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Modafinil Modulates Resting-State Functional
Network Connectivity and Cognitive Control
in Alcohol-Dependent Patients
Lianne Schmaal, Anna E. Goudriaan, Leen Joos, Anne Maren Krüse, Geert Dom,
Wim van den Brink, and Dick J. Veltman
Background: Chronic alcohol abuse is associated with deficits in cognitive control functions. Cognitive control is likely to be mediated
through the interaction between intrinsic large-scale brain networks involved in externally oriented executive functioning and internally
focused thought processing. Improving the interaction between these functional brain networks could be an important target for
treatment. Therefore, the current study aimed to investigate the effects of the cognitive enhancer modafinil on within-network and
between-network resting-state functional connectivity and cognitive control functions in alcohol-dependent patients.
Methods: In a double-blind, placebo-controlled cross-over design, resting-state functional magnetic resonance imaging and a Stroop
task were employed in alcohol-dependent patients (n ¼ 15) and healthy control subjects (n ¼ 16). Within-network and betweennetwork functional connectivity was calculated using a combination of independent component analysis and functional network
connectivity analysis.
Results: Modafinil significantly increased the negative coupling between executive networks and the default mode network, which was
associated with modafinil-induced improvement in cognitive control in alcohol-dependent patients.
Conclusions: These findings demonstrate that modafinil at least partly exerts its effects by targeting intrinsic functional relationships
between large-scale brain systems underlying cognitive control. The current study therefore provides a neurobiological rationale for
implementing modafinil as an adjunct in the treatment of alcohol dependence, although clinical studies are needed to substantiate this
promise.
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C

hronic alcohol and drug abuse has been associated with
cognitive impairments, including deficits in cognitive control (1). Cognitive control can be defined as flexible, goaldirected behavior that requires a mechanism for guidance to
allow for appropriate actions in the face of contextually relevant
information (2). Aspects of cognitive control include the ability to
resolve conflict-inducing situations and to inhibit prepotent
responses and can be measured with neurocognitive tasks,
including the Stroop task (3). These processes are especially
relevant in the context of addiction, since inhibition of a
prepotent response (e.g., compulsive drug use), especially when
confronted with drug-related cues (contextual relevant information), is critical for abstaining from drug use. Indeed, diminished
cognitive control has been found to predict treatment retention
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and relapse into drug use (4,5). Enhancing cognitive control
functions is therefore an important target for the treatment of
alcohol dependence.
A promising compound for reinforcing cognitive control is
modafinil, a wakefulness-promoting drug approved for the
treatment of narcolepsy and widely used as a cognitive enhancer
(6). Modafinil has been shown to improve cognitive control in
patients with methamphetamine dependence (7) and pathological gambling (8). However, there is only limited information on
the mechanisms by which modafinil improves cognitive control
in patients with addictive behaviors in terms of underlying neural
substrates. This is important to know because it would increase
not only our insight into neurobiological mechanisms of distorted cognitive control but also our understanding of the
treatment of psychiatric conditions characterized by such deficits.
Therefore, the current study aimed to investigate the effects of a
single dose of modafinil on neural substrates related to cognitive
control in alcohol-dependent patients and healthy control
subjects.
Previous functional magnetic resonance imaging (fMRI) studies have indicated that adequate cognitive control relies on
intact functioning of executive brain networks comprising brain
regions such as the dorsal anterior cingulate cortex (dACC),
dorsolateral prefrontal cortex (DLPFC), and parietal cortex (9,10).
The dACC, together with the anterior insula, is part of a largescale distributed network that is activated in tasks of cognitive
control (2) but also in response to pain, uncertainty, and other
homeostatic challenges (11,12), which suggest a general role of
this functional network in salience processing. Therefore, this
circuit is often referred to as the brain’s salience network (SN)
(13). In addition, lateral frontal and parietal regions are often
found to be co-activated during cognitive control tasks (14) and
together form the so-called central executive network (CEN) (15).
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In addition to these networks, which are activated during
cognitive control tasks, a set of interconnected brain regions,
including ventromedial prefrontal cortex, posterior cingulate
cortex (PCC), and inferior parietal lobe, is suppressed during
tasks that demand externalized attention (16). This network is
referred to as the default mode network (DMN) and is usually
activated by cognitive processes that are internally focused,
such as self-reference and recollecting one’s past or imagining
one’s future (16). Recent studies have indicated that not just
the activation or deactivation of these functional networks but
especially the interaction between the task-positive networks and
the DMN is crucial for performance of cognitive tasks (17–19).
Switching between externally and internally oriented cognition is
thought to be reflected by a competitive relationship (anticorrelation) between the DMN and both the SN and CEN (20).
Such anticorrelations between these networks are not only
present during the performance of cognitive tasks but also
during rest in the absence of sensory input (20), suggesting that
the brain may be intrinsically organized to support competitive
relationships between networks involved in externally and
internally oriented cognition. Moreover, spontaneous fluctuation
in these resting-state functional networks and the strength of the
anticorrelation between the DMN and the SN and CEN predict
individual performance variability in several cognitive domains
(21,22), including cognitive control (13,17). The relevance of
studying resting-state functional networks is that it allows us to
examine the overall functional organization of the brain and its
adaptive potential when state-dependent shifts from baseline
levels are needed as a response to a changing environment or
changing cognitive demands.
Previous fMRI studies in healthy individuals (23) and patients
with schizophrenia (24,25) and methamphetamine dependence
(26) have indicated that modafinil enhances efficiency of prefrontal and dACC processing during the performance of cognitive
tasks and leads to task-induced deactivation of the DMN. However, the effects of modafinil on the intrinsic properties of brain
functioning in the form of resting-state functional networks have
not been investigated. Therefore, the current study examined the
effects of modafinil on within-network and between-network
functional coupling of the DMN and the SN and CEN using
resting-state fMRI. In resting-state fMRI literature, the SN and CEN
are also often referred to as task-positive networks, although no
actual task is performed; therefore, the term task-positive networks is used interchangeably with the terms SN and CEN
throughout this article. In addition, we examined whether
within-network and between-network connectivity changes were
associated with modafinil-induced changes in cognitive control
measured by a Stroop task. We hypothesized that modafinil
would enhance within-network connectivity and modulate
between-network connectivity, reflected in an increased competitive relationship (anticorrelation) between the DMN and taskpositive networks, and that this would translate into modafinilinduced improvements in cognitive control.

