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Abstract Reward may modulate the cognitive processes re-
quired for goal achievement, while individual differences in per-
sonality may affect reward modulation. Our aim was to test how
different monetary reward magnitudes modulate brain activation
and performance during goal-directed behavior, and whether
individual differences in reward sensitivity affect this modula-
tion. For this purpose, we scanned 37 subjects with a parametric
design in which we varied the magnitude of monetary rewards
(€0, €0.01, €0.5, €1 or €1.5) in a blocked fashion while partic-
ipants performed an interference counting-Stroop condition. The
results showed that the brain activity of left dorsolateral prefron-
tal cortex (DLPFC) and the striatum were modulated by increas-
ing and decreasing reward magnitudes, respectively. Behavioral
performance improved as the magnitude of monetary reward
increased while comparing the non reward (€0) condition to
any other reward condition, or the lower €0.01 to any other
reward condition, and this improvement was related with indi-
vidual differences in reward sensitivity. In conclusion, the locus
of influence of monetary incentives overlaps the activity of the
regions commonly involved in cognitive control.
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Introduction

Human cognition has the cognitive control capacity to adjust
and flexibly guide people’s behavior in changing environmen-
tal circumstances, especially in situations where distracting
information or a prepotent response tendency must be ignored
to successfully act in a goal-directed manner (Bunge et al.
2002; Grandjean et al. 2012). Since Stroop (1935) reported
the Stroop effect, the Stroop task has become one of the most
widely used paradigms to study cognitive control (MacLeod
1991). In this study, we employed the interference counting
Stroop condition as a goal-directed behavior, which has been
employed as a variant to study the Stroop effect in the func-
tional magnetic resonance imaging (fMRI) context (Barrds-
Loscertales et al. 2011; Bush et al. 1998, 1999, 2006;
Hayward et al. 2004). In this task, an automatic or predomi-
nant response tendency (word reading of number words; i.e.,
four) must be withheld in favor of a more controlled one
(counting naming; i.e., two for “four, four” presentation).
Reaction times (RTs) are typically slower for incongruent tri-
als (twice the “four” word) than for congruent trials (four
times the “four” word). This phenomenon is known as the
Stroop effect, which has been widely replicated across several
studies and the experimental conditions that involve partici-
pants in overcoming interference as goal behavior (Grandjean
etal. 2012).

The Dual Mechanism of Control (DMC) framework hy-
pothesizes that neurobehavioral adjustment, characteristic in
cognitive control processes, changes from ‘proactive control’
(to maintain goal-relevant information before cognitively de-
manding events take place) to the ‘reactive control’ strategy

@ Springer


http://dx.doi.org/10.1007/s11682-016-9577-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s11682-016-9577-7&domain=pdf
Chh
Highlight
37 subjects


1038

Brain Imaging and Behavior (2017) 11:1037-1049

(to detect and resolve cognitively demanding events after its
onset), depending on situational demands or individual differ-
ences (Braver 2012). In this study, we focus on analyzing high
motivation in a high conflict expectation context, which are
task conditions that involve a proactive control strategy
(Grandjean et al. 2012; Soutschek et al. 2014; Soutschek
et al. 2013). In particular, we tested how increasing monetary
reward magnitudes modulate behavioral performance (i.e., re-
action time and accuracy) and brain activity by adding a
blocked graded parametric variation of reward magnitude
contingencies for correct performance under an interference
counting Stroop condition with high conflict expectancy (e.g.,
low proportion of congruent trials).

Behaviorally, enhancement in goal-directed behavior dur-
ing conflict processing has been related with high conflict
expectancy (Carter et al. 2000; Funes et al. 2010; Logan and
Zbrodoff 1979; Soutschek et al. 2014; Soutschek et al. 2013)
and enhanced levels of motivation (Krebs et al. 2013;
2011;2010; Padmala and Pessoa 2011; Soutschek et al.
2014; Veling and Aarts 2010). Functionally, conflict expec-
tancy involves frontal regions, including the dorsal ACC
(dACC) and the medial superior frontal cortex, whereas re-
ward motivation enhances brain activity in regions associated
with proactive control, such as dACC, lateral PFC and the
striatum (Soutschek et al. 2014). However, enhanced goal-
directed behavior seems to engage similar or mutually
influencing processes. Thus high conflict expectancy alone
may already lead to an optimal processing mode so that high
motivation could not activate any additional proactive pro-
cesses, and vice versa (Soutschek et al. 2013). Therefore, we
considered studying whether blocked conditions of increasing
monetary rewards would affect general task performance and
brain activation (Engelmann et al. 2009; Stoppel et al. 2011;
Veling and Aarts 2010) in an already stable high conflict con-
dition. Consequently, we expected that as magnitude of re-
ward increases, (1) task performance would improve and (2)
activity in those brain regions involved in proactive control,
such as the lateral PFC (Jimura et al. 2010) or the striatum
(Aron, 2011), would change their activation accordingly.

Therefore, as providing a reward does not consistently in-
still proactive control in participants, because individuals may
differ in their reaction to rewards (Braver 2012; Jimura et al.
2010), we studied the relation of reward sensitivity trait to
behavior and brain function in our study. Reward sensitivity
reflects the persistency of the reward-triggered behaviors reg-
ulated by the reward system (Jimura et al. 2010), and helps
explain the tendency to adopt a proactive control strategy,
particularly under cognitive task conditions with a high re-
ward motivational value (Braver 2012; Jimura et al. 2010).
Previous literature has suggested that reward sensitivity per-
sonality traits modulate the effects of a motivational context in
demanding cognitive situations with greater performance en-
hancement (van Steenbergen et al. 2009) and brain function
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modulation (Braver 2012; Jimura et al. 2010; Locke and
Braver 2008). Apart from our main question, we also investi-
gated the effects of individual differences in reward sensitivity
on the behavioral performance and brain activation obtained
during the parametric modulation of monetary rewards. We
speculated that high reward sensitivity trait scores would be
related with parametric performance improvement and proac-
tive brain activation.

