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Modafinil enhances cognitive, but not emotional conflict
processing via enhanced inferior frontal gyrus activation
and its communication with the dorsomedial prefrontal cortex
Jialin Li1, Xi Yang1, Feng Zhou1, Congcong Liu1, Zhenyu Wei1, Fei Xin1, Bianca Daumann2, Jörg Daumann3, Keith M. Kendrick 1 and
Benjamin Becker 1

Cognitive control regulates cognitive and emotional systems to facilitate goal-directed behavior in the context of task-irrelevant
distractors. Cognitive control deficits contribute to residual functional impairments across psychiatric disorders and represent a
promising novel treatment target. Translational evidence suggests that modafinil may enhance performance in executive functions;
however, differential effects on regulatory control in cognitive and emotional domains have not been examined. The present pre-
registered randomized-controlled pharmacological fMRI trial examined differential effects of modafinil (single-dose, 200mg) on
cognitive and emotional conflict processing. To further separate objective cognitive enhancing effects from subjective performance
perception, a metacognitive paradigm was employed. Results indicated that modafinil specifically enhanced cognitive conflict
performance and concomitantly increased activation in the inferior frontal gyrus and its functional communication with the
dorsomedial prefrontal cortex. Exploratory analysis further revealed modafinil-enhanced basolateral amygdala reactivity to
cognitive conflict, with stronger reactivity being associated with higher cognitive conflict performance. Whereas modafinil
enhanced cognitive performance in the metacognitive paradigm, confidence indices remained unaffected. Overall, the present
results suggest that modafinil has the potential to enhance cognitive conflict processing while leaving emotional conflict
processing unaffected. On the neural level modafinil enhanced the recruitment of a network engaged in general conflict and
regulatory control processes, whereas effects on the amygdala may reflect improved arousal-mediated attention processes for
conflicting information. The pattern of cognitive enhancing effects in the absence of effects on affective processing suggests a
promising potential to enhance cognitive control in clinical populations.
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INTRODUCTION
Cognitive control regulates cognitive and emotional systems to
facilitate goal-directed behavior despite distracting and conflicting
information [1, 2]. Impairments in this cardinal cognitive function
have been observed across major psychiatric disorders [3] and
have been associated with core symptoms in attention deficit/
hyperactivity disorder [4, 5], addiction [6] and depression [7].
Cognitive control deficits have been increasingly considered as
promising transdiagnostic treatment target [8]; however, the
currently established pharmacological interventions primarily
target affective dysregulations [9]. Cognitive impairments there-
fore often persist despite remission of affective symptoms [10, 11]
and considerably contribute to long-term functional impairments
[7] with deficient cognitive control additionally contributing to
impairments in a range of other cognitive domains [12]. Against
this background pharmacological cognitive enhancers (neuroen-
hancers) have been increasingly advocated as a novel treatment
strategy to specifically enhance cognitive functioning [13].
Cognitive control incorporates the ability to monitor conflicting

task-irrelevant interferences and to inhibit prepotent motor
responses [1, 2]. Both processes strongly rely on the prefrontal

cortex (PFC) [14], particularly the ventrolateral PFC (vlPFC) located
on the inferior frontal gyrus (IFG) [2, 15]. With respect to conflict
processing, the interference-related neural systems vary as a
function of context [2]. Initial studies employing affective Stroop
paradigms reported that conflicts arising from cognitive distrac-
tors engage lateral prefrontal systems, whereas emotional conflict
primarily recruits more medial prefrontal regions, particularly the
rostral anterior cingulate cortex (rACC) and—to a lesser extend—
the amygdala [2, 16, 17]. A recent meta-analysis covering fMRI
studies that employ classical emotion-word Stroop paradigms
further confirmed consistent recruitment of the vlPFC and
additionally suggested robust recruitment of the dorsomedial
prefrontal cortex (dmPFC) during conflict processing [18].
Furthermore, network-level approaches emphasize the interplay
between these regions, such that increased functional commu-
nication between the vlPFC and dmPFC has been observed during
cognitive control [19, 20].
Converging translational evidence suggests that psychostimu-

