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a b s t r a c t 

How we exert control over our decision-making has been investigated using conflict tasks, which involve stimuli 

containing elements that are either congruent or incongruent. In these tasks, participants adapt their decision- 

making strategies following exposure to incongruent stimuli. According to conflict monitoring accounts, conflict- 

ing stimulus features are detected in medial frontal cortex, and the extent of experienced conflict scales with 

response time (RT) and frontal theta-band activity in the Electroencephalogram (EEG). However, the consequent 

adjustments to decision processes following response conflict are not well-specified. To characterise these ad- 

justments and their neural implementation we recorded EEG during a modified Flanker task. We traced the 

time-courses of performance monitoring processes (frontal theta) and multiple processes related to perceptual 

decision-making. In each trial participants judged which of two overlaid gratings forming a plaid stimulus (termed 

the S1 target) was of higher contrast. The stimulus was divided into two sections, which each contained higher 

contrast gratings in either congruent or incongruent directions. Shortly after responding to the S1 target, an addi- 

tional S2 target was presented, which was always congruent. Our EEG results suggest enhanced sensory evidence 

representations in visual cortex and reduced evidence accumulation rates for S2 targets following incongruent S1 

stimuli. Results of a follow-up behavioural experiment indicated that the accumulation of sensory evidence from 

the incongruent (i.e. distracting) stimulus element was adjusted following response conflict. Frontal theta ampli- 

tudes positively correlated with RT following S1 targets (in line with conflict monitoring accounts). Following 

S2 targets there was no such correlation, and theta amplitude profiles instead resembled decision evidence accu- 

mulation trajectories. Our findings provide novel insights into how cognitive control is implemented following 

exposure to conflicting information, which is critical for extending conflict monitoring accounts. 
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. Introduction 

In everyday life we are constantly adapting our decision-making

trategies to fit the demands of our environment. The cognitive sys-

ems that allow us to do this, and their implementation in the brain,

ave been the focus of extensive investigation. One core area of this

esearch concerns how we deal with conflicting information, specifi-

ally in situations where different features of a stimulus are each asso-

iated with different motor actions. For example, in the Eriksen Flanker

ask ( Eriksen and Eriksen, 1974 ) participants must respond based on

he direction of a central target arrow, which is flanked by distrac-

or arrows that point in either congruent or incongruent directions to

he target. When the target and distractor arrows are incongruent, par-

icipants are slower and less accurate in their responding ( Eriksen and

riksen, 1974 ; Gratton et al., 1992 ). However, people can rapidly ad-

ust their decision-making strategies to better handle this type of con-
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ict. When the stimulus in the previous trial was incongruent, partici-

ants make faster and more accurate responses to incongruent stimuli

n the current trial, and are typically slower in responding to congruent

timuli ( Gratton et al., 1992 ; Mayr et al., 2003 ; Duthoo et al., 2013 ).

his phenomenon is consistently observed across Flanker, Simon and

troop tasks, and is termed conflict adaptation, the Gratton effect, or

ongruency sequence effects ( Botvinick et al., 2001 ; Gratton et al., 2017 ;

chmidt, 2019 ). Understanding when and how we adjust our decision-

aking in the face of conflicting information is essential for understand-

ng how we exert control over our behaviour more generally, including

n situations where control-related processes lead to impaired perfor-

ance (e.g., Wessel, 2017 ). 

A class of highly influential ‘conflict monitoring’ models

 Botvinick et al., 2001 , 2004 ; Shenhav et al., 2013 ) have been de-

eloped to account for congruency sequence effects. According to

hese models, changing task demands are detected and signalled by

tructures in medial prefrontal cortex based on the presence of conflict.
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i  
his conflict signalling is indexed by increased fMRI BOLD signals in the

nterior cingulate cortex (ACC, reviewed in Shenhav et al., 2013 ) and

ncreases in theta-band (4–8 Hz) spectral activity in electrophysiological

ecordings (e.g., Cohen and Donner, 2013 ; reviewed in Cohen, 2014 ).

n Flanker tasks, conflict is defined as co-activation of neural popu-

ations in motor areas that correspond to incompatible motor actions

 Cohen, 2014 ; but see Brown and Braver, 2008 for an alternative

efinition). Strategic adjustments to decision-making processes are then

mplemented by a distributed network across prefrontal and parietal

reas ( Cavanaugh and Frank, 2014 ). The adjustments described in these

odels relating to congruency sequence effects are trial-by-trial shifts

n the attention allocated to different stimulus features, depending on

he expected utility of each stimulus feature for performing the task

t hand ( Botvinick et al., 2001 ; Gratton et al., 2017 ). For example,

n trials where distractors cue the incorrect choice, attention to these

istractors is reduced in the following trial, which in turn also reduces

he detrimental effects of target/distractor incongruence on accuracy

nd response times (RTs). A second consequence of this adjustment is

hat participants do not as effectively take advantage of the information

onveyed by distractors in trials where they are congruent with the

arget and cue the correct response ( Gratton et al., 1992 ; Shenhav et al.,

013 ). 

How this theorised attention shifting mechanism operates, and

ow it influences those processes which are active during perceptual

ecision-making, are not well specified in these models. It is unclear

hether attention refers to spatial or feature-based attention, corre-

ponding to response gain changes in stimulus-selective sensory neu-

ons (e.g., Reynolds and Heeger, 2009 ), or changes to how informa-

ion provided by sensory cortex is used to make a decision, which may

nstead occur across a network of parietal and prefrontal areas (e.g.,

facan-Seref et al., 2018 ). It is also unclear whether other adjustments

ssociated with cognitive control are implemented following response

onflict, such as changes in the amount of sensory evidence required to

ake a decision (e.g., Forstmann et al., 2008 ). Without extending con-

ict monitoring models to describe these adjustments it is difficult to

eaningfully test them against competing accounts, such as those which

xplain congruency sequence effects as driven by associative learning of

timulus-response associations ( Hommel et al., 2004 ; Abrahamse et al.,

016 ; Schmidt, 2019 ). Accordingly, the primary aim of the current study

as to develop a framework for tracking rapid adjustments to decision-

aking processes that occur following response conflict, in order to de-

elop more specific and testable versions of conflict monitoring models.

To characterise the adjustments that occur following response con-

ict, we recorded electroencephalography (EEG) while participants

ompleted a novel variant of the Flanker task (here termed a modified

lanker task). In each trial participants responded to two target stimuli,

ermed the S1 and S2 targets. The first target could be either a congru-

nt or incongruent stimulus. Shortly after responding to this S1 target,

he S2 target was presented, which was always congruent. Importantly,

he correct responses corresponding to the S1 and S2 targets were not

ependent on each other (i.e. participants made two independent per-

eptual decisions in each trial). Here, we assessed whether patterns of

ehavioural and neural responses for S2 targets differed by S1 congru-

ncy (note that ‘congruency’ in our study refers to the target/distractor

lements within S1 and S2, respectively, and not the relation between

1 and S2). We adopted an EEG analysis framework (developed by

’Connell et al., 2012 ; Steinemann et al., 2018 ) that allowed us to simul-

aneously track the neural correlates of multiple processes that are criti-

al for perceptual decision-making. This approach is directly inspired by

vidence accumulation models of decision-making, such as the diffusion

odel ( Ratcliff, 1978 ; Ratcliff and Smith, 2004 ; Ratcliff et al., 2016 ),

hich formalise perceptual decision-making as a process whereby sen-

ory evidence in favour of each decision outcome is accumulated over

ime. When this evidence reaches a set threshold, or ‘decision bound’,

ssociated with a decision outcome, the motor action corresponding to

hat decision is initiated. Using our EEG analysis framework, we could
2 
race the time-courses of multiple processes described in these mod-

ls, including the representation of sensory evidence in visual cortex,

he build-up of decision evidence, and preparatory motor activity corre-

ponding to different decision alternatives. Critically, the adjustments to

ecision-making processes that occur following response conflict should

e indexed by effects on these EEG measures. Our approach also fa-

ilitates identification of distinct adjustments at different stages of the

ecision-making process, each of which may have opposing effects on

ccuracy and response speed, which are difficult to identify based on

ehavioural data alone (see Steinemann et al., 2018 ; Kelly et al., 2020 ).