Material and methods
Participants

Thirty-seven right-handed volunteers (31 men and 6 women)
participated in this study. Their mean age was 36.89 years old
(standard deviation; SD = 8.94; range = 20-56) and their
average years of education were 11.95 (SD =2.81; range = 8—
17). The inclusion criteria to select the sample were: (1) no
major medical illnesses or Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition (DSM-1V) Axis I disor-
ders; (2) no history of head injury with loss of consciousness
lasting longer than 30 min; (3) no current use of drugs or
psychoactive substances. Before the scanner sessions, all the
participants completed a Spanish translated version of the
Behavioral Inhibition/Behavioral Activation Scales (BIS/
BAS; Carver and White 1994). The BIS/BAS questionnaire
consists of three scales that measure the traits related to be-
havioral approach (BAS) and one scale related to responsive-
ness to punishment cues (BIS). The three scales that comprise
BAS are Drive (D), Fun Seeking (FS) and Reward
Responsiveness (RR). The D scale comprises items that per-
tain to the persistent pursuit of desired goals. The FS scale
contains items that reflect both a desire for new rewards and
a willingness to approach a potentially rewarding event on the
spur of the moment. The RR scale includes items that focus on
positive responses to occurrence or anticipation of reward.
The participants’ mean scores for the BAS-FS (mean;
M = 11.19, SD =2.11, range = 7-15), BAS-D (M = 11.00,
SD =2.61, range = 4-16), BAS-RR (M = 16.92, SD =2.27,
range = 13-20) and BIS (M =20.19, SD =3.81, range = 9-27)
were similar to the normative sample (Carver and White
1994). We used the BIS/BAS scales to inspect the respective
nonparametric test (Kolmogorov—Smirnov [K-S]; RR,
Z =093, p=.35D,Z=0.66,p=".78; FS, Z = 0.69,
p =.73; BIS, Z = .735, p = .653) to ensure normality in
distribution. The scale showed good reliability (Cronbach’s
alpha = .7). All the participants received information about
the nature of the research, provided written informed consent
prior to participating in the study, and received a monetary
award for their participation in accordance with their perfor-
mance during the task. The institutional Review Board of the
Universitat Jaume I (Castellon, Spain) approved this study.
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Task design

We scanned all the participants while they performed a
counting Stroop task with reward contingencies (see Fig. 1).
The task was an adaptation from an earlier study (Barrds-
Loscertales et al. 2011). Participants viewed sets of one to four
identical number words, which appeared on the screen for
each trial during the whole paradigm: “one”, “two”, “three”
and “four” (“uno”, “dos”, “tres” “cuatro” in Spanish). We
instructed them to respond as quickly as possible by button-
pressing on a keypad with two buttons for each hand
(Response Grips, NordicNeuroLab, Norway), which is con-
cordant with the number of words in each set. Inside the scan-
ner, subjects performed 10 functional blocks, each consisting
of 26 trials, which yielded 260 trials. Each block included a
few congruent trials (15 %, n = 40, 5 in each block; the num-
ber of words was concordant with the word number, e.g.,
“two” “two”, response: two) among the incongruent trials
(85 %, n =220, 21 in each block; the number of words was
discordant with the word number, e.g., “one” “one”, re-
sponse: two), which were jittered within blocks and between
conditions. Congruent trials were intermixed between mostly
incongruent trials to promote proactive control (Bugg et al.
2008; De Pisapia and Braver 2006; Grandjean et al. 2012;
Soutschek et al. 2013), minimize strategy and increase inter-
ference (MacLeod 1991). A linear parametric approach was
run, which included five “reward” conditions with the possi-
bility of obtaining different monetary incomes (€0, €0.01,
€0.5, €1, €1.5) for correct task performance. Participants re-
peated each condition for two random blocks within a single
run. A parametric design was applied to avoid the shortcom-
ings of using a neutral or congruent condition for cognitive
subtraction because our goal was to analyze the effects of
reward on interference processing. Instead we included a fix-
ation point, shown for 7200 milliseconds (msec.) between

=

No-conflict trial

2

Conflict trial

2 sec. 1,4 sec. each trial
Cue Trial 1, trial 2, trial 3, ..., 26 trials per block

Randomization
€0 --€0.5 --€0.01 -- €1.5 -- €1 -- €0.01 -- €0 -- €1 -- €0.5 - €1.5

Squematic representation of the timing of the stimulus presentation in
each trial per block. Randomization of monetary conditions” sequence
along the fMRI paradigm. Two examples of a conflict and another non-
conflict trials are depicted. 26 trials were presented per block”. sec.,
seconds; €, euros.

Fig. 1 Schematic representation of the counting Stroop task in an fMRI
block-design

each task block as the baseline, which also precluded carry-
over effects.

The fMRI paradigm started with a baseline block. After
this first baseline block and in the following ones, task blocks
started with a cue (C) that appeared and lasted 2 s (sec.) The
cue informed the participants about the amount of money (€0,
€0.01, €0.5, €1 or €1.5) they could win for each correct re-
sponse within each corresponding Stroop block. After each
cue, we displayed a fixation point for 500 msec. Just to main-
tain participants’ attention. Afterward, we presented 26 trials,
each lasting 1000 msec. With an inter-trial interval of
400 msec. The duration of each Stroop block was 46.7 s.,
whereas total task duration was 7 min and 41 s. Participants
did not receive feedback on their performance at any time
during the task, only at the end. The stimuli presented
throughout all the trials were white on a black background
(resolution of 800 x 600 pixels). We controlled the stimulus
presentation with the Presentation software (http://www.
neurobs.com).

