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Abstract

Action selection is not only based on acquired knowl-
edge about action-outcome contingencies, but also by
evolutionary “priors” such as motivational biases: Or-
ganisms show a tendency to invigorate responding when
hoping for rewards, and to hold back when attempting to
avoid punishments. While these biases are likely adap-
tive in many situations, they need to be inhibited when
maladaptive. We probed the neural basis of overcoming
these biases by measuring simultaneous EEG and fMRI.
Successful detection and suppression of biases was as-
sociated with an increased synchronization in the alpha
band 175-325 ms post-stimulus, which on a trial-by-trial
basis was negatively correlated with BOLD signal in left
MFG and right SMG. At a later time window around re-
sponses, there was a much stronger synchronization for
executed vs. withheld actions in lower frequencies (peak
in theta band), which was positively correlated on a trial-
by-trial basis with BOLD signal in ACC/ SMA as well as
bilateral motor cortex and operculum. Our work spatially
locates oscillatory sighatures of action selection and mo-
tivational conflict resolution.
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Introduction

When choosing what action to perform to maximize rewards
and minimize punishments, organisms cannot always rely on
slow, incremental learning from experience. Instead, they take
into account priors that have evolved over evolution or over
their lifetime. One candidate for such priors are motivational
biases (Dayan, Niv, Seymour, & Daw, 2006; Guitart-Masip,
Duzel, Dolan, & Dayan, 2014), for example agents’ tendency
to exhibit active “Go” actions in face of rewards, but passive
“NoGo” actions in face of punishments (Guitart-Masip et al.,
2012; Swart et al., 2017, 2018).

Although these motivational biases might facilitate action
selection in a majority of situations, they need to be inhibited
if their suggested action is suboptimal, i.e. when agents have
to actively avoid punishment or passively wait for rewards.
Previous findings reported increased midfrontal theta band
synchronization when people successfully overcome these bi-
ases (Cavanagh, Eisenberg, Guitart-Masip, Huys, & Frank,
2013; Swart et al., 2018). Using simultaneously recorded
EEG and fMRI, we aimed to localize the source of this mid-
frontal theta band synchronization. We hypothesized that
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theta synchronization reflects neural mechanisms in the an-
terior cingulate cortex (ACC) and (pre-) supplementary motor
area (SMA) which detect conflict between bias-induced ac-
tions and action requirements, and in response increase the
decision-threshold (i. e. bounds in a drift-diffusion framework)
(Cavanagh et al., 2011; Cohen & Ridderinkhof, 2013; Frank et
al., 2015).

Methods
Task

We simultaneously recorded EEG and fMRI while students
(N = 36, Mg = 23.58, 25 female, all right-handed) per-
formed the Motivational Go/NoGo Learning Task (Swart et al.,
2017, 2018). In each trial, participants saw one of eight stim-
uli. They learned by trial-and-error whether a stimulus was
a “Win” stimulus (yielding rewards or neutral outcomes) or
“Avoid” stimulus (yielding neutral outcomes or punishments),
and which action (Left Go button press, Right Go button press,
or no button press) to perform to achieve their preferred out-
come (i. e., rewards for Win stimuli, neutral outcomes for Avoid
stimuli). Outcomes were probabilistic, with the preferred out-
come delivered with a 80% chance for correct responses and
a 20% chance for incorrect responses.

A. Trial details
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NoGo cue
| NoGo

GV i

Figure 1: Task details and learning curves for the different cue
conditions

EEG

We used a MRI-compatible EEG cap (BrainCap-MR-3-0
64Ch-Standard) plus extra channels for electrocardiogram,
heartrate, and respiration, with a 1,000-Hz sampling rate
(BrainCap; Brain Products, Easycap; extended international
1020 layout). A Polhemus FASTRAK device was used to
record the exact location of each EEG electrode on the partic-
ipant’s head relative to three fiducial points.

EEG data were cleaned for scanner and cardioballis-
tic artifacts using BrainVisionAnalyzer, and subsequently
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pre-processed using Fieldtrip.  After rejection of noise-
contaminated channels, data were epoched, re-referenced to
the grand average, and bandpass filtered between 1-15Hz.
We performed ICAs to remove components associated with
blinks, saccades, MR artifacts, and head motion. We re-
moved global noise by computing LaPlacian filters, which
we also used to interpolate rejected channels, and subse-
quently performed time-frequency decomposition using Han-
ning tapers (1-15Hz, 400 ms time windows) and decibel con-
version. Baseline-correction was achieved by fitting a linear
trend through the signal at stimulus onset, and removing the
predicted baseline. For statistical tests, we used Fieldtrip’s
cluster-based nonparametric permutation test.

fMRI

We collected EPI data on a 3T Siemens Prisma using a
whole-brain T2*-weighted multiband-4 sequence (TR/ TE =
1400/32ms, 68 slices, voxel size 2.0 mm isotropic, 75° flip
angle, A/P phase encoding direction). Anatomical images
were acquired with a T1-weighted MP-RAGE (GRAPPA ac-
celeration factor = 2, TR/TE = 2300/3.03 ms, voxel size 1 mm
isotropic, 8° flip angle).