To track the representation of decision-relevant sensory evidence we

resented stimuli that consisted of overlaid left and right tilted grat-

ngs and asked participants to judge which grating was of dominant

i.e. of higher contrast, as done by Steinemann et al., 2018 ). In our

odified Flanker task we presented S1 target and distractor stimuli that

ould have dominant gratings in congruent or incongruent directions.

he distractor consisted of a central annulus that encircled a fixation

ross, and the target consisted of a larger annulus that encircled the

istractor. This resulted in a difficult Flanker task that required partic-

pants to ignore the centrally-presented distractor in incongruent trials

nd make decisions based on the more peripheral target. In contrast to

ore typical Flanker tasks, the distracting information was presented

ear fixation, and the target stimulus was presented in the periphery.

ach grating contrast reversed at different periodicities (at 15 Hz and

0 Hz), allowing us to separately tag visual responses to each grating by

easuring steady-state visual evoked potentials (SSVEPs; Regan, 1966;

orcia et al., 2015 ). Importantly, SSVEP amplitudes monotonically scale

ith the contrast of each grating ( Campbell and Kulikowski, 1972 ;

llen et al., 1986 ) and are modulated by spatial and feature-based at-

ention ( Morgan et al., 1996 ; Muller et al., 2006 ). As the contrast levels

f each grating were the critical stimulus features in our task, SSVEP

agnitudes corresponding to each grating orientation were closely cor-

elated with the extent of sensory evidence for each decision outcome.

ccordingly, we calculated measures of sensory evidence favouring the

orrect response, defined as the SSVEP amplitude favouring the stronger

arget grating orientation (associated with the correct response) mi-

us that evoked by the weaker grating orientation. This captured the

um of sensory evidence favouring the correct response across the tar-

et and distractor elements of the stimulus (for a similar approach see

teinemann et al., 2018 ). 

We also tracked the accumulation of decision evidence over time

y measuring the build-up rate of the centro-parietal positivity (CPP)

vent-related potential (ERP) component ( O’Connell et al., 2012 ). The

hape of this component corresponds closely with the trajectory of deci-

ion evidence accumulation in diffusion models ( Twomey et al., 2015 ;

elly et al., 2020 ). In addition, we measured spectral amplitude changes

n the Mu/Beta (8–30 Hz) range at electrodes over left and right motor

ortex, which index the build-up of preparatory motor activity preceding

 behavioural response, such as a keypress ( Donner et al., 2009 ; de Lange

t al., 2013 ). This motor preparation response typically displays similar

ccumulation-to-bound dynamics as the CPP and reaches a set thresh-

ld just before the execution of a motor action (e.g., O’Connell et al.,

012 ). However, when there are strict response deadlines that induce

peed pressure (as commonly used in conflict tasks, e.g., Cohen and Don-

er, 2013 ; Tollner et al., 2017 ) motor preparation can begin ramping

oward the motor action threshold even before a target stimulus is pre-

ented, and continues to ramp toward this threshold until a motor ac-

ion is executed ( Steinemann et al., 2018 ; Kelly et al., 2020 ). The level

f motor activity determines when and if a motor action is made, and

o this ramping motor activity can produce behavioural responses that

re based on less decision evidence than if there was no speed pressure

 Steinemann et al., 2018 ; Kelly et al., 2020 ). In these contexts, adjust-

ents to pre-target levels of motor activity can produce decision-making

trategies that favour either fast or accurate responses. 

By simultaneously tracking each of these neural markers, we could

dentify the adjustments to decision-making strategies that correspond
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o attention shifts as described in conflict monitoring models. If these

ttention shifts are associated with spatial or feature-based attention in

isual cortex (whereby response gain is reduced specifically for neurons

esponsive to the distractor) then we would expect to observe smaller

SVEP sensory evidence measures evoked by the (always congruent) S2

argets when the previous stimulus was incongruent, accompanied by a

hallower build-up rate of the CPP. If the attention shift relates to how

ensory information is utilised after it is transmitted from visual cortex,

hen we would expect to observe slower CPP build-up rates following

ncongruent stimuli, but without co-occurring reductions in SSVEP am-

litudes. If there are also shifts in pre-target motor response preparation

ollowing response conflict, then we would expect to see shifts in pre-

arget Mu/Beta amplitudes. Based on the notion that attention shifts in

onflict monitoring accounts reflect changes in spatial attention (e.g.,

anssens et al., 2017 ), we expected to observe slower RTs to S2 targets

ollowing incongruent S1 targets (a post-conflict slowing effect for con-

ruent stimuli; Gratton et al., 1992 ; Mayr et al., 2003 ), accompanied by

maller SSVEP measures of sensory evidence (corresponding to reduced

ttention to the central distractor stimulus) and slower rates of decision

vidence accumulation as tracked by the CPP. 

We further extended this analysis framework to measure theta-band

4–8 Hz) activity at midfrontal electrode FCz. Larger frontal theta am-

litudes for incongruent stimuli in the ~400 ms time window immedi-

tely preceding a behavioural response have been consistently observed

cross experiments (e.g., Cohen and Cavanaugh, 2011 ; Cohen and Don-

er, 2013 ; van Driel et al., 2015 ). We included this measure to assess

hether similar markers of conflict signalling could be found when us-

ng our modified Flanker task, and also to see whether frontal theta am-

litudes for S2 targets would be modulated by conflict at S1 (as reported

y Jiang et al., 2018 ). 

This also allowed us to assess the temporal profiles of frontal theta

mplitudes in relation to other neural correlates of decision-making

rocesses. Notably, frontal theta activity has been proposed as a neu-

al correlate of decision evidence accumulation, as it shows similar

ccumulation-to-bound profiles to the CPP ( van Vugt et al., 2012 ). How-

ver, frontal theta follows a very different temporal profile in conflict

asks ( Cohen and Cavanaugh, 2011 ; Cohen and Donner, 2013 ; van Driel

t al., 2015 ; Tollner et al., 2017 ) and in some perceptual decision tasks

hat do not involve response conflict ( Werkle-Bergner et al., 2014 ),

hereby frontal theta steadily rises in amplitude at a fixed rate from tar-

et onset until the time of the behavioural response. By simultaneously

racking multiple neural markers of decision processes, we observed two

otential contributions to frontal theta power in addition to effects that

re specifically associated with the detection of conflict. 

To foreshadow our results, we identified reductions in the rate of

vidence accumulation following response conflict, indexed by build-

p rates of the CPP following S2 targets. Further evidence congruent

ith changes in evidence accumulation rates was observed in a follow-

p behavioural experiment. These findings provide initial evidence of

ow cognitive control is implemented across decision-making circuits

ollowing response conflict. 

. Methods 

.1. Participants 

35 people (24 female, 11 male), aged between 18 and 40 ( M = 24.1)

ook part in this experiment. Participants were right-handed, fluent in

nglish and had normal or corrected-to-normal vision. 6 participants

ere excluded from analyses because they achieved less than 60% accu-

acy in at least one experimental condition. An additional 2 participants

ere excluded from the EEG dataset: one due to excessively noisy data,

nd one due to data loss following a technical error. This resulted in a

ample of 29 participants for behavioural data analyses, aged between

8 and 36 ( M = 23.9), and 27 for EEG analyses. Participants were com-

ensated 25 AUD for their time. This study was approved by the Human
3 
thics Committee of the Melbourne School of Psychological Sciences (ID

,750,871). 