Before they entered the scanner, we instructed all the par-
ticipants about the task by reading identical instructions. The
instructions explained that the participants had to respond to
the number of words that appeared on the screen, not to the
number word. We also told them that before each set of trials,
they would see an informative cue that determined the amount
of money they would receive for each correct response obtain-
ed in each set of trials (e.g., €0.50), and they would receive a
monetary reward when participation ended, based on their
task performance. Thus, their main goal was to win as much
money as possible. After receiving the instructions, the partic-
ipants completed a practice version with 90 trials to minimize
practice effects and get used to matching responses to the
button to press.

fMRI acquisition

We acquired blood oxygenation level-dependent (BOLD)
fMRI data in a 1.5-Teslas Siemens Avanto (Erlangen,
Germany). We helped subjects to enter the MRI scanner and
lie in a supine position. We immobilized their heads with
cushions to reduce motion artifacts. We presented the stimuli
via MRI-compatible goggles, and we used a response system
to control performance during the scanning session (Response
grips, NordicNeuroLab). We obtained functional scans using a
gradient-echo T2*-weighted echo-planar MR sequence (TR
=2000 ms; TE = 48 ms; matrix = 64 x 64, voxel
size = 3.5 x 3.5 x 4 mm, flip angle = 90°, 4.5-mm thickness,
slice gap of 0.5 mm). We acquired 24 interleaved axial slices
parallel to the hippocampi and covering the entire brain. Prior
to the functional MRI sequences, we acquired structural im-
ages using a high-resolution T1-weighted sequence with TR /
TE = 2200 / 3.84.9 ms, FOV = 224 mm, ma-
trix = 256 x 256 x 160, voxel size = 1 x 1 x 1 mm, which
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facilitated the localization and co-registration of the functional
data.

fMRI preprocessing

We preprocessed and analyzed the data with the SPMS soft-
ware package (Statistical Parametric Mapping 8; Wellcome
Department of Imaging Neuroscience; http://www.fil.ion.ucl.
ac.uk/spm), as implemented in MATLAB R2007a
(Mathworks, Inc., Natick, MA, USA). Preprocessing first
included the realignment of each scan per individual to the
first scan to correct motion-related artefacts (movement pa-
rameters never exceeded 2 mm of translation or 2 degrees of
rotation in any direction for any participant). Second, the nor-
malization to a standard EPI template was carried out in ac-
cordance with the Montreal Neurological Institute (MNI) tem-
plate by applying an affine transformation followed by non-
linear deformation, and using the basic functions defined in
the SPM program. We applied the computed transformation
parameters to all the functional images by interpolating them
to a final voxel size of 3 x 3 x 3 mm. Finally, we spatially
smoothed the images with an 8 x 8 x 8 mm (Full Width at Half
Maximum; FWHM) Gaussian kernel.

Statistical analyses
Behavioral analysis

Two variables related to task performance were analyzed:
mean RTs to the correct responses (msec.) and error rate
(%). We performed two within subjects ANOVAs, including
congruency effect (congruent, incongruent) x reward magni-
tude (€0, €0.01, €0.5, €1 or €1.5) factors (levels) to test wheth-
er increasing monetary reward magnitudes affected task per-
formance. We carried out these analyses by SPSS v.20
(Statistical Package for Social Sciences; SPSS Inc., Chicago,
IL, USA).

Distributional analysis

The differences in the congruency effect between the distinct
motivational conditions can be a result of the different RTs
levels under these conditions rather than motivational effects
(Soutschek et al. 2014) as previous studies have showed how
the magnitude of the congruency effect decreases with faster
responses (Pratte et al. 2010). To this end, we compared the
congruency effects under the reward magnitude conditions by
means of a distributional analysis to more conclusively sup-
port the assumption that anticipation of increasing monetary
rewards only affects general task performance without en-
hancing the level of cognitive control, independently of re-
sponse speed (Soutschek et al. 2014). These analyses allowed
us to evaluate the impact of motivation on interference
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processing at the different RTs levels for each reward magni-
tude. In order to perform the distributional analyses, the RTs of
all the responses (including both correct and incorrect re-
sponses) were rank-ordered for the different levels of factors
congruency effect (congruent and incongruent) and reward
magnitude (€0, €0.01, €0.5, €1 or €1.5) separately. Then they
were divided into four speed bins of equal size (quartiles) for
each subject. Next we calculated the mean RTs (RTs congru-
ent + RTs incongruent)/2 for each quartile and each reward
magnitude separately, and excluded error trials. Delta plots for
RTs were constructed by plotting congruency effect size
(mean RTs incongruent - mean RTs congruent) according to
response speed (mean RTs per quartile). Likewise, delta plots
for error rate were constructed by plotting congruency effect
size (errors incongruent - errors congruent) according to re-
sponse speed (mean RTs per quartile). We carried out these
analyses by SPSS v.20 (Statistical Package for Social
Sciences; SPSS Inc., Chicago, IL, USA).

FMRI data analysis

We performed statistical analyses following the General
Linear Model (GLM) (Friston et al. 1995). In a block design
analysis, we modeled each participant’s preprocessed time
series under different conditions with a boxcar function con-
volved with the hemodynamic response function. The model
included seven regressors: five regressors that modeled the
Stroop blocks for each monetary condition separately (€0,
€0.01, €0.5, €1 or €1.5), one regressor that modeled the base-
line condition (“*” for 7200 msec.) and another regressor that
modeled all the informative cues. We also removed intrinsic
autocorrelations by a high-pass filter with a cut-off frequency
of 128 Hz, which eliminated low-frequency components.
Finally, we included the motion parameters of each subject’s
realignment correction in the model as “nuisance” variables.

