 -48 9 4 "
inferior parietal lobule 44 63 -25 25 "

BA 46 L inferior frontal gyrus (BA 44) 388 -51 13 17 "
lentiform gyrus/putamen 216 -22 3 17 "
claustrum/pulvinar 195 -24 -22 16 "
insula/claustrum 69 35 -15 -2 "

44 -28 15 7 "
ACC R postcentral/paracentral lobule (BA 40) 44 -24 44 54 "

posterior cingulate (BA 30) 75 2 60 10 #
Cerebellum 110 -30 72 -33 #

ACC L thalamus/pulvinar 146 -6 -24 6 #
uncus/parahippocampal gyrus (BA 36) 111 -21 -1 -26 #
Cerebellum 54 29 -42 -37 #

48 29 -54 -26 #
pre-/postcentral gyrus 71 -46 —7 25 "
parahippocampal gyrus 63 27 -28 -17 "

insula R superior frontal /middle temporal gyrus 59 30 3 -35 #
insula L medial frontal gyrus (BA 6) 49 -12 3 53 #
Healthy Controls

BA 9 R - - - - -

BA 9 L ACC/mid. frontal gyrus (BA 24) 175 5 11 34 #
superior frontal gyrus (BA 6) 145 -15 3 52 #

50 18 23 52 #
middle/superior frontal gyrus (BA 6) 40 27 9 55 #
lingual gyrus/parahippocampal gyrus (BA 19) 98 -18 -42 -4 #
posterior cingulate 69 -9 -45 25 #

BA 46 R - - - - -

BA 46 L ACC (BA 9) 114 12 40 16 "
ACC R middle cingulate cortex 169 -7 -21 43 #

left cerebellum 49 -30 -69 -44 "
insula/claustrum 43 -34 -4 7 #

ACC L precentral gyrus (BA 6) 344 57 0 31 #
postcentral gyrus (BA 4) 113 -52 -15 23 #
middle/superior temporal lobe (BA 41/22) 105 -51 -25 4 #
precentral lobe/cingulate cortex 93 -9 -19 43 #
superior frontal gyrus/SMA 79 -13 5 47 #
left cerebellum 50 -19 -46 -52 #
superior orb. gyrus (BA 10) 50 -28 59 5 #
middle cingulate cortex 42 11 -19 41 #

insula R fusiform gyrus 111 -39 -64 -13 "
precuneus 72 8 -58 29 "
medial frontal gyrus (BA 10) 52 -12 65 5 #

insula L putamen/ncl. lentiformis 75 -25 10 8 #
superior frontal gyrus 46 -18 -1 44 #

doi:10.1371/journal.pone.0133034.t002
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well as the orbitofrontal gyrus/medial frontal cortex. In addition, functional connections
between frontal parts of the brain and temporal and parietal areas demonstrated to be more
pronounced. It is plausible that the changes in the BOLD-signal of specific regions modulate
the connectivity not only in this region but also in more distant regions highlighting the inter-
connectivity of the human brain. DMN was only slightly modulated by the neurofeedback-
training in the control group.

Altogether, these results may provide some evidence for functional variations especially
within the frontal cortex as well as between frontal parts of the brain and other areas, which
have been shown to be specifically relevant in substance use disorders (e.g. subcortical areas).
These effects are not restricted to the neurofeedback-training session but seemed to be present
also during resting state condition.

The importance of frontal brain responses to neurofeedback-training in patients with sub-
stance use disorders has been shown before. One former study on neurofeedback in patients
with nicotine dependent smokers has demonstrated that treatment-seeking smokers were able
to decrease brain responses in craving-relevant areas like the ACC [11,46]. In addition, activity
of the ventral ACC did correlate with craving ratings. The authors concluded that ACC activa-
tion and craving could be modulated by neurofeedback. Canterberry and colleagues (2013)
also demonstrated decreased activity across several visits in patients with nicotine dependence
in the ACC after a neurofeedback-training. Changes in ACC activity were specific to disorder-
related information and did not emerge during the presentation of neutral stimuli [45]. The
neuronal responses were influenced by the severity of nicotine dependence: Neurofeedback
tended to be more effective in people with lower nicotine dependence. These results are consis-
tent with those of other studies showing that the level of dependence affects treatment outcome
[50].