.2. Stimuli 

Stimuli were presented using a gamma-corrected 24 ″ LCD moni-

or with a refresh rate of 60 Hz. Stimuli were presented using func-

ions from MATLAB (Mathworks) and PsychToolbox ( Brainard, 1997 ;

leiner et al., 2007 ). Code used for stimulus presentation will be avail-

ble at https://osf.io/eucqf/ at the time of publication. 

The critical stimuli consisted of two overlaid gratings within a circu-

ar aperture, presented against a grey background, similar to stimuli in

teinemann et al. (2018) . Each of the two gratings were orientated 45°

o the left and right of vertical, respectively ( Fig. 1 B). The left-tilted grat-

ng contrast-reversed at a rate of 15 Hz; the right-tilted grating contrast-

eversed at a rate of 20 Hz. The circular aperture was divided into two

oncentric circles; an inner circle and an outer circle with radii of 1.32°

nd 4.70° of visual angle, separated by a grey spacer ring. 

.3. Procedure 

Participants sat 100 cm from the monitor in a darkened room and

ere asked to fixate on a central cross throughout all trials. Each trial

ncluded two task phases; each task phase comprised a single target that

equired a response. The trial structure is depicted in Fig. 1 A. In each

rial, a white fixation cross appeared for 800 ms. Following this, both

ratings gradually increased in contrast from 0% to 50% over a 400 ms

eriod. Both gratings remained at 50% contrast for a further 1000 ms,

uring which the contrast levels of both gratings were identical (i.e. the

timulus was “neutral ”, see Fig. 1 B). 400 ms before the end of this pe-

iod the central fixation cross changed colour to red, signifying that the

rst target (here termed the S1 target) would soon appear. Immediately

fter this neutral stimulus period, one of the gratings within each circle

ncreased to 80% contrast and the other decreased to 20% contrast. This

ontrast difference persisted for 400 ms, after which the neutral stimulus

as presented. In congruent trials, the stripes of higher contrast were

he same orientation for inner and outer circles; in incongruent trials

hey were of opposite orientations ( Fig. 1 C). Congruent and incongruent

rials were each presented with 50% probability. Participants indicated

hich grating was dominant (i.e. of higher contrast) in the outer circle

while ignoring the inner circle) by pressing keys on a TESORO Tizona

umpad (1000 Hz polling rate) using their left and right index fingers.

articipants were required to respond within 800 ms of S1 target onset.

ollowing the response to S1 the neutral stimulus was presented for a

urther 600 ms. 

Following this neutral stimulus period, the second (S2) target ap-

eared at the time of the next screen refresh when the phase-reversals

f both gratings were in synchrony, which occurred every 12 frames

200 ms]. The S2 target always consisted of targets and congruent dis-

ractors, however the contrast difference between the higher and lower

ontrast gratings varied across 3 levels: weak (one grating 65% contrast,

he other 35%), medium (75/25%) and strong (85/15%; for examples

ee Fig. 1 D). Participants indicated via keypress which grating was dom-

nant, as done following the S1 target. The S2 target was presented for

urations ranging from 1800 to 2400 ms depending on the timing of

he S1 response, so that the total presentation duration of the gratings

including both S1/S2 target and neutral stimulus periods) was equated

cross trials. Importantly, the direction of the dominant grating in the

2 target was independent of the direction of the S1 target within the

ame trial, and participants were explicitly notified of this. 

A feedback screen was then displayed for 1000 ms. Participants re-

eived “Correct ” or “Error ” feedback depending on their response to the

2 target. If responses were made prior to the S1 target or after the

00 ms S1 response deadline, then “Too Early ” of “Too Slow ” feedback

ppeared instead. If no response was given following the S2 target, then

No Response ” feedback was presented. Correct/error feedback relating

https://osf.io/eucqf/
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Fig. 1. Trial structure and task. A) Each trial 

commenced with the presentation of a fixa- 

tion cross. Following this, two circular aper- 

tures containing overlaid left- and right-tilted 

gratings were presented. Red and blue lines re- 

spectively depict the contrast levels of the dom- 

inant (i.e. higher contrast) and non-dominant 

(lower contrast) gratings in each phase of the 

trial. B) The left- and right-tilted gratings con- 

trast reversed at 15 Hz and 20 Hz, respectively, 

and were each presented at 50% contrast (Neu- 

tral Stimulus). The fixation cross then changed 

to red, and 400 ms later the relative contrast 

levels of the two gratings were changed to cre- 

ate the S1 target. C) The outer circle was the 

target stimulus, and the inner circle was the 

distractor. Participants indicated which set of 

stripes in the target stimulus was dominant (i.e. 

of higher contrast). In trials with congruent dis- 

tractors the dominant grating orientations were 

the same for the inner and outer circles. In trials with incongruent distractors they were of opposite orientations. Participants were required to respond within 800 ms 

following S1 target onset, after which a neutral stimulus was presented for a further 600–800 ms. D) Following this the S2 target appeared, which always consisted 

of a target and congruent distractor, and was presented until the response deadline at the end of the trial. The direction of the dominant grating in the S2 target was 

not dependent on that of the S1 target. The contrast level of the dominant grating could be either weak (65%) medium (75%) or strong (85%) for both target and 

distractor elements. After each trial participants received feedback on their response to the S2 target, or feedback indicating they had responded too early or missed 

the S1 response deadline. 
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o the S1 target was not provided, so that participants would not keep

heir response to the S1 target in memory and match this to the feed-

ack presented, which may have interfered with subsequent decisions

elated to the S2 targets. 

Participants completed 480 trials, split into 10 blocks of 48 trials

ach. Participants were allowed self-paced breaks between blocks (min-

mum break duration 15 s). Prior to the experimental blocks, partici-

ants completed a practice block of 12 trials, which was repeated un-

il participants demonstrated adequate performance. During this block,

articipants received feedback on their responses to both S1 and S2 tar-

ets in each trial. Trial order was randomised and proportions of trials

ith each S1 and S2 target type combination were balanced within each

lock. 

.4. Analyses of accuracy and RT data 

Trials with responses that were too slow or earlier than stimulus

nset were removed from the dataset. Only trials with correct responses

nd RTs of > 100 ms were included for analyses of RTs. We modelled

roportions of correct responses using generalised linear mixed effects

ogistic regressions (binomial family) as implemented in the R package

me4 ( Bates et al., 2015 ). We modelled RTs using generalised linear

ixed effects regressions using a Gamma family and an identity link

unction, as recommended by Lo & Andrews (2015) . Given that error RTs

re also diagnostic of decision processes within evidence accumulation

odel frameworks (e.g., Ratcliff and Smith, 2004 ), we have also plotted

ean RTs for errors in Supplementary Figure S1. 