In order to test the neural regions that are sensitive to mon-
etary reward magnitudes while suffering Stroop interference,
we generated statistical contrast images to obtain brain activa-
tion by subtracting the €0 condition from the other reward
magnitudes (R1 = “€0.01 vs. 0€”; R2 = “€0.5 vs. €07;
R3 = “€1 vs. €0”; R4 = “€1.5 vs. €0”). For a second-level
analysis (random effects), we calculated a within-subjects
ANOVA on the contrast of the reward magnitude (R1, R2,
R3, R4) factor (levels) to show the parametric differences
for the four conditions using the parameter estimates. For the
parametric analysis of reward magnitudes, we fitted a para-
metric contrast from R1 to R4 [-2—1 1 2] as a linear signal
increase from R1 to R4. For the inverse parametric analysis,
we fitted a parametric contrast from R1 to R4 [2 1-1 -2] as a
linear decrease from R1 to R4. To protect the whole-brain
analysis against false-positive activations, we identified the
brain activations that showed significant contrasts of parame-
ter estimates by a double-threshold approach; that is, by
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combining a voxel-based threshold with a minimum cluster size
(Forman et al. 1995). The activations that exceeded this double
threshold were, therefore, considered to be activated at an
experiment-wise threshold of p < .05, corrected for multiple
comparisons. We obtained multiple comparisons correction by
applying a voxel-wise high threshold of p .001 (uncorrected),
while cluster size was determined by the algorithm implemented
in the CorrClusTh program (http://www2.warwick.ac.
uk/fac/sci/statistics/staff/academic-research/nichols/scripts/
spm/johnsgems5/#Gemo6). This resulted in a cluster threshold of
95 voxels. Our hypotheses directed our analysis of reward
magnitude in regions of interest (ROIs) such as the striatum given
its involvement in reward-related/motivational processes (Aarts
et al. 2010; Balleine et al. 2007; Di Martino et al. 2008) and
proactive cognitive control (Aron, 2011). The striatum is com-
posed of discrete anatomical regions in which the whole-brain
corrected statistical cluster threshold may overcome its own size.
Therefore, we defined the bilateral ventral striatum ROI as a 4-
mm radius sphere at 10,8,0/—10,10,-2 (x,y,z, MNI coordinates:
based on Knutson and Greer 2008) and the bilateral striatum
ROIs, including the caudate head and body, putamen and globus
pallidus, which were selected from pre-established regions of the
Pickatlas toolbox. We used Automatic Atlas Labeling from
WFU-PickAtlas (Maldjian et al. 2003). For the ROI analysis,
we thresholded the functional effects at the voxel-wise corrected
level (FWE-corrected, p < .05).

Correlation analysis with BAS scales

We used correlation analyses to test the expected modulation
of individual differences in reward sensitivity (BAS scales:
RR, D and FS) with the behavioral performance and brain
activation obtained during the parametric modulation of mon-
etary rewards. We calculated the monetary differentials (€1.5
minus €0.01) for the RTs and error rate (by taking congruent
and incongruent trials together), as well as regional extracted
activations from sensitive brain regions to the parametric re-
ward magnitude. Then we correlated them with individual
BAS scores. For the PFC, regional activation was extracted
using 4-mm radius spheres centered on the local activity max-
ima of sensitive regions to the parametric effect after FWE
correction (p < .05, FWE voxel-wise corrected). For the
striatal regions, we extracted the mean beta-weights from the
cluster that showed a significant parametric effect after voxel-
wise correction given its discrete anatomical definition. The
correlation analysis threshold was set at p < .05, Bonferroni
FWE-corrected. Based on this method we divided the a priori
selected threshold of p < .05 by the number of BAS scales
(k = 3), which stabilized statistical levels as significant if less
than .017. We carried out these analyses with SPSS v.20
(Statistical Package for Social Sciences; SPSS Inc., Chicago,
IL, USA).

Results
Behavioral results

Table 1 and Fig. 2 summarize the behavioral results. For the RTs
analysis, we observed a significant main effect of reward magni-
tude (F (4144) = 26.894; p < .001), a significant main effect of
the congruency effect (F (1,36) = 104.777; p < .001), and a
significant reward magnitude x congruency effect interaction (F
(4144) = 15.743; p < .001) which indicates that congruency
effect varied across reward conditions. In the error rate analysis,
we observed a significant main effect of reward magnitude
(F(4144) = 4.979; p = .001), a main effect of the congruency
effect, (F (1,36) = 18.651; p < .001) and a significant reward
magnitude x congruency effect interaction (F(4144) = 3.49;
p =.009). Once again the congruency effect varied across reward
conditions. The behavioral results showed an unexpected effect
on the €0.5 reward condition for RTs and an error rate in the
congruent trials, which showed slower RTs and a higher error
rate than the incongruent trials. In order to test whether the inter-
action effect depended on the €0.5 condition, we reran the anal-
ysis after excluding the €0.5 level from the reward magnitude
factor of the ANOVA. In this way the reward magnitude x con-
gruency effect interaction remained significant (F(3108) = 4.826;
p =.003) in the RTs variable. So, as we can see in Fig. 2, if we did
not take into account the €0.5 reward condition, the remaining
interaction effect was due to a different pattern of reduction in the
RTs for the congruent and incongruent trials when comparing
any reward condition with the non reward one (€0). However,
in the error rate analysis, the reward magnitude x congruency
effect interaction did not remain significant (F(3108) = .415;
p > .05) when we removed the €0.5 reward condition. Hence
this congruency effect x reward magnitude interaction depended
on the unexpected effect under the €0.5 reward condition. To
investigate the nature of these interactions, we calculated the
congruency effect variable by subtracting the RTs and error rates
in the congruent trials from the incongruent ones (see Table 1)
and paired comparisons were run for the congruent and incon-
gruent trials for each reward condition separately (see Fig. 2).
Finally, if we focus in the distribution of the more frequent in-
congruent trials only (see Fig. 2), across the five monetary con-
ditions, we observe that increasing monetary reward improve
gradually task performance (RTs (F(4144) = 13.408; p < .001)
and error rate (F(4144) = 5.036; p = .001)). Moreover, we ob-
served a significant linear (RTs F(1,36) = 26.055, p < .001; and
error rate F(1,36) = 11.282, p = .002) but also quadratic effects
(RTs F(1,36) = 13.281, p = .001); and error rate F(1,36) = 7.488,
p =.01) when the incongruent trials were analyzed separately.