Methods and Materials
Subjects
The present study was part of a larger fMRI study investigating
the effects of modafinil on neural correlates of cognitive control
in alcohol-dependent patients. In the current report, only subjects with complete resting-state fMRI data are described. For the
larger study, 20 male subjects meeting DSM-IV (27) criteria for
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alcohol dependence (AD) were recruited from regional addiction
treatment centers. In addition, 18 healthy control subjects (HC),
matched on sex, education, and age, were included. Exclusion
criteria can be found in the Methods in Supplement 1. Five AD
and two HC subjects were excluded from the current analyses
(Methods in Supplement 1). The remaining data from 31
participants (15 AD, 16 HC) were used in statistical analyses. All
subjects gave written informed consent to participate in this
study, which was approved by the Medical Ethical Committee of
the Academic Medical Center of the University of Amsterdam.
Design
This study had a randomized, double-blind, placebo-controlled, within-subjects crossover design. Each subject participated in two sessions separated by 1 week. In the first session,
subjects either received tablets of modafinil (total 200 mg) or
placebo tablets. In the second session, subjects were crossed
over to receive the opposite medication. Six AD subjects and
eight HC subjects received modafinil in the first session and
placebo in the second session. For details on the randomization
procedure, see Methods in Supplement 1. Medication was
administered 2 hours before fMRI, because peak plasma levels
occur at 2 to 4 hours after a single dose (28).
Clinical Assessments
All subjects were screened for the presence of Axis I
psychiatric disorders using the Mini-International Neuropsychiatric Interview (29). General intelligence (IQ) was assessed using
the National Adult Reading Test (30). Alcohol and drug consumption during the preceding 6 months was quantified using
the Time Line Follow Back method (31). In addition, the Alcohol
Use Disorder Identification Test (AUDIT) (32) was used to identify
harmful patterns of alcohol consumption.
Stroop Task
Subjects performed a classic Stroop color-word paradigm (3)
outside the magnetic resonance imaging (MRI) scanner (see
Methods in Supplement 1 for details). Subjects were presented
with color words printed in red, blue, yellow, or green fonts,
resulting in either congruent (e.g., word red printed in red font)
or incongruent stimuli (e.g., word red printed in blue font).
Subjects were asked to identify the font color as quickly and
accurately as possible, using a button press, while suppressing
automatic word reading. The difference in mean reaction time
between incongruent and congruent stimuli, referred to as the
interference score, was calculated to obtain a measure of
cognitive control. Smaller interference scores indicate greater
cognitive control.
Imaging Protocol
Magnetic resonance imaging data were obtained using a 3.0T
Intera MRI scanner (Philips Healthcare, Best, The Netherlands)
equipped with a SENSE eight-channel receiver head coil. For the
resting-state scan, a gradient-echo echo-planar imaging
sequence sensitive to blood oxygen level–dependent contrast
(repetition time/echo time ¼ 2300 msec/25 msec, matrix size
64  64, voxel size 2.29  2.29  3 mm, 38 slices, no gap) was
used to acquire 200 images. During the resting-state scan,
subjects were instructed to relax, keep their eyes closed, and to
stay awake. After the resting-state scan, subjects were asked
whether they managed to stay awake. Three-dimensional T1weighted images were collected using a gradient-echo sequence
(repetition time ¼ 9 msec; echo time ¼ 3.5 msec; 170 slices; voxel
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size 1  1  1 mm; matrix size 256  256) for anatomical
reference with the echo-planar imaging data.
Data Analysis
Behavioral Data. Demographic and Stroop task performance data were analyzed using the Statistical Package for
the Social Sciences (SPSS 16, Chicago, Illinois). Stroop interference
scores were not normally distributed and were therefore logtransformed. Differences in baseline characteristics between
groups were analyzed using independent t tests. A repeated
measures analysis of covariance was conducted to assess Stroop
task performance with treatment (modafinil versus placebo)
modeled as a within-subject factor and group (AD vs. HC) as a
between-subjects factor, including session order as a covariate.
The significance level was set to p ⬍ .05.
Imaging Data. Imaging data were preprocessed using
Statistical Parametric Mapping (SPM8; Wellcome Trust Centre
for Neuroimaging, London, United Kingdom). Functional images
of each individual subject were realigned and unwarped to
correct for motion. The images were subsequently co-registered
with the structural MRI image and then segmented for normalization to a Montreal Neurological Institute template. Finally,
images were smoothed using an 8 mm full-width at half
maximum Gaussian kernel.
The GIFT group ICA toolbox (33) (http://icatb.sourceforge.net)
using the infomax algorithm was performed on preprocessed
blood oxygen level–dependent data to identify 23 spatially
independent and temporally coherent resting-state components.
For details, see Methods in Supplement 1. The DMN, SN, and CEN
components were visually identified through comparison with
previous literature, based on their spatial configurations and the
power spectral density of the associated time courses (34,35).
One-sample t tests, with a threshold of p ⬍ .05 family-wise
error whole-brain corrected, were conducted on each network
across groups and across sessions to visualize the networks and
to create a mask for each network containing the brain regions
that significantly contributed to the network, which served as a
region of interest. A global connectivity index derived from the
mean value of the region of interest (MarsBaR toolbox [36])
corresponding to the significant clusters of the connectivity maps
was determined for each subject and each network. This index
represents the value of the magnitude of the correlation between
all the regions composing the network (within-network
connectivity).
Functional coupling between the DMN and the task-positive
networks (between-network connectivity) was calculated using