To test for effects of each factor of interest on accuracy and RT mea-

ures, we compared models with and without that fixed effect of interest

sing likelihood ratio tests. For each comparison, both models included

ll other fixed effects that would conceivably influence the data, as well

s identical random effects structures. Fixed effects of interest for S1

argets included S1 congruency (congruent, incongruent). In compari-

on models we also included effects of S1 target orientation (left, right).

ixed effects of interest for S2 targets included S1 congruency (congru-

nt, incongruent) and S2 evidence strength (strong, medium, weak). Ad-

itional effects included in both models with and without each fixed

ffect of interest included additive and interactive effects of S1 and S2

arget orientation (left, right). The structure of each model and the coef-

cients of each fitted model are detailed in the Supplementary Material.
4 
.5. EEG data acquisition and processing 

We recorded EEG at a sampling rate of 512 Hz from 64 active elec-

rodes using a Biosemi Active Two system (Biosemi). Recordings were

rounded using common mode sense and driven right leg electrodes

http:// www.biosemi.com/faq/cms&drl.htm ). We added 6 additional

hannels: two electrodes placed 1 cm from the outer canthi of each eye,

nd electrodes placed above and below the centre of each eye. 

We processed EEG data using EEGLab v13.4.4b ( Delorme and

akeig, 2004 ). All data processing and analysis code and corresponding

ata will be available at https://osf.io/eucqf/ at the time of publication.

irst, we identified excessively noisy channels by visual inspection (me-

ian number of bad channels = 1, range 0–7) and excluded these from

verage reference calculations and Independent Components Analysis

ICA). Sections with large artefacts were also manually identified and

emoved. We re-referenced the data to the average of all channels, low-

ass filtered the data at 30 Hz (EEGLab Basic Finite Impulse Response

ilter New, default settings), and removed one extra channel (AFz) to

orrect for the rank deficiency caused by the average reference. We pro-

essed a copy of this dataset in the same way and additionally applied a

 Hz high-pass filter (EEGLab Basic FIR Filter New, default settings) to

mprove stationarity for the ICA. 

ICA was performed on the high-pass filtered dataset (RunICA ex-

ended algorithm, Jung et al., 2000 ). We then copied the indepen-

ent component information to the unfiltered dataset (e.g., as done by

euerriegel et al., 2018 ). Independent components generated by blinks

nd saccades were identified and removed according to guidelines in

haumon et al. (2015) . After ICA we interpolated any excessively noisy

hannels and AFz using the cleaned data (spherical spline interpola-

ion). EEG data were then high-pass filtered at 0.1 Hz (EEGLab Basic

inite Impulse Response Filter New, default settings). 

The resulting data were segmented from − 2200 ms to 3800 ms rel-

tive to the S1 target onset, and baseline-corrected using the interval

f 400–600 ms prior to the S1 target. This baseline period was used to

nsure that ERPs evoked by the fixation cross colour change did not

nfluence baseline estimates. Epochs containing amplitudes exceeding

 150 𝜇V at any scalp channels were rejected (mean trials retained = 462

ut of 480, range 413–479). Numbers of retained epochs by condi-

ion are displayed in Supplementary Table S1. Data were then con-

erted to current source density (CSD) estimates using the CSD Toolbox

http://www.biosemi.com/faq/cmscedrl.htm
https://osf.io/eucqf/
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Fig. 2. Overview of the EEG data analysis 

approach. A) Neural correlates of successive 

stages of the decision-making process were 

measured. These stages included stimulus en- 

coding (indexed by SSVEPs), evidence accumu- 

lation (indexed by the CPP ERP component), 

motor action preparation (indexed by mu/beta 

activity over motor cortex) and performance 

monitoring or conflict detection (indexed by 

frontal theta-band activity). Grey text denotes 

whether each measure was measured relative 

to stimulus onset, the time of the response, or 

relative to both of these time points. B) Differ- 

ent fixed effects of interest were tested in the 

time windows following S1 and S2 targets. For 

the time window following S1 targets effects 

of S1 congruency and S1 RT quantile were of 

interest. For the time window following S2 tar- 

gets effects of S1 congruency and S2 evidence 

strength were of interest. 
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 Kayser and Tenke, 2006 ; m-constant = 4, 𝜆 = 0.00001). The result-

ng S1 target-locked epochs were used for all subsequent EEG analyses.

nly data from trials with correct responses to S1 targets were used for

nalyses of S1 neural responses, as is typical in EEG analyses of conflict

ask data (e.g., Cohen and Donner, 2013 ). Similarly, only trials with cor-

ect responses to both S1 and S2 targets were included in analyses of S2

eural responses, to exclude effects of errors and post-error adaptations

 Wessel, 2017 ). 

We then segmented the EEG data according to four time windows

f interest: from − 500 ms to 1000 ms relative to S1 target onset, from

 1000 ms to 500 ms relative to S1 responses, from − 200 ms to 1000 ms

elative to S2 target onset, and from − 700 ms to 300 ms relative to S2 re-

ponses. Data were transformed into frequency domain representations

using data from the entire trial) before these epochs were derived for

SVEP, Theta and Mu/Beta analyses. 

An overview of the EEG data analysis approach is depicted in Fig. 2 .

ach EEG measure (SSVEPs, CPP, mu/beta and frontal theta-band ac-

ivity) corresponded to successive stages of the hypothesised decision-

aking process (shown in Fig. 2 A). These measured were compared

cross S1 congruency and S1 RT quantile conditions following S1 tar-

ets, and across S1 congruency and S2 evidence strength conditions fol-

owing S2 targets ( Fig. 2 B). 

.6. Analyses of SSVEPs 

SSVEP amplitudes were estimated using data from electrode Oz. We

onverted data into the frequency domain using Fast Fourier transforms

FFTs; window width 400 ms, step size 10 ms, Hann taper). Amplitudes

t frequency bins corresponding to the 15 Hz and 20 Hz contrast reversal

ates were baseline-corrected by subtracting the average amplitude of

he two neighbouring frequency bins (see Norcia et al., 2015 ; Retter and

ossion, 2016 ). Then, a measure of evidence in favour of the dominant

arget grating orientation was derived by subtracting the SSVEP signal

orresponding to the higher contrast grating from that of the lower con-

rast grating. Importantly, both the target and distractor elements of

he stimulus contributed to the SSVEPs corresponding to each grating

rientation, and so these measures index the sum of evidence across tar-

et and distractor elements. To avoid biases due to differences in trial

umbers across targets with different flicker frequencies and S1/S2 ori-

ntation conditions, we averaged signals across trials of each S1 and S2

arget orientation combination separately, and then averaged the result-

ng signals within each condition of interest. 

For S1 target-evoked SSVEPs we compared congruent and incongru-

nt conditions. For S2 target-evoked SSVEPs we tested for differences

y S1 congruency and S2 evidence strength (weak/medium/strong).

ifferences in the magnitude of sensory evidence favouring the correct
5 
esponse across conditions were tested for using mass-univariate anal-

ses. Paired-samples t tests were performed at all time steps between

 500 ms and 1000 ms relative to the S1 target, and between − 200 ms

nd 1000 ms relative to the S2 target. To correct for multiple com-

arison, cluster-based permutation tests using the cluster mass statistic

 Bullmore et al., 1999 ; Maris and Oostenveld, 2007 ; 1000 permutation

amples, cluster formation alpha = 0.05) were performed using func-

ions from the Decision Decoding Toolbox v1.0.3 ( Bode et al., 2019 ). 

.7. Analyses of ERPs 

We measured the slopes and pre-response amplitudes of the CPP

omponent at electrode Pz. To measure CPP slopes we first averaged

RPs across response-locked epochs within each condition. We then fit

 regression line to data ranging from − 350 ms to − 50 ms relative to the

ime of the keypress response. This time window was selected to capture

vidence accumulation dynamics during the vast majority of trials (as

one by Steineimann et al., Steinemann et al., 2018 ). CPP slopes were

ompared across conditions using paired-samples t tests and repeated

easures ANOVAs implemented in JASP v0.9.1 (JASP Core Team). Pre-

esponse CPP amplitudes were measured as the average amplitude be-

ween − 130 ms and − 70 ms from response onset. This time window

as chosen to capture the amplitude of the CPP around the onset time

f motor execution prior to completion of the keypress (as defined in

teinemann et al., 2018 ). We analysed CPP pre-response amplitudes us-

ng linear mixed effects regression models and tested for effects using

ikelihood ratio tests as described above. Fixed effects of interest for S1

argets included S1 congruency and S1 RT. Fixed effects of interest for

2 targets included S1 congruency and S2 evidence strength. Additional

ffects in both models with and without each fixed effect of interest in-

luded additive and interactive effects of S1 and S2 target orientation.

he structures of all models used in these analyses are detailed in the

upplementary Material. 