lants may enhance cognitive control, particularly inhibitory motor
control, in healthy individuals and neuropsychiatric patients
[21, 22]. Compared with typical amphetamine-type stimulants,
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the wakefulness-promoting agent modafinil (MOD), which has
been approved for the treatment of narcolepsy, has a relatively
low risk for abuse, cardiovascular [23, 24] and anxiogenic side
effects [25] and thus represents a particular promising candidate
to enhance cognitive control. On the neurochemical level, MOD
increases extracellular levels of dopamine [26], norepinephrine
[27], glutamate [28] and serotonin [29], and attenuates GABAergic
neurotransmission in the PFC [30], with effects on catecholami-
nergic neurotransmission being considered as primary mechanism
for improving prefrontal cognitive functions [9, 22].
Previous studies reported beneficial effects of a single dose of

MOD on cognitive control in the domain of inhibitory motor
control in healthy non-sleep deprived subjects [31] and neurop-
sychiatric patients [32, 33], whereas studies examining effects on
cognitive conflict revealed inconsistent results [31, 34]. However,
previous studies on cognitive conflict employed classical (non-
affective) word-color Stroop paradigms [35, 36] with near ceiling
performance in the placebo groups reflecting a low sensitivity to
determine neuroenhancing effects.
Compared to the vast literature on the cognitive effects of MOD,

only few studies examined effects on emotional processing and
findings remain controversial. Several single-dose administration
studies did not observe MOD effects on self-reported affective
states [25], while others reported increased general mood [37] and
anxiety [22] with two fMRI studies reporting either decreased or
increased amygdala threat reactivity following repeated (100mg/
7 days) or high-dosage (600 mg) MOD, respectively [38, 39].
Underlying effects of MOD on emotional processes may in turn
interfere with emotional conflict processing, which is essential for
everyday functioning, such that threatening or social-emotional
stimuli including facial expressions convey important information
to redirect attention and adapt behavior. MOD effects in this
domain could thus interfere with functioning in affectively
remitted patients or could exaggerate dysregulated emotional
conflict processing during symptomatic states [40, 41].
Against this background the present preregistered randomized

double-blind placebo-controlled pharmaco-fMRI experiment in
n= 72 healthy subjects aimed at determining distinct effects of a
single dose of 200mg MOD on cognitive and emotional conflict
processing and the underlying neural mechanisms. To account for
subjective enhancing effects in the absence of objective
performance improvements as reported for other psychostimu-
lants [42], a metacognitive paradigm [43] was administered to
disentangle effects on subjective confidence from objective
performance. Based on previous single-dose MOD administration
studies suggesting facilitated cognitive control in the context of
enhanced neural activation [39], we hypothesized that MOD
would promote conflict processing, particularly cognitive conflict
processing. On the neural level we expected that facilitated
performance would be accompanied by (1) enhanced neural
activation, specifically IFG or dmPFC activation during cognitive
conflict processing or rACC activation during emotional conflict
processing, respectively, and (2) facilitated functional communica-
tion within this network.

MATERIALS AND METHODS
Participants
Seventy-four healthy, right-handed male participants (under-
graduate/graduate students) were enrolled after providing written
informed consent. In line with previous studies examining the
effects of MOD in healthy subjects [32, 44] and to reduce variance
related to sex-differences and menstrual cycle-related hormonal
variations on emotional processing [45, 46], only male subjects
were enrolled. Participants were free from current or a history of
psychiatric or neurological disorders, regular use of psychotropic
substances including nicotine, visual or motor impairments that
may interfere with performance. Subjects with contraindications
for MOD (i.e. allergies, cardiovascular or sleeping disorders) or MRI
were excluded. One subject did not understand the paradigm and
was excluded after the pre-fMRI training session; following initial
data quality assessment, data from one subject was excluded due
to excessive head motion during fMRI (>3mm or 3°). Conse-
quently, data from 72 subjects (MOD, n= 35; placebo, n= 37)
were included in the final analyses (age, 21.51 ± 2.58 years).
Study procedures were approved by the local ethics committee

and adhered to the latest revision of the Declaration of Helsinki.
The study was preregistered on clinicaltrials.gov (https://www.
clinicaltrials.gov/ct2/show/NCT03426202).