the FNC toolbox (37) (http://icatb.sourceforge.net), which uses
constrained lagged correlation between components. Maximal
lagged correlation (5 to ⫹5 seconds) was examined between all
pairwise combinations of components of interest, calculated for
each subject. The within-network global connectivity values and
pairwise correlation coefficients between networks were
extracted to SPSS. The pairwise correlation coefficients were
transformed into Fisher’s Z values. Repeated measures analyses
of covariance were conducted on within-network and betweennetwork connectivity strength with treatment modeled as a
within-subject factor and group as a between-subjects factor,
including session order as a covariate. In addition, whole-brain
voxel-wise statistical analyses were performed on the spatial
maps of each component to investigate regional specificity of
between-group differences and treatment effects on withinnetwork connectivity (for details, see Methods in Supplement 1).
Finally, Pearson correlation analyses were performed between
modafinil-induced changes in Stroop task performance and
within-network and between-network connectivity changes.
The significance level was set to p ⬍ .05.

Results
Demographics and Clinical Assessments
Demographic and substance use characteristics are presented
in Table 1. In the 6 months before the study, subjects in the AD
group were drinking 11 units alcohol per day and had a mean
AUDIT score of almost 29. The AD group did not differ from the
HC group with regard to age or IQ. Alcohol dependence subjects
smoked significantly more cigarettes than HC subjects. However,
we did not include smoking as a covariate in subsequent
analyses, because smoking behavior was related to alcohol
consumption during the past months (r ¼ .56, p ¼ .001) and
AUDIT scores (r ¼ .56, p ¼ .001). Therefore, including smoking as
a covariate could remove variance explained by problematic
drinking (overcorrection).
Stroop Color-Word Task Performance
A significant main effect of treatment (F1,27 ¼ 6.59, p ¼ .02) on
Stroop interference scores was found (in AD decreasing from
mean ¼ 141.4 msec, SEM ¼ 13.9 msec to mean ¼ 118.9 msec,
SEM ¼ 16.1 msec; in HC decreasing from mean ¼ 174.4 msec,
SEM ¼ 21.8 msec to mean ¼ 112.3 msec, SEM ¼ 15.8 msec;
Figure 1), indicating beneficial effects of modafinil on cognitive
control regardless of group membership. There was no main

Table 1. Demographic, Clinical, and Substance Use Characteristics
Mean (SEM)

Age
Educationa (Number Within Category 2/3/4/5)
IQb
Total Alcohol in Last 6 Months (in Standard Units/Day)
AUDIT
Cigarettes per Day
Abstinence Duration (in Days)

AD Group (n ¼ 15)

HC Group (n ¼ 16)

t (df)

p Value

43.0 (2.4)
3/4/5/3
100.3 (3.4)
11.4 (1.7)
28.7 (1.4)
15.1 (3.5)
36.5 (8.8)