.8. Analyses of Frontal theta and Mu/beta amplitudes 

Time-frequency amplitude estimates were derived using complex

orlet wavelet convolution, using a frequency range of 1–30 Hz, and

inear steps of 1 Hz. The number of wavelet cycles increased linearly

rom 3 to 10 cycles across this frequency range. Time-frequency ampli-

ude estimates were converted to decibels (dB) relative to the median

f amplitudes across all trials with correct S1 responses for each par-

icipant, averaged across a baseline period from − 900 ms to − 700 ms

rom S1 target onset. This baseline period was used to minimise con-

ributions of the fixation cross colour change to baseline estimates. S2
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Fig. 3. Accuracy and mean RTs following S1 

and S2 targets. A) Proportions of correct re- 

sponses following S1 targets with congruent 

and incongruent distractors. B) Mean RTs for 

correct responses to S1 targets with congru- 

ent and incongruent distractors. C) Delta plot 

displaying the [incongruent – congruent] dif- 

ferences in RTs for 10–90% quantiles in steps 

of 5% on the Y axis and the average of each 

congruent and incongruent condition RT quan- 

tile on the X axis. D) Proportions of correct 

responses to S2 targets, split by S2 evidence 

strength and S1 distractor congruency. E) Mean 

RTs for correct responses to S2 targets. 
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timulus-locked epochs and S1 and S2 response-locked epochs were cre-

ted using this decibel-transformed data. 

Frontal theta responses were measured as the average of dB estimates

cross 4–8 Hz at electrode FCz ( Cohen and van Gaal, 2014 ). Mu/Beta

esponses associated with motor preparation were measured as the av-

rage across 8–30 Hz at electrodes C3 and C4 ( Steinemann et al., 2018 ).

otor preparation signals at electrodes that were contralateral and ipsi-

ateral to the response hand used in each trial were analysed separately,

s these signals show different dynamics preceding an executed motor

esponse ( Donner et al., 2009 ; de Lange et al., 2013 ). 

Frontal theta and Mu/Beta amplitudes were averaged across trials for

ach S1 and S2 target orientation combination separately, and then av-

raged across all S1/S2 combinations within each condition of interest.

e performed mass-univariate paired-samples t-tests and corrections for

ultiple comparisons using cluster-based permutation tests as described

bove. We did not have specific a priori hypotheses about how Frontal

heta or Mu/Beta responses would vary by S2 target evidence strength,

nd instead performed post-hoc mass-univariate comparisons to test for

ifferences between strong and weak evidence conditions. 

. Results 

.1. Behavioural results 

We observed typical effects of response conflict on behaviour. Par-

icipants were slower and less accurate in responding to S1 targets with

ncongruent distractors (likelihood ratio test p’s < 0.001, Figs. 3 A, 3 B).

he delta plot in Fig. 3 C displays larger effects of congruency on RTs for

lower RT quantiles. This pattern is typical of both Flanker and Stroop

asks (see Ulrich et al., 2015 ), but differs from delta functions observed

n some variants of Simon tasks (e.g., Ridderinkhof, 2002 ), which show

maller delta values for slower RT quantiles (reviewed in Pratte et al.,

010 ; Proctor et al., 2011 ; Ulrich et al., 2015 ). Consistent with task con-

itions involving strict response deadlines, RTs for error trials appeared

o be slightly faster than correct responses, particularly in trials with

ongruent stimuli (depicted in Supplementary Figure S1). 

Following S2 targets, participants were faster and more accurate in

rials with targets of higher evidence strength ( p’s < 0.001, Figs. 3 D,

 E). However, the addition of S1 congruency did not significantly im-

rove model fits for accuracy ( p = 0.484) or RT data ( p = 0.099). The

stimate of the S1 distractor congruency effect indicated a tendency to-

ard post-conflict speeding rather than slowing (fixed effect of congru-

ncy = − 6.2 ms). 
6 
.2. Neural responses following S1 targets 

Effects of S1 congruency were clearly visible in all EEG measures,

xcept for motor preparation-related Mu/Beta amplitudes. These effects

re depicted in Fig. 4 , and are consistent with previous findings (e.g.,

ohen and Donner, 2013 ; Jiang et al., 2018 ). SSVEP-based estimates

f sensory evidence magnitudes favouring the correct response were

maller following S1 targets with incongruent distractors from ~50–

00 ms after target onset ( Fig. 4 A). This is to be expected, given that the

istractor contained higher contrast gratings of the opposite orientation

o the target, and both the target and distractor contribute to the SSVEP

easures. Estimates of sensory evidence magnitudes were also smaller

n trials with slower RTs, as visible for both congruent and incongruent

onditions ( Fig. 4 A). To verify this, we tested whether SSVEP measures

n trials with RTs in the fastest tertiles were larger than those in the

lowest tertiles, using a one-tailed cluster-based permutation test. Here,

e took SSVEP measures from trials with RTs in the fastest/slowest

T tertiles, for congruent and incongruent distractor conditions sepa-

ately, and then averaged SSVEP measures across congruency condi-

ions within each participant. We found a significant cluster ranging

rom ~0–400 ms following S1 target onset. Note that this test was done

fter observing the data, and such tests are circular and have an inflated

alse positive rate (see Kriegeskorte et al., 2009 ), but that our results are

imilar to previously-observed patterns in Steinemann et al. (2018) . 

As expected based on the patterns of SSVEP results, CPP slopes pre-

eding responses to incongruent stimuli were shallower, t(26) = 6.81,

 < 0.001. Additionally, pre-response CPP amplitudes were smaller in

rials with incongruent stimuli (likelihood ratio test p < 0.001). Pre-

esponse CPP amplitudes were also smaller in trials with longer RTs

 p < 0.001). We also performed post-hoc comparisons of CPP slopes

rom trials with RTs in the fastest and slowest RT tertiles, and found

hat the build-up rate of the CPP was steeper in trials with faster RTs,

(26) = 4.62, p < 0.001 (see also O’Connell et al., 2012 ; Twomey et al.,

015 ). 

Frontal theta-band (4–8 Hz) amplitudes were larger following in-

ongruent stimuli from 400 to 800 ms relative to target onset, and from

 450 to 50 ms relative to the time of the keypress response ( Fig. 4 C;

or time-frequency plots see Supplementary Figure S2), similar to that

eported in previous studies using conflict tasks (e.g., Cohen and Don-

er, 2013 ). 

Plotting frontal theta amplitudes by S1 distractor congruency and

ast/medium/slow RT quantiles (displayed in Fig. 4 E) allowed us to

etter characterise the temporal dynamics of this response (as done by
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Fig. 4. Neural responses following S1 targets 

with congruent and incongruent distractors. A) 

SSVEP difference measures indexing the mag- 

nitude of sensory evidence in favour of the 

dominant (i.e. higher contrast) target grating, 

also plotted by fast/medium/slow RT quan- 

tiles. Purple bars denote clusters of time points 

at which there were statistically significant dif- 

ferences across conditions. B) CPP amplitudes 

leading up to the time of the keypress response. 