Using FSL 6.0.0, data were proprocessed by applying
brain extraction (BET), realignment (MCFLIRT), and smooth-
ing (FWHM 2mm). We used ICA-AROMA to detect and re-
move independent components associated with head motion,
and afterwards high-pass filtered at 100 s. At the second-level
GLM, statistical maps were registered to structural space and
normalized to MNI152 space (FNIRT). We used additionally
collected fieldmaps to correct for field distortions.

We fit a GLM with a fully crossed design including stimu-
lus valence (Win vs. Avoid), required action (Go vs. NoGo),
and actually executed action (Go vs. NoGo). We addition-
ally included a) regressors of no interest for left vs. right but-
ton presses, errors, outcome onsets and valences and in-
valid button presses, b) the six realignment parameters, mean
CSF and out-of-brain signal as nuisance regressors, and c)
single spike regressors for volumes with a relative displace-
ment > 2 mm. First-level subject-specific contrasts were com-
bined on a second level using FSL's mixed-effects models
tool FLAME, with a cluster-forming threshold of z > 3.1 and
cluster-correction at a level of o < .05.

EEG-inspired fMRI

For preliminary analyses, we extracted the ¢-values for each
time-frequency-channel combination (only channels Fz, FCz,
Cz) within a significant cluster as identified with the permu-
tation test. We then used these ¢-values as weights in a lin-
ear filter to compute a trial-by-trial EEG estimate of conflict-
related alpha and action-related broadband-signal (peaked in
the theta range). Future analyses will involve source-modeling
of these effects using beamforming to suppress noise. We
then added these regressors as parametric modulators to the
GLM design specified above. We were interested in BOLD
variability that was explained by EEG regressors above and
beyond the task regressors.
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Results
Behavior

Go vs. NoGo actions were analyzed with mixed-models logis-
tic regression as a function of required action and stimulus va-
lence. Participants successfully learned the task (main effect
of required action, p < .001), but showed strong motivational
biases, i.e. more Go actions for Win stimuli than for Avoid
stimuli (main effect of valence, p < .001; Figure 1e). Using
computational reinforcement learning models, we replicated
previous findings that stimulus valence biased both action se-
lection and learning (Swart et al., 2017, 2018).

Overcoming motivational conflict

Using a permutation test, we rejected the null hypothesis of
no difference between correct congruent and incongruent tri-
als in the theta-range (4-8 Hz) over midfrontal electrodes (p =
.023). Closer inspection yielded a stronger synchronization for
incongruent compared to congruent actions 175-325 ms post-
stimulus, which was however rather located in the alpha range
(8—13 Hz), leaking into the theta band (Figure 2a-c). Both time
and frequency range deviated from findings by Swart et al.
(2018), while timing was more similar to results by Cavanagh
et al. (2013). While previous research found conflict-related
midfontal theta increases to correlate positively with reac-
tion times (Cohen & Cavanagh, 2011), we found the conflict-
related alpha signal to be correlated negatively with reaction
times (B = —0.03, #(27.62) = 2.52, p = .022).

Mean time-frequency power B 75-325ms  C
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Figure 2: Conflict-related alpha (8-13 Hz) power synchroniza-
tion over midfrontal channels (stimulus-locked) and its BOLD
correlates

In our BOLD analyses, first, we contrasted bias-incongruent
actions with bias-congruent actions, which yielded clusters
of increased BOLD signal in bilateral superior frontal gyrus
and precuneous (Figure 3a). Second, we selected only bias-
incongruent actions and contrasted trials in which these ac-
tions were correct (i.e. the bias had to be overcome to per-
form correctly) with those trials in which they were incorrect
(i.e. bias was overcome unnecessarily, potentially because
action and/ or valence were not learned yet). This contrast



yielded significant clusters in dorsal ACC as well as in bilat-
eral inferior lateral occipital cortex (Figure 3b).