Experimental procedures and assessment of potential
confounders
A randomized double-blind, placebo-controlled, between-subject
pharmaco-fMRI design was employed with subjects being
randomly assigned to the p.o. administration of either MOD
(200mg) or placebo (PLC). Dose selection was consistent with
previous studies [24, 32]. In line with the pharmacodynamic profile
of MOD [47, 48], the experimental paradigms started 2 h after
administration. Participants underwent an affective Stroop para-
digm followed by a reinforcement learning task during fMRI,
which lasted approximately 20min and will be reported in a
separate publication. Mood and traits were assessed before
treatment, and cardiovascular indices (blood pressure and pulse
rate) were measured at baseline and before scanning (+1.75 h).
Affective states were additionally monitored at the end of the
experiment (assessed at baseline, +1.75 h and after experiment,
+3.5 h). In a post-scanning session, a metacognitive paradigm was
employed to disentangle MOD effects on subjective confidence
from objective performance, and task-specific ratings of
subjective perception of performance [42] and task enjoyment
[24] were assessed using visual analog scales (VAS) (Fig. 1,
Supplementary Materials).

fMRI cognitive and emotional conflict paradigm
A validated affective Stroop paradigm [2, 16, 17] incorporating
emotional and non-emotional (cognitive) conflict was employed
during fMRI. The stimuli consisted of facial stimuli from 20
individuals (10 males) with happy or fearful expressions, with
words (“happy/fear”, emotional condition or “male/female”,
cognitive condition) written in prominent red letters over the

Fig. 1 Experimental timeline. Experimental timeline of the randomized placebo-controlled double-blind between-subject experiment.
Informed consent for the publication of the image has been obtained. MOD modafinil, PLC placebo.
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faces (stimuli from [49]). Facial and written stimuli were either
congruent (c) or incongruent (i). Participants were instructed to
ignore the irrelevant word distracters and to judge the expression
or gender of each face as fast and accurately as possible. All
subjects underwent two runs per experimental condition (emo-
tional, cognitive) encompassing 80 trials. The trials were inter-
spersed by a jittered inter-trial interval of 4 s (3–5 s) and stimuli
were presented for 1 s (total duration for each run was 426 s).
Facial stimuli were validated in an independent sample (emotion
intensity and gender ratings using 9-point Likert scales) and
counterbalanced across trial types and response buttons. Order of
the conditions was counterbalanced across treatment groups.

Metacognition paradigm
Metacognitive performance was assessed using a validated
paradigm combining dot-density discrimination and confidence
ratings (available from https://github.com/metacoglab/
meta_dots).
Briefly, during each trial, two circles with different numbers of

dots were presented and subjects had to indicate which circle
contained more dots and subsequently rate their subjective
confidence on a 1–6 scale [43, 50, 51]. Performance was
individually adjusted (70.7% accuracy) using a staircase procedure.
During the subsequent main paradigm, eight blocks each
encompassing 25 trials were presented (Supplementary Materials).

Data analysis approach
Behavioral data analysis. To examine whether MOD treatment
increased behavioral performance, mixed-ANOVAs were con-
ducted on the dependent variables accuracy and reaction time
(RT) for correct responses with treatment (MOD, PLC) as between-
subject factor, congruence (i, c) and task (emotional, cognitive) as
within-subject factors. Metacognitive efficiency was measured by
the correspondence between trial-by-trial performance and
confidence using a hierarchical meta-d′ model [50]. Based on
signal detection theory, meta-d′ characterizes the sensitivity of
individuals’ confidence reports to correct or incorrect responses
(http://www.columbia.edu/~bsm2105/type2sdt); d′ reveals the
objective task performance with respect to perceptual detection,
and c measures response bias [51]. Analyses were employed in
SPSS 22 (Armonk, NY: IBM Corp.) with p < 0.05.