C) Frontal theta amplitudes relative to the tar- 

get onset (left panel) and response times (right 

panel). D) Mu/Beta amplitudes indexing mo- 

tor preparation for electrodes contralateral and 

ipsilateral to the response hand. E) Frontal 

theta amplitudes plotted by congruency and RT 

quantile. Scalp maps depict the average magni- 

tudes of each signal over the 200 ms period pre- 

ceding the keypress response, averaged across 

S1 congruent and incongruent conditions. 
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urphy et al., 2015 ). Theta amplitudes gradually increased at a fixed

ate over the course of the trial until ~100 ms before the time of the

esponse, after which frontal theta amplitudes rapidly decreased (see

lso Figure 10 in Cohen and Cavanaugh, 2011 ; Fig. 2 in van Driel et al.,

015 ). This build-up was terminated earlier in trials with faster RTs,

eading to lower pre-response theta following congruent S1 targets, as

articipants responded more quickly in this condition (see also Fig. 6 in

ollner et al., 2017 ). 

Motor preparation activity had a different temporal profile to the

PP, showing a steady increase in activity (i.e. more negative ampli-
7 
udes over time) at electrodes both contralateral and ipsilateral to the

esponse hand. This occurred from the time of the fixation cross colour

hange preceding the target, which resulted in pre-response amplitudes

lmost halfway from zero dB to the − 2 dB motor execution threshold

y the time of the S1 target onset (see also Steinemann et al., 2018 ;

elly et al., 2020 ). Mu/Beta amplitudes did not appear to diverge be-

ween contralateral and ipsilateral electrodes until around 200 preced-

ng the time of the response (contralateral minus ipsilateral measures

lotted in Supplementary Figure S3). However, there were no significant

ffects of S1 congruency on motor preparation activity until 50–250 ms
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Fig. 5. Neural responses following S2 targets 

by S1 congruency. A) SSVEP difference mea- 

sures indexing the magnitude of evidence rep- 

resented in visual cortex in favour of the dom- 

inant (i.e. higher contrast) target grating. B) 

CPP amplitudes leading up to the keypress re- 

sponse. C) Frontal theta amplitudes relative to 

the target onset time (left panel) and time of 

response (right panel). D) Mu/Beta amplitudes 

indexing motor preparation for electrodes con- 

tralateral and ipsilateral to the response hand. 

Scalp maps depict the average magnitudes of 

each signal over the 200 ms period preceding 

the keypress response, averaged across S1 con- 

gruent and incongruent conditions. 
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fter the keypress response ( Fig. 4 D). In addition, motor activity at elec-

rodes contralateral to the response hand reached the same threshold at

he time of the response for both congruent and incongruent conditions

 O’Connell et al., 2012 ; Kelly et al., 2020 ). 

.3. Neural responses following S2 targets 

.3.1. Effects of S1 congruency 

Although we did not find group-level differences in accuracy or RTs

o S2 targets by S1 congruency, there was evidence of two opposing ad-

ustments at different stages of the decision process. Sensory evidence

agnitudes in favour of the correct response (as indexed by SSVEPs)

ere larger following S2 targets that appeared after incongruent S1 stim-

li between ~200–400 ms post S2 target onset ( Fig. 5 A). However, CPP

uild-up rates were slightly slower following incongruent S1 stimuli,

(26) = 2.25, p = 0.033 ( Fig. 5 B) indicative of a slower rate of decision

vidence accumulation ( Twomey et al., 2015 ). Pre-response CPP ampli-

udes did not appear to differ between S1 congruent and incongruent

rials (likelihood ratio test p = 0.214). We did not observe effects of S1

ongruency on measures of frontal theta or motor preparation responses

 Figs. 5 C, 5 D) and Mu/Beta amplitudes were very similar across condi-

ions at the time of S2 target onset. 
8 
.3.2. Effects of S2 evidence strength 

Effects of S2 evidence strength were clearly visible across all neu-

al measures. Sensory evidence magnitudes scaled with the contrast

ifferences between higher and lower contrast gratings (i.e. evidence

trength) from ~0–800 ms from S2 target onset ( Fig. 6 A). The build-up

ate of the CPP was also faster in trials with higher evidence strength,

(2, 52) = 12.02, p < 0.001 ( Fig. 6 B) and pre-response CPP amplitudes

ere also smaller in weaker evidence strength conditions (likelihood

atio test p = 0.020). Mu/Beta motor preparation amplitude profiles

lso followed a similar pattern to the CPP, with steeper (negative-going)

uild-up rates for stronger evidence strengths leading up to the response

t contralateral electrodes, but similar amplitudes around the time of re-

ponse ( Fig. 6 D). 

Similar to motor preparation profiles following S1 targets, there ap-

eared to be a gradual build-up of Mu/Beta amplitudes at both contralat-

ral and ipsilateral electrodes from 0 to 300 ms following S2 target on-

et. After this point, motor preparation trajectories were determined by

he evidence strength of the S2 target. However, motor preparation am-

litudes preceding S2 target onset were much less negative-going than

hose preceding the S1 target (approx. − 0.5 dB compared to − 1.2 dB,

elative to a − 2 dB motor execution threshold), indicating relatively less

reparatory motor activity preceding the onset of the S2 target. 
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Fig. 6. Neural responses following S2 targets 

by S2 evidence strength. A) SSVEP difference 

measures indexing the magnitude of evidence 

represented in visual cortex in favour of the 

dominant (i.e. higher contrast) target grating. 

Coloured bars denote time points at which 

there were statistically significant differences 

across conditions. B) CPP amplitudes leading 

up to the keypress response. C) Frontal theta 

amplitudes relative to the target onset time (left 

panel) and time of response (right panel). D) 

Mu/Beta amplitudes indexing motor prepara- 

tion for electrodes contralateral and ipsilateral 

to the response hand. 

3

 

f  

f  

s  

m  

(  

S  

p  

e  

T  

o  

s  

L  

d  

f  

b  

w  

t  

n  

5  

i  

w  

 

C  

F  

i  

g  

T  

c  

a  

t  

b  

M

4

 

s  

s  

a  

s  

b  

F  

i

.3.3. Frontal theta amplitude profiles 

Frontal theta amplitude profiles for S2 targets differed markedly

rom those profiles observed following S1 targets. Theta amplitudes

or S2 targets did not exhibit the rise-until-response pattern that was

een for S1 targets. Instead, theta amplitudes following S2 targets

ore closely resembled the trajectories of CPP and Mu/Beta amplitudes

 Fig. 6 C left panel; for time-frequency plots see Supplementary Figure

4). Notably, frontal theta amplitudes in the time window immediately

receding the response did not appear to be larger in trials with weaker

vidence strength and by association slower RTs ( Fig. 6 C right panel).

o investigate this, we performed post-hoc mass-univariate comparisons

f response-locked theta amplitudes across strong and weak evidence

trength conditions (corresponding to trials with fast and slow RTs).

arger theta amplitudes were observed in weak evidence strength con-

itions between − 500 to − 300 ms preceding the response (uncorrected

or multiple comparisons), associated with a less steep theta amplitude

uild-up rate prior to the keypress response. However, these differences

ere not statistically significant when applying a cluster-based correc-

ion for multiple comparisons. Notably, Frontal theta amplitudes were

ot significantly larger in weak evidence conditions from − 300 ms to

0 ms relative to response onset, which is where the bulk of the effects

n S1 response-locked epochs were found. Instead, amplitudes in the

eak evidence trials tended to be smaller than in strong evidence trials.
9 
In sum, the qualitative patterns of covariation between frontal theta,

PP and Mu/Beta amplitudes differed across S1 and S2 task phases.

ollowing S1 targets, there were larger pre-response theta amplitudes

n trials with slower RTs, due to a pattern whereby theta amplitudes

radually rose at a steady rate until the time of the response (see also

ollner et al., 2017 ). This also produced larger theta amplitudes for in-

ongruent S1 stimuli, which co-occurred with smaller CPP amplitudes

nd highly similar Mu/Beta amplitudes prior to the S1 response. In con-

rast, there were no clear theta-RT correlations for S2 targets, and theta-

and activity closely resembled the amplitude profiles of the CPP and

u/Beta activity (see also van Vugt et al., 2012 ). 