Several of the areas affected during our study are thought to be part of the so-called reward
system which is specifically important for motivation, evaluation of actions as well as the medi-
ation of the effects of reinforcement/reduction of behaviour. The reward system plays a major
role for adaptive behaviour, control of behaviours and learning processes. Neuroimaging stud-
ies have demonstrated that various brain areas are included e.g. the ACC and adjacent medial
frontal areas, orbitofrontal cortex, amygdala, hypothalamus, dorsal/ventral striatum, ncl.
accumbens. The importance of the reward system in substance use disorder has been demon-
strated in many studies.

The functional results of patients were associated with a slightly reduced craving after real-
time fMRI training compared to the assessment of craving before the training. This may indi-
cate that the modulation of brain activity leads to changes of the evaluation, behavioural
responses and/or affective responsiveness to disorder-relevant information. The assessment of
other clinical parameters was only done before the neurofeedback training. For that reason, we
cannot draw any conclusions about the effect of neurofeedback on depression or anxiety.

Up to now, only few studies addressed the influence of ROI-based neurofeedback on brain
connectivity. Ruiz and colleagues (2013) were able to demonstrate that learned regulation of
the activity in the insular cortex leads to an enhanced effective connectivity of the emotional
network (e.g. connections among insula cortex, amygdala and the medial prefrontal cortex) in
schizophrenic patients. The authors assumed that this indicates that schizophrenic patients are
capable of a volitional regulation of brain responses using rtfMRI after sufficient training. The
learned self-regulation led to changes in the perception of emotional faces [47]. The insular
cortex is a key region of salience processes including sensory and cognitive processing (39).

In the present study, reduced insular activation in alcohol patients may have directly con-
tributed to the changes in craving found after the neurofeedback-training. The increased con-
nectivity comprised not only the insula but also the left DLPFC. The increased functional
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connectivity in the DLPFC may support cognitive control and encounters cravings whereas the
increased insular connectivity may decrease the emotional content of nicotine-associated cues.
These findings can contribute to another hypothesis generation and have to be further eluci-
dated in future studies.

One main aim of real-time neurofeedback is that the effect of neurofeedback training should
be persistent and patients should be able to generalise cognitive strategies which were generated
during neurofeedback can be used in the natural environment. The present study already dem-
onstrated ongoing effects of the neurofeedback training during the resting-state condition
directly after the neurofeedback sessions. However, further assessments of neuronal responses
after longer intervals are needed in order to evaluate the persistence of these responses.
Whether there is a stable therapeutic effect of reduced craving and to which extent this might
be the case needs to be investigated in further studies.

Altogether, the results of the present study demonstrate that it is feasible for patients with
alcohol dependency to reduce their neuronal activity using rtfMRI. In addition, there is some
evidence that craving can be influenced by this technique. However, there were also compara-
tively big within-group differences regarding patient group. Possible adaptions of the training
program could be useful: the length of the neurofeedback sessions should maybe be shortened
in order to increase the motivation during the session. In addition, more specific training strat-
egies might be beneficial for the patients to be able to manage the regulation of craving-related
brain responses more easily. Apart from these strategies, repeated neurofeedback sessions
could probably lead to a higher proportion of patients who can reduce their neuronal activity
in the ROI, make the effects more stable and enduring, and might decrease craving more effec-
tively. Hanlon and colleagues (2013), for example, have demonstrated that the benefit of neuro-
feedback was maximised during the third visit. In addition, with the aid of more neurofeedback
sessions a more specific reduction of activity only in the ROI may be learned.

Moreover, control groups should be included to increase specificity (e.g. due to habituation).
The application of neurofeedback training to patients with other addiction disorders (e.g. path-
ological gambling, tobacco dependence) or different psychiatric disorders (e.g. affective disor-
ders) would help to evaluate the generalisability of this approach

We are aware of the fact that age does alter brain function and it is likely that neuroplasticity
decreases with age. However, our study was conceptualised as an initial pilot study in an
exploratory manner. Further studies and an increased sample size are needed to confirm or
reject our findings when incorporating patients with a different age range.

Overall the results of the current study support the assumption that real-time fMRI may be
a valid therapeutic tool for patients with substance use disorder. However, further studies are
needed to improve these strategies and to examine possible influencing parameters in order to
reduce the high variability between subjects.
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