Distributional results

We decided to group the €0 and €0.01 reward conditions (LR;
lower reward) and the €1 and €1.5 reward conditions (HR;
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Table 1 Means (standard deviations) of the behavioral variables of interest in each reward magnitude

RTs Error rate Congruency effect

Cong. Incong. b Cong. Incong. )y RTs ER
e 655 (92) 688 (88) 671 (85) 6.487 (9.49) 9.073 (6.915) 7.78 (7.224) 34 (60) 2.587 (8.191)
€40.01 604 (72) 672 (85) 638 (75) 2.703 (5.60) 6.821 (7.321) 4.762 (5.739) 68 (45) 4.118 (6.182)
€d.5 664 (101) 659 (84) 662 (89) 6.487 (9.49) 5.084 (5.388) 5.785 (6.602) =6 (54) —1.403 (7.993)
el 603 (82) 650 (79) 627 (78) 2.703 (6.52) 5.663 (6.258) 4.183 (5.393) 47 (41) 2.96 (6.854)
€15 591 (72) 658 (78) 625 (72) 2.162 (4.79) 5.985 (6.138) 4.073 (4.176) 67 (40) 3.822 (7.178)
by 623 (76) 665 (80) 4.108 (4.545) 6.525 (5.216)

RTs, Reaction Time; €d, euro; Cong., congruent; Incong., incongruent; 3, sum

higher reward), and to exclude the €0.5 reward condition giv-
en the unexpected effect in the congruent trials for the €0.5 re-
ward condition, and to increase statistical power. The results of
the distributional analyses are illustrated in Fig. 3. For the mean
RTs, we observed a significant main effect of the reward magni-
tude (F (1,36) =39.519; p <.001) and a significant main effect of
the response speed quartile (F (1108) = 745.371; p < .001) with-
out a significant reward magnitude x the response speed quartile
(p > .05), which indicates that the reward effect on the congru-
ency effect depends on the response speed. For the RTs plot, we
only observed a significant main effect of the response speed
quartile (F (3108) = 104.745; p < .001), without a significant
main effect of the reward magnitude or reward magnitude x
response speed quartile (p > .05). Once again, this indicates that
the reward effect on the congruency effect depends on the re-
sponse speed. In the error rate plot, we observed a significant
main effect of the reward magnitude (F(1,36) =4.963; p = .032),

RTs (msec.)

~

(=]

o
[y

0 0,01 0,5 1 1,5
Reward magnitude

but no main effect of the response speed quartile and reward
magnitude x response speed quartile (p > .05). Once again, this
indicates that the reward effect on the congruency effect depends
on the response speed. In spite of the lack of any interaction
between the reward magnitude and response speed quattile,
Fig. 3 revealed that the error rate for Q4 did not behave exactly
the same way for LR and HR. In fact, previous works suggest
that group differences in the efficiency of inhibition are argued to
be most discernible at the slowest segments of the RTs distribu-
tion (Burle et al. 2002; Wylie et al. 2009). In order to explore this
possibility, we performed a post-hoc analysis by making pairwise
comparisons between LR and HR for each quartile. We found a
significant difference between LR and HR in the fourth quartile
for the error rate effect of the congruency effect t(36) = 2.737,
p=.01. Thus the distributional analyses of the RTs and error rates
suggest that motivation implicates a generally faster response
speed and no improvement in interference processing, except

Error Rate (%)
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Reward magnitude
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Cong -5:519** || 0:158] 1.698 Cong -2.415* 0 0529
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Cong 5196258 20858 Cong DA | 2t
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The results in the tables under the scatterplots show the pair-wise comparisons t values (*=p<.05 and **=p<.01).

“msec”, milliseconds; “cong.”, congruent; “incong.”, incongruent.

Fig. 2 Graphical representation of congruent and incongruent trials performance for the different behavioral variables and the pair-wise comparisons

between reward magnitudes
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Fig. 3 Graphics from left to right: Mean RTs and delta plots for the congruency effect on RTs and error rate as a function of response speed

for the higher conflict conditions in the error rate (as reflected by
a slower quartile). Once again, we emphasize that these results
should be cautiously considered given the small number of esti-
mations for the congruent trials under each condition (n = 10),
and considering that we classified these 10 trials into four quar-
tiles according to their response speed.

Functional results

We observed task-related effects (Stroop-blocks > baseline)
throughout the frontal, parietal and striatal regions (see
Supplementary Material). The whole brain analysis of the
parametric linear increasing of reward magnitude
(R1 < R2 < R3 < R4) involved a cluster at the left DLPFC
(p < .001, FWE cluster-corrected), whose activity increased
for higher monetary magnitudes. The inverse parametric con-
trast for linear decreasing (R1 > R2 > R3 > R4) involved the
left dorsal caudate (p < .05, FWE voxel-wise corrected) (see
Table 2 and Fig. 4), which indicated less activation for higher
monetary rewards. No significant effects were found for any
other ROl in the striatum. For illustration purposes, we plotted
the parametric effect (R1 < R2 < R3 < R4) by extracting the
mean beta-weights (parameter estimates) for each separate
reward magnitude (R1 = “€0.01 vs. €0”; R2 = “€0.5 vs.
€07; R3 = “€1 vs. €0”; R4 = “€1.5 vs. €0”) from a 4-mm
radius sphere centered on the local activity maxima (p < .001,
FWE cluster-corrected). Likewise, we plotted the inverse
parametric effect (R1 > R2 > R3 > R4) by extracting the mean
beta-weights from the suprathresholded voxels in the dorsal
caudate (p < .05, FWE voxel-wise corrected). We also per-
formed the corresponding planned pair-wise comparisons

between the reward conditions within both areas with the
SPSS software package, v.20 (see Fig. 4). These post hoc
analyses were run to examine what drove the parametric ef-
fects to obtain a much clearer picture of what drove the effect,
but they should not be considered for statistical inference be-
cause they were biased estimates of the effects as the ROIs
were non independent, but based on the parametric contrast
(Poldrack 2007; Kriegeskorte et al. 2009).