41.1 (1.8)
0/2/6/8
99.6 (3.1)
.9 (.3)
5.8 (.8)
3.7 (1.6)
NA

.6 (29)
w2 ¼ 6.0 (4)
.2 (29)
6.3 (29)
14.4 (29)
3.0 (29)
NA

.54
.20
.88
⬍.001
⬍.001
.01
NA

AD, alcohol dependence; AUDIT, Alcohol Use Disorder Identification Test; HC, healthy control; NA, not applicable.
Measured using the International Standard Classification of Educational Degrees categories: 2 ¼ lower secondary education, 3 ¼ higher secondary
education, 4 ¼ postsecondary nontertiary education, 5 ¼ first stage of tertiary education.
b
Measured using the National Adult Reading Test.
a
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Figure 1. Stroop task interference scores in alcohol dependence (AD)
and healthy control (HC), separate for placebo and modafinil. Stroop
interference scores (log transformed: mean, SD) were plotted for AD and
HC, separate for the placebo and modafinil condition. There was a
significant main effect of treatment (F1,27 ¼ 6.56, p ¼ .02) on Stroop
interference scores, indicating beneficial effects of modafinil on Stroop
task performance regardless of group.

effect of group (F1,27 ¼ .27, p ¼ .61) or treatment by group
interaction effect (F1,27 ¼ .80, p ¼ .38). With regard to number
of errors made on the Stroop task, no main effect of treatment
(F1,27 ¼ .45, p ¼ .51), main effect of group (F1,27 ¼ .44, p ¼ .51), or
treatment by group interaction effect (F1,27 ¼ .02, p ¼ .88)
was found.
Resting-State Functional Connectivity
Component Selection and Visualization. Within the independent resting-state networks identified by Group ICA, the
DMN, the SN, and the CEN (separated into a left and right
hemispheric component) were visually identified and selected for
subsequent analyses in line with our hypotheses. A detailed
overview of the regions within each functional network is
provided in Figure 2 and Table S1 in Supplement 1.
Within-Network Functional Connectivity. No main effects
of treatment, group, or treatment by group interaction effects
were found with regard to the global within-network connectivity indices of any of the resting-state functional networks of
interest (DMN, SN, CEN_left, and CEN_right). In addition, no
effects of treatment, group, or interaction effects were found in
the voxel-wise analysis on spatial maps for each network (see
Results in Supplement 1).
Between-Network Functional Connectivity. We found a
significant group by treatment interaction effect in the functional
coupling between the DMN and SN (F1,27 ¼ 6.13, p ¼ .02),
between the DMN and CEN_left (F1,27 ¼ 6.65, p ¼ .02), and
between the DMN and CEN_right (F1,27 ¼ 6.23, p ¼ .02). Post hoc
tests indicated that these interaction effects were all driven by a
significant change in network coupling in AD subjects (DMN-SN:
F1,13 ¼ 6.54, p ¼ .02; DMN-CEN_left: F1,13 ¼ 11.23, p ⬍ .01; DMNCEN_right: F1,13 ¼ 5.67, p ¼ .03), whereas no modafinil-induced
changes in HC subjects were observed. Figure 3 shows that the
correlation between DMN and SN and between DMN and
CEN_left became more negative under modafinil in AD. The
coupling between DMN and CEN_right was initially positive but
was abolished after modafinil administration (Figure 3). In
addition, post hoc tests indicated that none of the betweennetwork connectivity measures were significantly different
between AD and HC in the placebo condition. In the modafinil
condition, however, the DMN and the SN (F1,28 ¼ 6.99, p ¼ .01)
www.sobp.org/journal
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and the DMN and the CEN_right (F1,28 ¼ 5.21, p ¼ .03) were
significantly more negatively coupled in AD compared with HC.
Brain-Behavior Associations. Correlation analyses revealed
that modafinil-induced decreases in Stroop interference scores
were significantly associated with increased negative coupling
between DMN and SN in AD (r ¼ .67, p ⬍ .01; Figure 4A). Also,
a trend toward a significant correlation between decreased DMNCEN_right coupling and improvement in Stroop task performance was found in AD (r ¼ .52, p ¼ .06; Figure 4B). No
association between changes in DMN-CEN_left coupling and
changes in interference scores was found in AD (r ¼ .38, p ¼
.18). In HC, a trend toward a significant correlation between
improvement in Stroop task interference scores and increased
negative DMN-SN coupling was observed (r ¼ .51, p ¼ .06).

Discussion
The current study aimed to investigate the effects of modafinil
on interacting intrinsic large-scale brain networks and to relate
this to changes in behavioral cognitive control. Overall, modafinil
improved cognitive control reflected by decreased Stroop interference scores, regardless of having a diagnosis of alcohol
dependence. However, modafinil-induced changes in betweennetwork functional connectivity were only found in the AD
group. Specifically, modafinil increased the anticorrelation
between the DMN and the task-positive networks (SN, CEN).
Moreover, strengthening of the negative functional coupling