MRI data acquisition, preprocessing and analysis. MRI data were
collected on a 3.0 Tesla system (GE MR750, General Electric
Medical System) and preprocessed using evaluated procedures in
SPM12 (Supplementary Materials). On the first level, the two
experimental conditions, “i”, “c” and “error” for incorrect responses
were modeled for each run using a stick function convolved with
the standard hemodynamic response function and including six
head-motion parameters. Contrast images between incongruent
and congruent conditions (“i > c”) were created separately for the
emotional and non-emotional task. In line with the behavioral
analyses, for the second-level analysis, the primary hypotheses of
the study were tested by examining the three-way interaction
between treatment, congruence and task. To further disentangle
interaction effects, parameter estimates were extracted using
MarsBaR [52]. Based on our a priori regional-specific hypothesis
[2, 16–18], the analysis focused on the conflict network as
identified by a single mask encompassing the (atlas [53] defined)
bilateral IFG, rACC and dmPFC (Supplementary Materials). Within
a priori regions, results were thresholded at p < 0.05 family-wise
error (FWE) corrected at peak level with small volume
correction (SVC).
Given the distinct neural systems underlying cognitive and

emotional conflict processing, an additional exploratory analysis
examined the differences between emotional and cognitive
conflict processing [cognitivei-c > emotionali-c] within treatment
groups using paired t tests on the whole-brain level (pFWE-cluster

< 0.05). For anatomical mapping of the effects, probabilistic maps
from the Anatomy toolbox 3.0 [54] were employed.

Conflict-dependent functional connectivity. To explore MOD
effects on the functional communication between conflict-
related brain regions, functional connectivity analyses (gPPI) [55]
were performed for emotional and cognitive conflict processing
separately. The corresponding first-level models included identical
regressors as the BOLD activation design matrix and respective
psychophysiological interaction terms. Based on the analysis of
conflict-dependent neural activation patterns (Supplementary
Materials), the IFG and rACC served as seed regions for the
seed-to-voxel analyses. Corresponding seed regions in the
conflict-general bilateral IFG and the emotional-conflict-specific
rACC were defined by initially examining the whole-brain main
effect of congruence across groups and placing 6-mm-radius
spheres centered at peak voxel of the activated clusters.
Treatment effects on context-dependent connectivity within
the conflict network were determined by two-sample t tests
(“i > c”, emotional and cognitive respectively). Results were
thresholded at pSVC-FWEpeak < 0.05, employing SVC within the mask
encompassing the IFG, rACC and dmPFC.

RESULTS
Potential confounders
Pretreatment data revealed comparable age, weight, pathological
symptom load and mood between groups (Table 1; ps > 0.05).
Examining affective and cardiovascular indices did not reveal
significant differences between groups (ps > 0.05; Supplementary
Materials, Supplementary Fig. S1). Postexperiment assessments of
subjective performance perception and task enjoyment indicated
no significant differences (ps > 0.05). No group differences
were observed with respect to guessing the administered
treatment (χ2= 2.69, p > 0.05) confirming successful double
blinding.

Effects of MOD on conflict processing performance
Examining conflict processing accuracy by means of a treatment
(MOD vs. PLC) × congruence (i vs. c) × task (emotional vs.
cognitive), mixed-ANOVA revealed a main effect of congruence
(F(1, 70)= 104.72, p < 0.001, partial η2= 0.599), indicating that
participants responded with higher accuracy during congruent
trials (t71= 10.19, p < 0.001, d= 1.201, d indicates effect size for
t test in terms of Cohen’s d) and a significant task × congruence
interaction effect (F (1, 70)= 15.79, p < 0.001, partial η2= 0.184)

Table 1. Group difference on pretreatment assessments.