. Interim discussion 

We found evidence for two adjustments that occur following expo-

ure to incongruent stimuli: A temporary boost in the magnitude of sen-

ory evidence represented in visual cortex, indexed by effects on SSVEPs,

nd a slowing of evidence accumulation rates, indexed by shallower CPP

lopes. Here we note that, although CPP slopes significantly differed

y S1 congruency, the ERP waveforms in the group-averaged plots (in

ig. 5 B) were highly similar, and we did not observe statistically signif-

cant differences in RTs by S1 congruency. 
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Fig. 7. Accuracy and mean RTs following S1 

and S2 targets for the behavioural follow- 

up experiment. For full methods and results 

see the Supplementary Material. A) Propor- 

tions of correct responses following S1 targets 

with congruent and incongruent distractors. B) 

Mean RTs for correct responses to S1 targets 

with congruent and incongruent distractors. C) 

Delta plot displaying the [incongruent – con- 

gruent] differences in RTs for 10–90% quan- 

tiles in steps of 5% on the Y axis and the aver- 

age of each congruent and incongruent condi- 

tion RT quantile on the X axis. D) Proportions 

of correct responses to S2 targets split by S1 

and S2 congruency. E) Mean RTs for correct 

responses to S2 targets, split by S1 and S2 con- 

gruency. F) Delta plots displaying the S2 [incongruent – congruent] differences for each RT quantile, plotted separately for S2 targets following S1 congruent and 

S1 incongruent stimuli. Note that the slope of the delta function is shallower for trials whereby S1 was incongruent. 
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One likely reason for why the observed effects on both the CPP and

Ts were small is that we only presented congruent stimuli at S2. Con-

ruency sequence effects are sometimes (but not always) smaller for

ongruent compared to incongruent Flanker stimuli ( Mayr et al., 2003 ;

ieuwenhuis et al., 2006 ; but see Gratton et al., 1992 ; Duthoo et al.,

013 ). Another possibility is that distinct adjustments occurred at dif-

erent stages of the decision process (e.g., as found by Steinemann et al.,

018 ), including a transient RT speeding effect seen over similar

esponse-stimulus intervals ( Egner et al., 2010 ) and a slowing of evi-

ence accumulation, which would have cancelled-out any large RT ef-

ects that might be seen for S2 congruent stimuli. Accordingly, we ran a

ehavioural follow-up experiment that also presented incongruent stim-

li at S2, which allowed us to further test the hypotheses that i.) evi-

ence accumulation rates are reduced following S1 incongruent stim-

li, and ii.) the reduction in evidence accumulation rates is associated

pecifically with the sensory information provided by the distractor el-

ment of the modified flanker stimuli. 

The latter hypothesis is associated with theorised shifts of atten-

ion away from the distractor in conflict monitoring models (e.g.,

henhav et al., 2013 ). Assuming that evidence accumulation rates re-

ect the sum of sensory evidence provided by the target and distrac-

or stimuli (e.g., as postulated in contemporary evidence accumulation

odels designed for conflict task data, such as the Shrinking Spotlight

odel; C.N. White et al., 2011 , C.N. 2018 ), this would predict that ac-

umulation rates would be relatively faster for S2 incongruent stimuli

hen S1 was also incongruent (due to reduced evidence weighting of

he unhelpful distractor), but slower for S2 congruent stimuli (whereby

he distractor would provide evidence for the correct response). Impor-

antly, changes in the rate of evidence accumulation would also predict

arger congruency sequence effects on RTs in trials with slower overall

esponses, indexed by shallower slopes of the delta functions for trials

n which S1 was incongruent. 

. Experiment 2 

To further test for changes in evidence accumulation rates following

esponse conflict, we conducted a subsequent behavioural experiment

 N = 29, 21 female, 8 male, aged between 18 and 37, with 1 participant

xcluded from analyses due to poor task performance). The trial struc-

ure was identical to the original experiment, except that incongruent

timuli were also presented at S2, and that all S2 targets were of medium

vidence strength (for full methods and results see the Supplementary

aterial). 

We observed the hypothesised pattern of effects. Differences in be-

avioural responses to S1 targets by S1 congruency were consistent with

he first experiment ( Figs. 7 A-C). For RTs following S2 targets, there was

n S1 congruency by S2 congruency interaction effect (likelihood ratio

est p < 0.001) reflecting the typical pattern of congruency sequence ef-
10 
ects (e.g., Gratton et al., 1992 ; Duthoo et al., 2013 ). Participants were

aster when responding to S2 incongruent stimuli when S1 stimuli were

lso incongruent (likelihood ratio test p’s < 0.001). For RTs to S2 con-

ruent stimuli, there was little evidence of an effect of S1 congruency

likelihood ratio test p = 0.620). Participants responded with similar

ccuracy across S1 congruency conditions (see Figs. 7 D-E). 

The S2 stimulus delta plots for S1 congruent and incongruent condi-

ions revealed a clearly visible reduction in the slope of the delta func-

ion when S1 was incongruent ( Fig. 7 F). For example, when the S1 target

as congruent, the incongruent distractors in the S2 stimuli slowed RTs

o a much larger degree in trials with overall slower (e.g., > 0.6 sec-

nd) RTs, compared to trials with faster RTs. This pattern is typical of

lanker tasks ( Ulrich et al., 2015 ). However, this effect was much less

ronounced (i.e. the delta function was substantially shallower) when

1 was incongruent. Under the assumption that evidence accumulation

ates reflect a weighed sum of the sensory evidence provided by the tar-

et and distractor elements (e.g., in J.R. White et al., 2011 , C.N. 2018 ),

his pattern of RTs is consistent with a down-weighting of the influence

f the distractor in determining the evidence accumulation rate within

 trial. 

. General discussion 

To characterise the adjustments to decision-making processes that

re implemented following response conflict, we recorded EEG during a

odified Flanker task and traced the temporal dynamics of sensory ev-

dence representation (measured using SSVEPs), decision evidence ac-

umulation (inferred from slope and peak measures of the CPP compo-

ent), preparatory motor activity (measured as Mu/Beta activity am-

litudes) and frontal theta ( O’Connell et al., 2012 ; Cohen and Don-

er, 2013 ; Murphy et al., 2015 ; Steinemann et al., 2018 ). We identi-

ed neural markers of two distinct adaptations following exposure to

ncongruent stimuli, including a boost in the magnitude of sensory ev-

dence represented in visual cortex and a small but statistically signif-

cant slowing of the rate of decision evidence accumulation. Evidence

onsistent with reductions in evidence accumulation rates following in-

ongruent stimuli was also found in a follow-up behavioural experiment,

hich also showed that this effect related to sensory evidence provided

y the incongruent (i.e. distracting) stimulus elements. Taken together,

ur findings provide initial evidence that shifts of attention in conflict

onitoring accounts are implemented as adjustments to evidence accu-

ulation rates, rather than other effects which might be conceptually

ssociated with attention. 