Figure 2. Resting-state networks of interest. Spatial characteristics of the
resting-state networks of interest: (A) default mode network, (B) salience
network, (C) left central executive network, and (D) right central executive
network. Color bars represent voxel-wise t statistics thresholded for
positive values. Statistical maps were thresholded p ⬍ .05 whole-brain
family-wise error corrected.
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Figure 3. Modafinil-induced changes in between-network functional connectivity. (A) Modafinil administration significantly increased the negative
coupling between the default mode network (DMN) and salience network (SN) (F1,27 ¼ 6.13, p ¼ .02), and (B) between the DMN and left central executive
network (CEN_left) (F1,27 ¼ 6.65, p ¼ .02), and (C) significantly decreased coupling between the DMN and right central executive network (CEN_right)
(F1,27 ¼ 6.23, p ¼ .02) in alcohol dependent (AD) patients only. No effects on between-network functional connectivity were found in the healthy control
(HC) group*.

between the DMN and SN was associated with modafinil-induced
improvements in cognitive control in alcohol-dependent
patients. These results indicate that modafinil modulates the
functional organization and communication of the brain, which
translates into enhanced cognitive performance in AD.
The default mode network is involved in internally oriented
cognition such as autobiographical memory retrieval, envisioning
the future, or other self-referential mental representations (16).
Brain regions involved in the DMN, such as the ventromedial PFC,
PCC, amygdala, and hippocampus, play an important role in

Figure 4. Brain-behavior relationship. (A) The modafinil-induced changes
in default mode network (DMN)-salience network (SN) coupling were
significantly correlated with changes in Stroop interference scores in alcohol
dependent (AD) patients (r ¼ .67, p ⬍ .01); i.e., a stronger negative
coupling between DMN and SN was associated with increased cognitive
control after modafinil administration. (B) Also, a trend (r ¼ .52, p ¼ .06)
toward a significant relationship between decreases in DMN-right central
executive network (CEN_right) coupling and decreases in Stroop interference scores was also observed in the AD group. M, modafinil; P, placebo.