MOD (M ± SD) PLC (M ± SD) t70 p

Age 21.11 ± 2.44 21.89 ± 2.70 −1.28 0.20

Weight (kg) 64.46 ± 8.92 64.92 ± 7.95 −0.23 0.82

PANAS-positive 27.77 ± 5.42 28.62 ± 4.15 −0.75 0.46

PANAS-negative 15.09 ± 5.38 15.59 ± 5.52 −0.40 0.69

STAI-state 36.49 ± 8.28 35.57 ± 5.08 0.57 0.57

STAI-trait 39.43 ± 9.32 36.95 ± 4.70 1.44 0.16

BDI II 7.40 ± 6.69 6.54 ± 5.52 0.60 0.55

BIS 15.60 ± 3.04 16.22 ± 2.77 −0.90 0.37

BAS 23.60 ± 4.72 25.30 ± 4.40 −1.58 0.12

ASQ 20.97 ± 6.35 21.65 ± 5.35 −0.49 0.63

M mean, SD standard deviation, PANAS Positive And Negative Affect Score,
STAI State Trait Anxiety Inventory, BDI II Beck Depression Inventory II, BIS
Behavioral Inhibition system scale, BAS Behavioral Activation system scale,
ASQ Autism Spectrum Quotient.
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documenting that accuracy was higher for incongruent trials in
the cognitive compared to the emotional task (t71= 2.44, p < 0.05,
d= 0.289). Importantly, the task by treatment interaction effect
reached marginal significance (F (1, 70)= 3.91, p= 0.052, partial
η2= 0.053), demonstrating that following MOD participants
exhibited higher accuracy during cognitive compared to emo-
tional conflict (t34= 2.19, p < 0.05, d= 0.369), which was not
observed in the PLC group. No other main effects or interaction
effects reached significance (all ps > 0.05).
Conflict-dependent treatment effects were further disentangled

by separate treatment × congruence ANOVAs for the emotional
and cognitive domains. Main effects of congruence were
significant for both, emotional and cognitive conflict (ps < 0.001).
In the emotional domain, no significant effects involving treatment
were observed (main effect, F(1, 70)= 0.001, p= 0.970; interaction
effect with congruence, F (1, 70)= 0.17, p= 0.678), whereas the
treatment main (F(1, 70)= 3.42, p= 0.069, partial η2= 0.047) and
interaction effect with congruence (F (1, 70)= 4.12, p < 0.05, partial
η2= 0.056) reached (marginal) significance in the cognitive
domain. Post-hoc analysis revealed that MOD specifically improved
accuracy during cognitive conflict (nonemotional incongruent
trials) compared to PLC (t70= 2.20, p < 0.05, d= 0.519, Fig. 2a).
Examining response times revealed significant main effects of

congruence (F(1, 70)= 323.43, p < 0.001, partial η2= 0.822) and task
(F(1, 70)= 25.51, p < 0.001, partial η2= 0.267), demonstrating faster
responses in the congruent condition (t71= 18.08, p < 0.001, d=
2.131) and the cognitive task (t71= 4.95, p < 0.001, d= 0.584). No
significant treatment main or interaction effects were observed
(ps > 0.05; Supplementary Table S1).

Effects of MOD on brain activation during conflict processing
The main effects of congruence, task and treatment were
examined via whole-brain analyses (Supplementary Materials,
Supplementary Tables 2–4). Notably, exploring conflict-dependent
neural activation patterns independent of treatment revealed that
the IFG was recruited during both emotional and cognitive
conflict, whereas the rACC was specifically engaged during
emotional but not cognitive conflict (all pFWE-cluster < 0.05)
confirming previous studies suggesting that the lateral PFC,
specifically IFG represents a conflict-general region [15] and that
the conflict-specific rACC specifically contributes to emotional
conflict [2, 17] (Supplementary Materials).
The regional-specific a priori hypotheses were evaluated using a

treatment × congruence × task mixed-ANOVA, which revealed a
significant three-way interaction effect located in the left IFG
(Fig. 2b; peak MNI coordinates: [−57, 18, 9], k= 42, t70= 4.08,

pSVC-FWEpeak < 0.05). Consistent with the behavioral findings,
extraction of parameter estimates from a 6-mm-radius sphere
centered at the peak coordinate further revealed that MOD
specifically increased left IFG activity (i > c) during cognitive (t70=
2.91, p < 0.01, d= 0.686), but not emotional conflict (p > 0.05;
Fig. 2c) relative to PLC. Probabilistic mapping demonstrated that
the cluster was located in the pars opercularis of the IFG
(Brodmann area 44, 73.1% probability).
Examining effects on rACC activation revealed no significant

results (even at a liberal puncorrected < 0.001, or exploratory
parameter estimate extraction from the rACC), confirming the
absence of MOD effects on emotional conflict processing and
associated rACC activation.