Correlation results

The BAS RR scores negatively correlated with monetary dif-
ferentials (€1.5 minus €0.01) for the RTs (r(37) = —0.327,
p = .024, uncorrected for multiple comparisons; see Fig. 5).
We obtained no correlation between any BAS-related trait and
brain activation.

Discussion

In our fMRI experiment, we wondered how a graded mone-
tary reward magnitude would influence goal-directed behav-
ior and neural activation. To this end, we examined the effects
of discrete levels of monetary reward contingencies while
performing a Stroop interference condition rather than during
a passive conditioning task. In behavioral terms, our study
showed that monetary reward cut the RTs and error rate only
under certain conditions, and not in a straight linear fashion,
which suggests that the prospect of reward improves goal-
directed behavior by enhancing neural processing. Thus two
reward conditions seem enough to produce enhanced behavior

Table 2 Functional results (p < 0.001, FWE cluster-corrected) and (FWE at p < .05)

Brain region MNEF coordinates Volume (mm’) Z score
Parametric effect (p < 0.001, FWE cluster-corrected) Left DLPFC® =51 32 16 2565 4.18
Inverse parametric effect (p < .05, FWE voxel-wise corrected) Left dorsal caudate —-12 -1 22 297 431

2 Jorsolateral prefrontal cortex; ® brain regions included inside the main clusters; © Montreal Neurologic Institute
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Fig. 4 Brain region showing a
parametric modulation by reward
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standard errors. The results inside the table show the pair-wise comparisons t values
(*=p<.05 and **=p<.01). “DLPFC", dorsolateral prefrontal cortex. R1="€0.01 vs. €0";
R2=€0.5 vs. €0"; R3="€1 vs. €0"; R4="€1.5 vs. €0".

and neural processing, although the inclusion of more than
two incentive conditions may have a ceiling effect on improv-
ing performance, but not brain function. At the brain level,
increasing the reward magnitude enhanced left DLPFC acti-
vation, but decreasing the reward magnitude enhanced the left
dorsal caudate. The individual differences in reward sensitiv-
ity were associated with enhanced behavioral performance.
Therefore, the present study presents changes in both behavior
and regional brain activation in the DLPFC and the dorsal
caudate according to varying reward levels in the Stroop in-
terference context.

Impact of reward on behavioral performance

As far as we know, previous studies have directly analyzed the
motivational effects of monetary reward on an Stroop task,
including conflict and non conflict conditions (Krebs et al.
2013;2011, 2010; Veling and Aarts 2010). The results of other
studies that have resorted to the picture-word interference task
(Padmala and Pessoa 2011; Soutschek et al. 2014) can be
compared to classical Stroop tasks (MacLeod and
MacDonald 2000). All these previous studies have reported
that reward contingencies involve enhanced performance
when only two reward and conflict conditions are combined
in a factorial design. However, no agreement has been reached
about the cognitive mechanism by which such improvement is
achieved. Lack of agreement lies in how they differentiate
between (1) a more general reward effect that facilitates faster
cognitive processing (Veling and Aarts 2010) and (2) a more
strategic reward effect that facilitates response selection
(Krebs et al. 2013; 2011, 2010; Padmala and Pessoa 2011;
Soutschek et al. 2014). Our factorial analysis reported a
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congruency by the reward interaction on RTs and ER, but this
effect was only confirmed by the distributional analysis for
error rate when we removed the €0.5 reward condition. The
congruency effects are “higher” at the slow end of the RTs
distribution. In fact, based on the activation-suppression hy-
pothesis, Wylie et al. (2009) and Ridderinkhof et al. (2005)
consider that inhibition is engaged after the initial activation of
a conflicting response and takes time to build-up, which sug-
gests that responses are slowed down when to-be-ignored
stimulus features elicit the response opposite to (rather than
the response as) that elicited by the target stimulus feature.
Therefore, the congruency effect should be minimal for the
fastest responses and would grow as RTs slows down.
Likewise, Wylie et al. (2009) suggested that group differences
in the efficiency of inhibition are argued to be most discernible
at the slowest segments of the RTs distribution. Thus our dis-
tributional analyses results showed that HR motivational con-
dition did not diminish congruency effect for RTs. However,
we observed a non significant reversed congruency effect at
the slower quartile (Q4) of the distribution as described by
Wylie et al. (2009) according to Burle et al. (2002) (see
Fig. 3). On the other hand, we observed a significant reduction
in the error rate congruency effect at Q4. In this sense, the
most important conclusion we can draw from the distribution-
al analysis is that reward effects on task performance
depended on response speed for RTs but they did not for error
rate. However, we cannot conclude a parametric effect of re-
ward magnitude on congruency effect, but reward effects were
observed when a minimum of two incentive levels were pro-
vided. However, our experimental design involved parametric
variation in reward magnitude mostly during incongruent tri-
als. Thus our results validated the reward magnitude-related
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for RTs