Finally, when entering the trial-by-trial alpha power 175-
325 ms post-stimulus as an additional regressor on top of the
task-based regressors, we found clusters in left middle frontal
gyrus (MFG) and right supramarginal gyrus (SMG) that corre-
lated significantly negatively with alpha-power (Figure 2d-e).
For z > 3 uncorrected, further areas in precuneous were found
that correlated negatively with alpha power.

ilateral SFG and precuncous

Figure 3: BOLD differences for incongruent vs. congruent ac-
tion (a), correct incongruent vs. incorrect incongruent actions
(b), Go vs. NoGo actions (c), and Win vs. Avoid stimuli (d)

Action dominates valence

Surprisingly, broadband power was dominated by a strong
increase for Go compared to NoGo actions 500—1300 ms
post-stimulus (p = .006)/ -175-425 ms response-locked (p =
.004), which was most accentuated in the theta band over
frontopolar (Fpz) and central (Cz) electrodes, but extended
into alpha and beta band (Figure 4a-c). The signal started
ramping upwards prior to the response and peaked at the time
of the response. This ramping signal might have occluded dif-
ferences in midfrontal theta synchronization between incon-
gruent and congruent actions reported previously (Cavanagh
et al., 2011; Swart et al., 2018). Alternatively, it might reflect
conflict in selecting between left and right Go responses in
our right-handed participants. Indeed, theta power was sig-
nificantly increased for left compared to right hand responses
550-700 ms post-stimulus (p = .008)/ -225-50 ms response-
locked (p = .016).

In our BOLD analyses, we found clusters of increased
BOLD for Go vs. NoGo actions in dorsal ACC, striatum, tha-
lamus, and cerebellum. BOLD was higher for NoGo vs. Go
actions in clusters in bilateral inferior frontal gyri, superior and
inferior temporal gyri, right SMG, and lateral occipital cortex
(Figure 3c). Notably, the striatum appeared to encode action,
but not stimulus valence (Win vs. Avoid stimuli); if anything,
BOLD in medial caudate was higher for Avoid than for Win
stimuli (Figure 3d).

When entering the trial-by-trial theta power -175-425ms
around responses as an additional regressor on top of the
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task-based regressors, we found clusters in dorsal ACC/ SMA,
bilateral motor cortex, and bilateral operculum/ insula that cor-
related significantly positively with theta-power (Figure 4d-e).
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Figure 4: Action-related theta (4-8 Hz) power synchronization
over midfrontal channels (response-locked) and its BOLD cor-
relates

Discussion

We found successful inhibition of motivational biases to be
associated with increased synchronization in the alpha band
175-325ms post-stimulus, which was negatively correlated
with BOLD in left MFG and right SMG. This signal was differ-
ent in timing and frequency band from a previous finding with
the same task (Swart et al., 2018) which showed increased
synchronization in the theta band 450-650 ms post-stimulus.
However, timing was more in line with findings by Cavanagh
et al. (2013).

The brain areas negatively correlated with this alpha sig-
nal were part of the fronto-parietal network and spatially close
to regions found more active for NoGo compared to Go ac-
tions. However, these regions were less activated on tri-
als with stronger conflict-related alpha synchronization, sug-
gesting less response inhibition when alpha was strong. We
thus speculate that alpha synchronization might reflect mech-
anisms complementary to response inhibition. Given that we
also found areas in the dorsal attention network to be cor-
related negatively with alpha, we speculate that directing at-
tention away from stimulus valence might be an alternative
strategy to suppress motivational biases (Kanske, Heissler,
Schénfelder, Bongers, & Wessa, 2011). This might explain our
finding of increased activity in visual cortex for correct bias-
incongruent actions. These findings are in line with the sug-
gested role of alpha in top-down control of attention (Klimesch,
Sauseng, & Hanslmayr, 2007; Jensen & Mazaheri, 2010).
Further analyses might involve EEG source modeling to better
denoise our EEG regressors.

In our initialized hypothesized time-frequency window (i. .e.
450-650 ms in the theta band), we observed a strongly ramp-
ing signal dissociating Go vs. NoGo actions. One possibility
is that our right-handed subjects experienced conflict in se-
lecting left vs. right Go actions. Another possibility is that this



signal reflects a role of theta in action-selection and decision-
making, more generally (Womelsdorf, Vinck, Leung, & Ever-
ling, 2010), which is in line with our observation of BOLD in
ACC/ SMA, motor cortex, and operculum correlating positively
with theta synchronization. The signal’s time course and spa-
tial topography bear striking resemblance to the drift signal in
a drift-diffusion process, reflecting increasing motor excitabil-
ity until a threshold is passed and an action executed (Polania,
Krajbich, Grueschow, & Ruff, 2014). This theta signal was
paralleled by BOLD in striatum and ACC encoding executed
action rather than stimulus valence, replicating earlier work
(Guitart-Masip et al., 2012). These results are in line with re-
cent suggestions that the striatum does not encode value per
se, but only the value of work, i.e. an active, effortful action
(Collins & Frank, 2015; Hamid et al., 2015). Future analyses
might attempt to link this signal to a drift process fitted to be-
havioral data.

In sum, our work contributes to the understanding of how
humans overcome motivational biases by putatively directing
attention away from stimulus valence, as reflected in phasic
alpha sychronization. Also, we conclude that theta synchro-
nization might reflect processes of action selection and initia-
tion in ACC/ SMA, motor cortex, and striatum.
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