conditioning and reward-related processes implicated in substance dependence (38), including the processing of drug-related
cues (39–41). Moreover, a recent study by Schulte et al. (42)
demonstrated a reduced deactivation of the PCC during Stroop
task performance in alcohol-dependent patients. In addition,
regions implicated in the SN and the CEN are recruited by
cognitive demanding tasks, including the Stroop task (43,44).
Diminished functioning of regions involved in these networks,
such as the dACC, DLPFC, and parietal cortex, has also been
observed in alcohol-dependent patients in relationship to
impaired cognitive control (45,46). Therefore, the currently
observed modafinil effects on the competitive interaction
between the DMN and task-positive networks could be of major
importance in the context of alcohol dependence, because there
is a strong need for executive brain networks to overrule
activation of memory traces and processes of self-referencing
when confronted with alcohol-related cues to resist the immediate rewarding properties of drinking alcohol.
Although previous fMRI studies have shown that modafinil
administration results in a more efficient recruitment of the
DLPFC, anterior insula, and dACC and enhances deactivation of
the DMN during the performance of cognitive control tasks
(23,24,26), the current study is the first to demonstrate specific
effects of modafinil on the interaction between intrinsic largescale functional networks. The currently observed modafinilinduced increases in the anticorrelation between the DMN and
task-positive networks could indicate changes in the functional
organization of the brain that can subsequently lead to a more
efficient competitive relationship between networks involved in
externally directed attention and internally focused thought
processes when a demanding task is performed. Indeed, the
increased negative coupling between the DMN and SN was
associated with improvement in cognitive control in AD. This is in
line with findings of a study by Kelly et al. (17) showing that the
strength of the negative correlation between the DMN and taskpositive resting-state networks is predictive of individual differences in the performance of a cognitive interference task. These
previous observations, in addition to the current findings, stress
the importance of communication between different large-scale
networks in the brain underlying normal cognitive control
function. The current data also emphasize that modafinil does
not merely target some specific brain regions but that it has a
much more general effect by affecting intrinsic functional
relationships between large-scale brain systems. These widespread effects of modafinil seem to match the effects of modafinil
on a broad range of neurotransmitters, including dopamine,
noradrenaline, glutamate, serotonin, and gamma-aminobutyric
www.sobp.org/journal
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acid (47). It has been suggested that modafinil primarily exerts its
effects on catecholamine transmission through inhibiting noradrenaline and dopamine transporters. Interestingly, a recent study
by Dang et al. (48) showed that dopamine synthesis capacity is
associated with the correlation between resting-state activity in
the DMN and activity in a task-positive network (CEN), indicating
that dopamine strengthens the functional interaction between
these networks. These observations, together with the current
findings, suggest that modafinil may modulate cognitive control
by targeting dopaminergic influence on the properties of largescale networks.
It should be noted here that, although we hypothesized that
AD patients would show initial impaired cognitive control
functions and altered within-network and between-network
coupling relative to HC, at baseline, no significant differences in
Stroop task performance and within-network and betweennetwork coupling were found between the groups. However,
modafinil-induced changes in coupling of the DMN with cognitive networks and correlation between these between-network
connectivity changes and Stroop task performance were only
found in the AD group. The initial (placebo) anticorrelation
between the DMN and all three task-positive networks were
nominally reduced in AD compared with HC, but these differences were nonsignificant, which may be explained by sample
size limitations. Although the AD group showed no initial
impairments in Stroop task performance, the modafinil-induced
increases in anticorrelation between these networks in AD did
result in improved cognitive control. The modafinil-induced
improvement in Stroop task performance in HC could have
emerged from modulation of other neural substrates or functional networks by modafinil that were beyond the scope of the
present study, since no changes in within-network or betweennetwork functional connectivity were observed in HC. Clearly,
future research is needed examining other neural substrates or
functional networks to further elucidate the neurobiological
effects by which modafinil enhances cognitive functioning in
AD and healthy volunteers.
The results of the current study should be viewed in light of
some limitations. First, the groups were not well matched on
smoking behavior. However, we decided not to include smoking
behavior as a covariate because of its high association with alcoholrelated problems and the risk of overcorrection resulting in a
serious reduction of the variance in problematic drinking. Moreover, we showed that behavioral performance was not associated
with smoking behavior. Second, three AD subjects tested positive
for cannabis or benzodiazepines. Although most of these substances are detectable for up to 4 weeks in urine samples and selfreported use of these substances was in accordance with the
requirement of being free of alcohol and drugs for at least 2 weeks,
we cannot rule out the possibility that recent cannabis or
benzodiazepine use confounded the results. However, post hoc
analyses excluding these subjects revealed very similar results with
regard to behavioral and imaging findings: all reported findings
remained significant with the exception that modafinil-induced
changes in DMN-CEN_right coupling in AD became a trend toward
significance (p ¼ .07 instead of p ¼ .02) probably due to
diminished power. In addition, the subjects were instructed
to keep their eyes closed and to stay awake during the restingstate scan. An eyes-closed condition has previously been associated
with a much stronger effect of another wakefulness-promoting
substance (caffeine) on resting-state between-network connectivity
of the DMN and a task-positive network compared with an eyesopen condition (49). Nonetheless, although all subjects included in
www.sobp.org/journal
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the analyses reported that they remained awake during the restingstate scan, we could not objectively measure whether this was
actually the case. We were not able to monitor sleeping during the
experiment using a camera because of the eyes-closed condition.
Future studies investigating modafinil effects on within-network
and between-network resting-state connectivity could benefit by
including a combination of an eyes-open and an eyes-closed
resting-state condition. Finally, although modafinil significantly
decreased the correlation between DMN and right CEN in
alcohol-dependent patients, the initial (placebo) positive correlation
between these networks seems counterintuitive. The lack of this
initial anticorrelation may be explained by the fact that there are
likely to be certain brain states in which network anticorrelations
are more or less visible. For example, during performance of a
cognitively demanding task, compared with a rest condition,
this anticorrelation might be more visible due to the increased
demand on task-positive networks and the need for deactivation of
brain regions associated with mind wandering (DMN). Another
brain state in which anticorrelations are more visible is a restingstate condition while under influence of substances (e.g., caffeine
[49]) known to enhance wakefulness and attention, functions
that rely on activation in task-positive networks. Given the
competitive relationship between the DMN and task-positive networks, increased drug-induced recruitment of task-positive activation would be expected to be accompanied by a reduction in
DMN activation. Therefore, the negative association between the
DMN and task-positive networks might initially have been less
pronounced in our study (reflected by a positive correlation or
a smaller negative correlation), whereas administration of the
wakefulness-promoting and cognitive-enhancing compound
modafinil resulted in an enhanced intrinsic competitive relationship
(correlation coefficients become more negative) in AD subjects,
which was, in turn, predictive of improvement in performance
when cognitive demand was imposed on the subjects during the
Stroop task.
Taken together, our findings show that modafinil exerts its
effects not by merely enhancing activation of individual brain
regions, but by targeting important intrinsic large-scale functional
networks of the brain. Moreover, these changes in between-network
functional connectivity were associated with a modafinil-induced
improvement in cognitive control, which is one of the core functions
known to be impaired in alcohol dependence. Therefore, the current
study provides a neurobiological rationale for implementing
modafinil as an adjunct in the treatment of alcohol dependence.
Clinical studies are needed to substantiate this promise.
We thank the Netherlands Organization for Scientific Research
for their financial support (ZonMW Grant 31160003).
The authors report no biomedical financial interests or potential
conflicts of interest.
Netherlands Trial Register: Impulsivity, a Risk Factor in Relapse to
Substance Use Disorder: Investigating Neural Substrates Before and
After Pharmacological Challenges. http://www.trialregister.nl/trial
reg/admin/rctview.asp?TC=2122; NTR2122.
Supplementary material cited in this article is available online at
http://dx.doi.org/10.1016/j.biopsych.2012.12.025.
1. van Holst RJ, Schilt T (2011): Drug-related decrease in neuropsychological functions of abstinent drug users. Curr Drug Abuse Rev 4:42–56.
2. Ridderinkhof KR, van den Wildenberg WP, Segalowitz SJ, Carter CS
(2004): Neurocognitive mechanisms of cognitive control: The role of
prefrontal cortex in action selection, response inhibition, performance
monitoring, and reward-based learning. Brain Cogn 56:129–140.