performance enhancement during complex goal-directed tasks
because similar effects were found when comparing a non
reward (€0) condition or a low reward magnitude (e.g.,
€0.01) to higher reward magnitudes (e.g., €0.5, €1 or €1.5);
once again, reward effects were observed whenever a mini-
mum of two levels were provided. Previous studies have used
only two reward magnitudes (2000 points vs. 0 points in
Padmala and Pessoa 2011; $0 vs. $0.1 in Krebs et al. 2011;
50 cent vs. 0 cent in Soutschek et al. 2014), which sufficed to
discriminate between the mild and strong reward effects on
RTs and error rates during cognitive interference. However,
our study extends previous results of motivation on goal-
directed behavior by evaluating the effects of parametric var-
iations of monetary reward magnitude (€0.01, €0.5, €1 and
€1.5) and a control condition (€0), which broadens the known
range of monetary reward effects. We showed that perfor-
mance continued to improve up to the €0.5 reward magnitude
from the lower reward conditions, but we observed no differ-
ences in task performance between the higher reward magni-
tudes that we used (€0.5, €1 and €1.5). Indeed, the reward
effects on RTs showed both linear and quadratic effects of
reward magnitude. The reward effects on RTs in our study
must be cautiously considered in line with the both the linear
and quadratic effects of reward magnitude. Engelmann et al.
(2009) also studied parametric variations of monetary reward
magnitude by running a visual attention task using reward
magnitudes $0, $1 and $4. However, they only obtained per-
formance improvement for sensitivity scores (d’), but not for
RTs, although they did not obtain significant differences for
any paired comparison between the reward conditions. They
concluded that behavioral performance was enhanced linearly
during goal-directed behavior. Yet what we observed for RTs
was also a quadratic component that reflected the fact that the
increase leveled off, and even fell, in the last measurement(s).

These results suggest that reward magnitude has a ceiling
effect on improving performance. According to the magni-
tudes that we applied in our experiment, a reward magnitude
of above €0.5 could suffice to study the magnitude effect of
reward on performance in our task. Another plausible expla-
nation is that the parametric variations in the reward magni-
tude effects depend on the differential reward ratio between
conditions. We observed differences between: €0.01 and €0.5,
which involved a €1:50 reward ratio; €0.5 and €1, and €0.5
and €1.5, where the ratio was 1:2 and 1:3, respectively; be-
tween €1 and €1.5, where the ratio was 1:0.5. In other words,
the effects of a certain reward might depend on a relative
comparison made with other rewards, rather than the intrinsic
or absolute value of this reward (Veling and Aarts 2010),
which suggests a relative over an absolute value coding
scheme. Future studies could clarify whether using higher
reward magnitudes, higher ratios or merely using reward (vs.
non reward) is the best strategy to study reward-related effects
on goal-directed behavior.

Impact of reward on prefrontal and striatal brain activity

At the brain level, the reward effect showed that the higher the
reward magnitude, the greater DLPFC activation became.
MacDonald et al. (2000) related the DLPFC with strategic
processing and Stroop task implementation, and stressed its
key role during the representation and active maintenance of
task goal information under proactive control (Grandjean et al.
2012; Lesh et al. 2013). However, recent studies have indicat-
ed that reward quality, quantity and the motivational context
modulate the task-related activity in the DLPFC, which sug-
gests that it plays a role in integrating cognitive and motiva-
tional information processing (Ichihara-Takeda and Funahashi
2008; Watanabe et al. 2007). In fact, Krebs et al. (2011) re-
ported right DLPFC activation when comparing activity for
reward trials to non reward trials. Note that the work of Krebs
et al. (2011) located DLPFC activation in the right hemi-
sphere, but our work located it in the left hemisphere.
Suggestions have been made that different up-regulation
mechanisms are activated in the right and left DLPFC while
suffering Stroop interference. Accordingly, some works have
associated the right DLPFC with an online up-regulation of
macro-adjustments in goal-directed behavior, while other
have based the left DLPFC role on the temporal up-
regulation of the attentional set whenever required by the con-
text (Vanderhasselt and De Raedt 2009), such as reward. This
interpretation agrees with the proactive temporal up-
regulation of the attentional set for goal attainment with the
increasing reward magnitudes found herein. Therefore, our
results suggest that the overlapping neural regions involved
in cognitive processing also track reward magnitude during
task performance.
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The reward effect also showed that caudate activation de-
creases as reward magnitude increases. The left caudate has
been implicated in the goal-directed behavior during interfer-
ence processing (Ali et al. 2010). Previous literature has im-
plicated the dorsal striatum in action-contingent learning; that
is, learning about the action and its reward consequences
(Balleine et al. 2007; Tricomi et al. 2004), as opposed to more
passive forms of appetitive conditioning that have been found
to depend on the ventral striatum (Knutson et al. 2001). In
fact, we observed no involvement of the ventral striatum.
Our task design involved the prospect of reward, and the ven-
tral striatum has been involved in reward anticipation
(Knutson et al. 2001), outcome (Delgado et al. 2005;
Knutson et al. 2003) and reward learning (Haruno et al.
2004). In our opinion, ventral striatum activation in referenced
and other studies is usually captured during transient event-
related brain responses. So perhaps its role in signaling
sustained reward contexts may be secondary when goal-
directed processes are involved (Rothkirch et al. 2014), or it
may be blurred by temporal aspects of its reward information
coding (Dreher et al. 2006). Our results suggested that left
dorsal caudate activation may reduce with the enhancement
of goal-directed behavior facilitated by high-magnitude re-
ward contingencies. However, the striatum has usually shown
linear increasing trends of activation for higher reward feed-
back magnitudes (Delgado et al. 2003; Delgado et al. 2005;
Smith et al. 2016). As far as we know, there is only a single
study that has shown reduced striatum activation while antic-
ipating increasing reward magnitudes in a reward reappraisal
context. Staudinger et al. (2011) showed that cognitive emo-
tion regulation decreased responsivity to higher monetary re-
wards when comparing the anticipation of two reward condi-
tions (€0.5 > €1). Interestingly, the attenuated reward response
in the striatum was associated with increased DLPFC activa-
tion under emotion regulation in a psychophysiological inter-
action (PPI) Analysis. Thus our results might suggest a regu-
latory process in which increased DLPFC and reduced stria-
tum activation may contribute to improve the reward regula-
tion of goal-directed behavior. We ran a post hoc PPI analysis
between the activation obtained at the DLPFC and the
striatum in our study, but we did not observe a direct
association between the activation of both regions in either
direction. Nonetheless, Staudinger et al. (2011) located a
DLPFC-striatum reward top-down regulation in the putamen,
while our effect was located in the dorsal caudate. Dorsal
caudate activation has been implicated in goal-directed instru-
mental behavior that is sensitive to reward outcomes as a
subsystem of the associative cortico-basal ganglia networks
(Balleine and O’Doherty 2010), although this function is
spread over several brain regions that link reward to behavior
(Lerchner et al. 2007). Likewise, its role in short-term reward
anticipation contrasts with the role of the DLPFC in long-term
reward prediction (Tanaka et al. 2016). So we speculate that
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reduced dorsal striatum activation may serve to improve task
performance, along with increased DLPFC activation, to reg-
ulate behavior, and in such a way that cognitive processing
improves by maximizing reward outcome. However, our re-
sults did not show an association between the DLPFC and the
dorsal caudate at a functional level, likely due to the mediation
of other acting brain regions. Future studies may serve to test
the mediation of the dorsal caudate in the association of
DLPFC with reward and behavioral outcomes.