Effects of MOD on conflict-dependent functional connectivity
During cognitive conflict (i > c), MOD increased right IFG coupling
strength with the bilateral dmPFC relative to PLC (Fig. 3; peak MNI
coordinates: [6, 24, 51], k= 86, t70= 4.10, pSVC-FWEpeak < 0.05). No
treatment effects were observed during emotional conflict or for
left IFG or rACC seeds.

Fig. 2 MOD selectively improved cognitive conflict processing and associated IFG activation. a MOD selectively enhanced behavioral
performance towards cognitive incongruent distractors, b which was concomitantly observed in the increased IFG activation and c specifically
in the cognitive but not emotional conflict domain. *p < 0.05; **p < 0.01. MOD modafinil, PLC placebo, c congruent, i incongruent, IFG inferior
frontal gyrus.

Fig. 3 The contribution of MOD treatment to facilitating
functional coupling during cognitive conflict. MOD treatment
specifically enhanced right IFG connectivity strength with the
bilateral dmPFC compared to PLC during cognitive but not
emotional conflict. MOD modafinil, PLC placebo, IFG inferior frontal
gyrus, dmPFC dorsomedial prefrontal cortex.

Modafinil enhances cognitive, but not emotional conflict processing via. . .
J Li et al.

4

Neuropsychopharmacology (2020) 0:1 – 8



Exploratory analysis within treatment groups
An additional exploratory analysis examined differences in brain
activation between emotional and cognitive conflict processing in
the separate groups (contrast [cognitivei-c > emotionali-c], whole-
brain analysis, pFWE-cluster < 0.05). Results revealed no significant
neural differences following PLC, whereas increased activation
during cognitive relative to emotional conflict was observed in
a broad limbic network, including the fusiform gyrus and amygdala
and posterior frontal and parietal networks, following MOD
(pFWE-cluster < 0.05; Supplementary Table S5). Given previous incon-
sistent findings on the involvement of the amygdala in both,
conflict processing [2, 16–18] as well as MOD effects [38, 39], we
specifically followed up the amygdala finding. The amygdala
activation mapped specifically on the basolateral subregion (Fig. 4a;
peak MNI coordinates: [33, −3, −18], k= 116, t34= 4.42, pFWE-cluster

< 0.05), and extraction of parameter estimates from a 6-mm-radius
amygdala sphere centered at the corresponding cluster confirmed
that MOD enhanced amygdala reactivity to cognitive (t70= 2.03, p
< 0.05, d= 0.479) yet not emotional conflict (p > 0.05; Fig. 4b).
Excluding one participant following PLC with relatively low
amygdala responses (lower than 3 SD from the mean value)
indicated stable MOD enhancing effects on cognitive conflict
(t69= 1.76, pone-sided < 0.05, d= 0.417), arguing against eliminated
amygdala activity in the PLC group being driven by outliers. In
subsequent analyses we explored brain−behavior associations
between cognitive conflict accuracy and corresponding neural
activity using Shapiro−Wilk tests (due to non-normal distribution).
Following MOD accuracy was positively associated with right
amygdala reactivity during cognitive conflict (rho= 0.44, p < 0.01),
whereas following PLC no association was observed (rho=−0.29,
p= 0.078; significant correlation differences between groups,
Fisher’s z= 2.21, p < 0.05; Fig. 4c). The correlation between conflict
performance and amygdala activity in PLC was not significant even
after excluding one PLC-treated participant with low amygdala
reactivity (cognition: rho=−0.26, p= 0.122; emotion: rho=−0.29,
p= 0.09). Further analysis revealed no significant associations
during emotional conflict or with IFG activation.

Effects of MOD on metacognition
Examining differences between the treatment groups revealed no
significant MOD effects on confidence reports (meta-d′) or

response bias (c) (ps > 0.05), whereas MOD enhanced discrimina-
tion sensitivity (d′; t70= 2.23, p < 0.05, d= 0.527; Supplementary
Fig. S2) reflecting that MOD specifically facilitated cognitive
performance rather than subjective perception of performance.
No treatment effects were observed on reaction times for dot
discrimination or confidence ratings (ps > 0.05).