BIOL PSYCHIATRY 2013;73:789–795 795

L. Schmaal et al.
3. Stroop JR (1935): Studies of interference in serial verbal reactions.
J Exp Psychol 18:643–662.
4. Brewer JA, Worhunsky PD, Carroll KM, Rounsaville BJ, Potenza MN (2008):
Pretreatment brain activation during Stroop task is associated with
outcomes in cocaine-dependent patients. Biol Psychiatry 64:998–1004.
5. Streeter CC, Terhune DB, Whitfield TH, Gruber S, Sarid-Segal O,
Silveri MM, et al. (2008): Performance on the Stroop predicts
treatment compliance in cocaine-dependent individuals. Neuropsychopharmacology 33:827–836.
6. Sahakian B, Morein-Zamir S (2007): Professor’s little helper. Nature
450:1157–1159.
7. Dean AC, Sevak RJ, Monterosso JR, Hellemann G, Sugar CA,
London ED (2011): Acute modafinil effects on attention and inhibitory
control in methamphetamine-dependent humans. J Stud Alcohol
Drugs 72:943–953.
8. Zack M, Poulos CX (2009): Effects of the atypical stimulant modafinil
on a brief gambling episode in pathological gamblers with high vs.
low impulsivity. J Psychopharmacol 23:660–671.
9. Liu X, Banich MT, Jacobson BL, Tanabe JL (2004): Common and
distinct neural substrates of attentional control in an integrated
Simon and spatial Stroop task as assessed by event-related fMRI.
Neuroimage 22:1097–1106.
10. Coste CP, Sadaghiani S, Friston KJ, Kleinschmidt A (2011): Ongoing
brain activity fluctuations directly account for intertrial and indirectly
for intersubject variability in Stroop task performance. Cereb Cortex
21:2612–2619.
11. Grinband J, Hirsch J, Ferrera VP (2006): A neural representation of
categorization uncertainty in the human brain. Neuron 49:757–763.
12. Peyron R, Laurent B, Garcia-Larrea L (2000): Functional imaging of
brain responses to pain. A review and meta-analysis. Neurophysiol Clin
30:263–288.
13. Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H,
et al. (2007): Dissociable intrinsic connectivity networks for salience
processing and executive control. J Neurosci 27:2349–2356.
14. Petrides M (2005): Lateral prefrontal cortex: Architectonic and functional organization. Philos Trans R Soc Lond B Biol Sci 360:781–795.
15. Sridharan D, Levitin DJ, Menon V (2008): A critical role for the right
fronto-insular cortex in switching between central-executive and
default-mode networks. Proc Natl Acad Sci U S A 105:12569–12574.
16. Buckner RL, Andrews-Hanna JR, Schacter DL (2008): The brain’s
default network: Anatomy, function, and relevance to disease. Ann
N Y Acad Sci 1124:1–38.
17. Kelly AM, Uddin LQ, Biswal BB, Castellanos FX, Milham MP (2008):
Competition between functional brain networks mediates behavioral
variability. Neuroimage 39:527–537.
18. Spreng RN, Stevens WD, Chamberlain JP, Gilmore AW, Schacter DL
(2010): Default network activity, coupled with the frontoparietal control
network, supports goal-directed cognition. Neuroimage 53:303–317.
19. Hampson M, Driesen N, Roth JK, Gore JC, Constable RT (2010):
Functional connectivity between task-positive and task-negative
brain areas and its relation to working memory performance. Magn
Reson Imaging 28:1051–1057.
20. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME
(2005): The human brain is intrinsically organized into dynamic,
anticorrelated functional networks. Proc Natl Acad Sci U S A 102:
9673–9678.
21. Hampson M, Driesen NR, Skudlarski P, Gore JC, Constable RT (2006):
Brain connectivity related to working memory performance. J
Neurosci 26:13338–13343.
22. Baldassarre A, Lewis CM, Committeri G, Snyder AZ, Romani GL,
Corbetta M (2012): Individual variability in functional connectivity
predicts performance of a perceptual task. Proc Natl Acad Sci U S A
109:3516–3521.
23. Minzenberg MJ, Yoon JH, Carter CS (2011): Modafinil modulation of
the default mode network. Psychopharmacology (Berl) 215:23–31.
24. Hunter MD, Ganesan V, Wilkinson ID, Spence SA (2006): Impact of
modafinil on prefrontal executive function in schizophrenia. Am J
Psychiatry 163:2184–2186.
25. Spence SA, Green RD, Wilkinson ID, Hunter MD (2005): Modafinil
modulates anterior cingulate function in chronic schizophrenia. Br J
Psychiatry 187:55–61.
26. Ghahremani DG, Tabibnia G, Monterosso J, Hellemann G, Poldrack RA,
London ED (2011): Effect of modafinil on learning and task-related

27.
28.
29.