Reward sensitivity and performance

We also found that individual differences in reward sensitivity
negatively modulate monetary differential effects on goal-
directed behavior for the RTs; that is, high BAS RR scores
were associated with less performance improvement from the
€0.01 to the €1.5 monetary reward. Previous studies have
shown that reward sensitivity trait effects on goal-directed
tasks involve motivational contingencies (Aarts et al. 2011;
Braver 2012; Braver et al. 2014; Jimura et al. 2010; Locke
and Braver 2008; Padmala and Pessoa 2011; van Steenbergen
et al. 2009). In our study, we observed a negative relation
between reward sensitivity and performance improvement as-
sociated with increasing reward, which could be explained by
the hypersensitivity of high reward sensitivity subjects to al-
ready low monetary rewards, which may even reverse the
patterns of expected correlations, as other studies have previ-
ously observed (Pickering and Gray 1999).

We did not observe any modulation in the BAS scores for
the monetary differential effects on brain activation, which
hints at a dissociation between the reward magnitude effects
at the behavioral and brain levels as an increasing reward
magnitude effect at the brain level was observed from €0.01
to the highest magnitude at €1.5 for fMRI, which was €0.5 at
the behavioral level. Therefore, further increased activity does
not parallel behavioral effects, which supports the role of these
regions in coding the reward value within a goal-directed
behavior.

Limitations

Our methodological approach is not without its limitations.
The gender distribution between males and females was not
equal, although the main results were still significant after
regressing out gender effects. We applied an fMRI block de-
sign, which entails problems such as habituation and anticipa-
tion, and facilitates the application of stimulus processing-
related strategic factors. To avoid these effects, we included
no-conflict trials among conflict ones (an approximate ratio of
1:4 for no-conflict:conflict trials) but we only varied the para-
metric effect of reward, and kept a constant high level of
interference (e.g. 85 % interference trials per block.
Categorical approaches that have subtracted a control
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condition from a task condition have assumed that the com-
ponent of interest is purely inserted into the task condition. In
contrast, a parametric approach has systematically tested the
relationships between reward parameters and MRI signals to
help avoid many cognitive subtraction shortcomings (Friston
et al. 1997; Kikyo et al. 2002). Thus we did not control for a
condition that involved no-conflict stimuli (e.g., random set of
Xs, scrambled color words, or neutral words such as “far”) or
only congruent trials (e.g., “two, two”), which is in line with
previous parametric studies (Biichel et al. 1998; Elliott et al.
2003; Harris et al. 2000; Kikyo et al. 2002; Seidman et al.
1998). This also avoids a situation in which reward effects
on task performance depend on the control condition choice
(MacLeod 1991). This design allowed us to test for the reward
effects under a cognitive control condition, but we were un-
able to dissociate the reward effects on interference. We ex-
pect that future studies will overcome the limitations of our
study.

Regarding behavioral results, the €0.5 reward condition
shows odd congruency effects compared to the other reward
conditions as congruent trials are slower than incongruent
ones. The unexpected congruency effect for the €0.5 condition
explained the congruency x reward interaction with the error
rate, but this was not the case with RTs. Likely, a high propor-
tion of incongruent trials vs. congruent ones may reverses the
congruency effect, and involve conflict adaptation according
to Logan and Zbrodoft (1979) and as shown by Panadero et al.
(2015). Soutschek et al. (2013) also observed that given the
high expectancy of the incongruent trials (10 % congruent and
90 % incongruent), the congruency effect did not diminish
with the possibility of obtaining a high reward (€2 per block)
compared to a low reward (€0), and that it even increased,
exactly as we observed in the factorial analysis in our study.
However, the reported congruency effects should be consid-
ered with caution given the odd effect restricted to a single
condition, and also given the low proportion and absolute
number of congruency trials. Furthermore, regarding incon-
gruent trials, we observed a ceiling effect for enhancing be-
havioral performance. We cannot rule out that reward involves
a quadratic performance trend over reward magnitudes above
€1.5, which we did not apply in our study. Yet our results
indicated a quadratic effect for accuracy (error rate,
F(1,36) = 7.49, p < 0.05) and RTs (F(1,36) = 13.28,
p <0.005). In any case, the quadratic effect was less signifi-
cant than the linear one.

Conclusions

This study has investigated the effects of parametric increas-
ing reward magnitudes (€0, €0.01, €0.5, €1 or €1.5) on goal-
directed behavior. We found that increasing reward magni-
tudes was associated with improved performance in RTs and

accuracy terms, and that this improvement was associated
with the reward sensitivity trait in RTs. We found that
reward-related left DLPFC and dorsal caudate activation were
associated with opposite effects of parametric increasing re-
ward magnitudes. Together with previous reports, this study
highlights the reward effects on cognitive performance at the
behavioral and brain levels, and restricts this effect to mone-
tary differentials for certain reward magnitudes.
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