DISCUSSION
The present study aimed at determining differential effects of
MOD on cognitive and emotional conflict processing while strictly
controlling for effects on cardiovascular indices, affective state,
experienced task enjoyment and subjective performance percep-
tion. In nonsleep-deprived subjects, MOD selectively enhanced
accuracy in the context of cognitive but not emotional distractors.
In line with the behavioral findings, MOD specifically enhanced
IFG activation and its functional communication with the dmPFC
during cognitive conflict, while emotional conflict and corre-
sponding rACC activation remained unaffected. Further explora-
tory analysis provided evidence for MOD-enhanced amygdala
reactivity in response to cognitive conflict, with stronger MOD-
induced amygdala activation being associated with higher
accuracy during cognitive conflict. Examining subjective ratings
and metacognitive performance revealed no significant treatment
effects on affective states, perceived task performance or
metacognitive confidence while MOD improved discrimination
sensitivity further emphasizing its selective effect on cognitive
performance.
Whereas accumulating evidence suggests that MOD can

enhance cognitive performance particularly in the domain of
PFC-dependent executive functions, including working memory
[9, 48], cognitive flexibility [24, 32] and inhibitory control [32, 44],
effects on cognitive conflict processing assessed by the classical
color-word Stroop paradigm remained inconsistent [31, 34]. The
sensitivity of the classical Stroop paradigm for evaluating
pharmacological neuroenhancers is limited due to low error rates
in healthy individuals [16] and lack of concomitant assessment of
emotional distractors [56]. Previous studies propose that MOD
selectively facilitates executive control at the most challenging
task levels [9, 24] and complex task demands [31], suggesting that
the present affective Stroop paradigm may have more efficiently

Fig. 4 Exploratory analysis of MOD effects on amygdala reactivity and the association with cognitive conflict performance. a Examining
distinct conflict processes within separate groups revealed increased right amygdala activation following MOD treatment during cognitive
relative to emotional conflict, and b enhancing effects were observed during cognitive but not emotional conflict. c In the MOD group
accuracy was positively correlated with right amygdala activity during cognitive but not emotional conflict processing, whereas no association
was observed in the PLC group. The filled curves show standard errors for each treatment group and the distribution curves in marginals
indicate statistical densities of cognitive conflict performance and amygdala activity respectively. *p < 0.05. MOD modafinil, PLC placebo, IFG
inferior frontal gyrus.

Modafinil enhances cognitive, but not emotional conflict processing via. . .
J Li et al.

5

Neuropsychopharmacology (2020) 0:1 – 8



determined MOD effects on conflict processing with a higher
sensitivity. Despite the generally lower accuracy for emotional
relative to cognitive distractors, no MOD effects on emotional
conflict were observed, indicating that MOD specifically enhanced
cognitive conflict performance.
On neural level the present paradigm engaged conflict-general

and -specific networks, confirming the role of IFG as a conflict-
general region which is recruited during both cognitive and
emotional conflict [15] and the specific engagement of the rACC
in emotional conflict [2, 17]. In accordance with conflict-
dependent contribution of the PFC and our a priori hypothesis,
enhanced cognitive conflict performance following MOD was
accompanied by increased IFG activation, particularly in the pars
opercularis (Brodmann area 44), a subregion of the IFG strongly
engaged in cognitive control, particularly inhibitory motor control
[57, 58]. Previous pharmacological fMRI studies reported that
enhancement of inhibitory control following single-dose admin-
istration of MOD was accompanied by increased neural activation
in the PFC [39, 59]. Successful cognitive control in the domain of
inhibitory motor control specifically relies on noradrenaline—
rather than serotonin [60] or dopamine [61]—signaling. Improved
response inhibition following the noradrenaline reuptake inhibitor
atomoxetine has been observed with concomitantly enhanced IFG
activation [21], which together suggests that noradrenergic effects
of MOD may explain the beneficial effects of MOD on cognitive
conflict. In accordance with the domain-specific enhancement of
cognitive conflict performance, no MOD effects on the rACC, a
region strongly involved in emotional conflict regulation, were
observed.
Further exploratory analyses revealed that the beneficial effect