30.
31.

32.
33.
34.
35.
36.

37.
38.
39.
40.

41.
42.

43.
44.
45.
46.
47.
48.
49.

brain activity in methamphetamine-dependent and healthy individuals. Neuropsychopharmacology 36:950–959.
American Psychiatry Association ED (1994): Diagnostic and Statistical
Manual of Mental Disorders, 4th ed. Washington DC: American
Psychiatric Press.
Robertson M, Hellriegel ET (2003): Clinical pharmacokinetic profile of
modafinil. Clin Pharmacokinet 42:123–137.
Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E,
et al. (1998): The Mini-International Neuropsychiatric Interview
(M.I.N.I.): The development and validation of a structured diagnostic
psychiatric interview for DSM-IV and ICD-10. J Clin Psychiatry 59(suppl
20):22–33.
Schmand B, Bakker D, Saan R, Louman J (1991): The Dutch Reading
Test for Adults: A measure of premorbid intelligence level. Tijdschr
Gerontol Geriatr 22:15–19.
Sobell LC, Sobell MB (1992): Timeline followback: A technique for
assessing self-reported alcohol consumption. In: Litten RZ, Allen J,
editors. Measuring Alcohol Consumption: Psychosocial and Biological
Methods. Totowa, NJ: Humana Press, 41–72.
Babor TF, Kranzler HR, Lauerman RJ (1989): Early detection of harmful
alcohol consumption: Comparison of clinical, laboratory, and selfreport screening procedures. Addict Behav 14:139–157.
Calhoun VD, Adali T, Pearlson GD, Pekar JJ (2001): A method for
making group inferences from functional MRI data using independent
component analysis. Hum Brain Mapp 14:140–151.
Beckmann CF, DeLuca M, Devlin JT, Smith SM (2005): Investigations
into resting-state connectivity using independent component analysis. Philos Trans R Soc Lond B Biol Sci 360:1001–1013.
Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ,
Smith SM, Beckmann CF (2006): Consistent resting-state networks
across healthy subjects. Proc Natl Acad Sci U S A 103:13848–13853.
Brett M, Anton JL, Valabregue R, Poline JB (2002): Region of interest
analysis using an SPM toolbox [abstract]. Presented at the 8th
International Conference on Functional Mapping of the Human Brain,
June 2–6, Sendai, Japan.
Jafri MJ, Pearlson GD, Stevens M, Calhoun VD (2008): A method for
functional network connectivity among spatially independent restingstate components in schizophrenia. Neuroimage 39:1666–1681.
Koob GF, Volkow ND (2010): Neurocircuitry of addiction. Neuropsychopharmacology 35:217–238.
Lou M, Wang E, Shen Y, Wang J (2012): Cue-elicited craving in heroin
addicts at different abstinent time: An fMRI pilot study. Subst Use
Misuse 47:631–639.
Goudriaan AE, Veltman DJ, Van Den Brink W, Dom G, Schmaal L
(2013): Neurophysiological effects of modafinil on cue-exposure in
cocaine dependence: A randomized placebo-controlled cross-over
study using pharmacological fMRI. Addict Behav 38:1509–1517.
Tapert SF, Cheung EH, Brown GG, Frank LR, Paulus MP, Schweinsburg AD,
et al. (2003): Neural response to alcohol stimuli in adolescents with
alcohol use disorder. Arch Gen Psychiatry 60:727–735.
Schulte T, Muller-Oehring EM, Sullivan EV, Pfefferbaum A (2012):
Synchrony of corticostriatal-midbrain activation enables normal inhibitory control and conflict processing in recovering alcoholic men.
Biol Psychiatry 71:269–278.
Harrison BJ, Shaw M, Yucel M, Purcell R, Brewer WJ, Strother SC, et al.
(2005): Functional connectivity during Stroop task performance.
Neuroimage 24:181–191.
Gruber SA, Rogowska J, Holcomb P, Soraci S, Yurgelun-Todd D (2002):
Stroop performance in normal control subjects: An fMRI study.
Neuroimage 16:349–360.
Li CS, Luo X, Yan P, Bergquist K, Sinha R (2009): Altered impulse
control in alcohol dependence: Neural measures of stop signal
performance. Alcohol Clin Exp Res 33:740–750.
Park SQ, Kahnt T, Beck A, Cohen MX, Dolan RJ, Wrase J, Heinz A
(2010): Prefrontal cortex fails to learn from reward prediction errors in
alcohol dependence. J Neurosci 30:7749–7753.
Minzenberg MJ, Carter CS (2008): Modafinil: A review of neurochemical
actions and effects on cognition. Neuropsychopharmacology 33:1477–1502.
Dang LC, O’Neil JP, Jagust WJ (2012): Dopamine supports coupling of
attention-related networks. J Neurosci 32:9582–9587.
Wong CW, Olafsson V, Tal O, Liu TT (2012): Anti-correlated networks,
global signal regression, and the effects of caffeine in resting-state
functional MRI. Neuroimage 63:356–364.

www.sobp.org/journal