of MOD on cognitive conflict processing was additionally
accompanied by increased right IFG-dmPFC coupling and right
amygdala activation. The right IFG plays a critical role in the
implementation of cognitive control, including inhibiting pre-
potent responses [14, 15], and facilitates error detection,
performance monitoring and encoding task-oriented goals during
response preparation [62, 63]. In a rodent model selectively
inactivating the dmPFC led to specific deficits in inhibiting
incorrect responses [64]. Moreover, both the IFG and dmPFC as
well as their functional interaction contribute to domain-general
cognitive conflict processing [19, 65], suggesting that the
cognitive-conflict-enhancing effects of MOD are moderated by
region-specific effects on increased communication within the
domain-general conflict network, specifically the right IFG and
the dmPFC.
Exploratory whole-brain analyses further revealed that—relative

to emotional conflict—the MOD-treated group exhib-
ited enhanced amygdala reactivity to cognitive conflict, with
a positive association between the amygdala activation and
cognitive conflict accuracy being observed. The role of the
amygdala in context-specific conflict processing remains a matter
of debate, such that initial studies reported that activation of the
amygdala signals the amount of emotional conflict [16], whereas
subsequent studies suggest comparable engagement during
cognitive conflict [2] or no robust engagement of the amygdala
during emotional conflict [65]. Although the amygdala has been
considered as emotional, specifically fear-specific region [66],
accumulating evidence suggests a broader role of the amygdala in
general arousal and salience signaling [67], attention orientation
[68] and response monitoring [69]. Early animal models reported
increased activation and serotonergic neurotransmission in the
amygdala following MOD [30]. On the other hand, converging
translational evidence suggests a stronger involvement of
noradrenergic rather than serotonergic signaling in cognitive
control [60]. The basolateral amygdala receives dense noradre-
nergic projections from the locus coeruleus [70] and these
noradrenergic pathways play an important role in mediating the
effects of arousal on cognition, including facilitation of inhibitory

avoidance retention [71]. Moreover, the basolateral amygdala
shows a high sensitivity and partly opposing effects to pharma-
cological modulation of noradrenergic β- and α-receptors [72]. A
previous study suggested that MOD-enhanced arousal and neural
activity was attenuated by the β-adrenergic antagonist proprano-
lol [22], which may together point to a β-adrenergic-mediated
mechanism of MOD on amygdala activation during cognitive
conflict. In contrast to the increased conflict-dependent amygdala
reactivity, previous studies indicated either enhanced or attenu-
ated threat-related amygdala activity following high (600 mg) or
repeated (100 mg/7 days) MOD [38, 39]. Most previous studies
examined MOD effects on cognitive performance employing
single 200mg dosages [24, 32] and did not observe robust effects
on subjective emotional processing, suggesting that the divergent
effects may—at least partly—be explained by different dosage
schedules.
The present findings confirm the potential contribution of a

single dose of 200 mg MOD to enhance executive control in
healthy, nonsleep-deprived individuals [24]. Importantly, the
effects were selectively observed in the cognitive but not
emotional conflict domain and in the absence of impact on
subjective performance perception and affective states. Initial
studies have demonstrated cognitive enhancing effects of MOD in
remitted depression [9], schizophrenia [30] and addiction [33].
These disorders are characterized by residual cognitive impair-
ments even after affective recovery [73]. The present findings did
not reveal robust effects of MOD on affective processing or
emotional conflict-related rACC activation, a region critical for
emotion regulation [74] and reward learning [75], which suggests
a promising cognitive enhancer candidate (MOD) for facilitating
cognitive conflict processing in clinical populations.
Despite these promising findings the present study needs to be

interpreted with some limitations, such that only young male
participants were examined. To this end subsequent studies need
to determine (1) generalization of MOD effects to female
participants and across age ranges, (2) the potential of MOD in
patients with cognitive control deficits or populations with age-
related decline in cognitive conflict processing, and (3) compare
MOD effects with other pharmacological modulators to determine
emotional conflict-specific targets. Finally, the marginal significant
behavioral and exploratory neural effects of MOD need to be
interpreted with corresponding caution.
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