In addition, we identified ramping motor activity at electrodes both

ontralateral and ipsilateral to the response hand that started before

1 target onset ( Fig. 4 D left panel) and was visible following S2 onset.

hese patterns of motor activity have been previously linked to deci-

ion urgency signals ( Steinemann et al., 2018 ; Kelly et al., 2020 ) that
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an influence the timing of behavioural responses under similar con-

itions to most existing conflict tasks (e.g., Cohen and Donner, 2013 ;

ollner et al., 2017 ). We also observed markedly different frontal theta

4–8 Hz) activity profiles across S1 and S2 task phases, corresponding

o temporal profiles reported in response conflict tasks (e.g., Cohen and

onner, 2013 ; Tollner et al., 2017 ) and those observed in other percep-

ual decision tasks (e.g., van Vugt et al., 2012 ). Based on these frontal

heta amplitude profiles, and their qualitative patterns of covariation

ith neural markers of evidence accumulation and motor activity, we

iscuss some potential contributions to frontal theta amplitude measures

hat may be distinct from effects that are specifically associated with re-

ponse conflict. 

.1. Adjustments to decision processes following response conflict 

We found typical effects of stimulus congruency on behavioural and

eural responses to S1 targets in our modified Flanker task, consis-

ent with existing work (e.g., Gratton et al., 1992 ; Ulrich et al., 2015 ;

ollner et al., 2017 ). More importantly, we also identified neural mark-

rs of two distinct adjustments to decision-making processes follow-

ng response conflict. Firstly, we observed increases in the magnitude

f decision-relevant sensory evidence as represented in visual cortex,

rom approximately 200 ms after S2 target onset. Although this ob-

erved increase might seem surprising, the timing of this effect is consis-

ent with effects of increased pupil dilation following response conflict

 Geva et al., 2013 ; van der Wel and van Steenbergen, 2018 ), which is

ssociated with larger sensory evidence magnitudes in favour of the cor-

ect response (as indexed by SSVEPs) in a highly similar task to that in

he current study ( Steinemann et al., 2018 ). Similar changes in pupil

ilation are also observed following surprising events and decision er-

ors, which have been linked to the orienting response (reviewed in

essel, 2017 ). Given that there are similar midfrontal effects on neu-

al activity following conflict, error detection and surprise, which have

een incorporated into conflict monitoring-based accounts (Cavanagh

 Frank, 2014 ), the time-course of the orienting response and associ-

ted neurophysiological phenomena may be important to consider when

odelling congruency sequence effects. 

Somewhat counterintuitively, these effects on SSVEP measures co-

ccurred with slower rates of evidence accumulation, as indexed by

hanges in the slope of the CPP. Notably, we could detect this effect

ven though our SSVEP measures of sensory evidence were larger, which

s associated with steeper rather than shallower CPP build-up rates

 O’Connell et al., 2012 ; Steinemann et al., 2018 ). This may reflect a

hift of attention away from the inner grating annulus that comprised

he S1 distractor stimulus, which is conceptually similar to shifts of at-

ention away from distractor stimuli as described in conflict monitoring

odels ( Botvinick et al., 2004 ; Shenhav et al., 2013 ). Our results suggest

hat this so-called attention shift might be implemented as a change in

he accumulation rate of decision evidence, and that this process is not

ecessarily a downstream effect of changes in the magnitude of sensory

vidence representations in visual cortex. However, we caution that the

bserved size of these effects on the CPP were rather small, and did

ot co-occur with expected differences in RTs across conditions. Before

rawing any strong inferences, our ERP results should be replicated in

ituations that produce large congruency sequence effects on RTs, for

xample using the design in Jiang et al. (2018) . 

Despite these issues, we did find additional evidence consistent with

ost-conflict changes in evidence accumulation rates in a subsequent be-

avioural experiment, whereby we also presented incongruent S2 stim-

li. Specifying changes in evidence accumulation rates based on the ERP

esults allowed us to derive predictions regarding how congruency se-

uence effects will be reflected in patterns of fast, medium and slow

Ts. This is in contrast to existing models, which could only generate

redictions relating to mean RTs ( Botvinick et al., 2001 ; Shenhav et al.,

013 ). Based on the notion that post-conflict adjustments specifically

eflect a down-weighting of sensory evidence provided by the distractor
11 
timulus elements in the evidence accumulation process, we expected

ongruency sequence effects on RTs for S2 targets to be progressively

arger in trials with slower overall responses. This would be indexed

y less steep delta functions (indexing effects of S2 congruency across

ast, medium and slow RT quantiles) for trials where the S1 stimulus

as incongruent, compared to when S1 was congruent. We observed

recisely this pattern of effects, lending further support to the notion

hat post-conflict adjustments are associated with changes in how de-

ision evidence is accumulated over time. This indicates that cogni-

ive control processes described in conflict monitoring theories (e.g.,

otvinick et al., 2001 ; Shenhav et al., 2013 ) exert influence over how

ensory evidence is weighted at the evidence accumulation stage of

ecision-making. It also suggests that the concept of attention shifts in

hese models does not necessarily correspond to shifts in visual attention

s understood through, for example, normalisation models of attention

e.g., Reynolds and Heeger, 2009 ). We propose that the concept of ‘at-

ention’ in these accounts should be revised to explicitly describe the

ecision-processes that are influenced following conflict. 

Interestingly, our findings of changes in evidence accumulation rates

roadly agree with mathematically-formalised evidence accumulation

odels that were developed specifically to describe decision processes in

onflict tasks ( Hübner et al., 2010 ; White et al., 2011 , 2018 ; Ulrich et al.,

015 ). Each of these models describes effects of conflict as influenc-

ng the (nonstationary) trajectory of the decision variable, leading to

hanges in trial-averaged drift rates, rather than effects on other param-

ters such as sensory encoding duration or decision thresholds. Our find-

ngs suggest that such models can be extended to capture congruency

equence effects by changing the weightings of the target and distrac-

or elements in determining the path of the decision variable following

esponse conflict. 

One notable limitation related to our SSVEP measures is that they

aptured the pooled visual responses to each grating orientation across

arget and distractor elements of the stimulus. This means that we could

ot identify reductions in visual responses to the distractor (i.e. shifts of

patial attention) that may have co-occurred with pupil dilation-related

ncreases in SSVEP amplitudes. Future experiments could frequency tag

esponses to target and distractor elements separately, in order to better

issociate the dynamic allocation of spatial attention from effects related

o pupil dilation. Alternatively, future experiments could frequency tag

esponses to left- and right-tilted gratings for target and distractor el-

ments separately, however this may be difficult to achieve without

ubstantial harmonic overlap within frequency bins when performing

iscrete Fourier transforms. 

Another caveat is that we did not observe a slowing of responses

o S2 stimuli following incongruent S1 stimuli in the EEG experiment,

hich differs from reports of post-conflict slowing effects in many (but

ot all) previous studies (e.g., Gratton et al., 1992 ; Mayr et al., 2003 ;

uthoo et al., 2013 ; Egner et al., 2010 ). One possibility is that partici-

ants learned to expect only congruent stimuli at S2, which reduced the

revalence of strategic adjustments after exposure to response conflict

t S1. However, we also did not observe post-conflict slowing effects for

ongruent S2 stimuli in the follow-up experiment whereby participants

ould expect both congruent and incongruent S2 stimuli. Another possi-

ility is slowed evidence accumulation co-occurred with other arousal-

elated effects that led to a general speeding of RTs (as reported by

gner et al., 2010 ), where the RT measures in our models reflected the

um of these counter-acting effects. Based on these findings we advise

aution when directly comparing behaviour in our modified Flanker task

o those from more typical Flanker tasks. We also caution that our EEG

ffects pertain specifically to the consequences of exposure to an incon-

ruent stimulus, and do not capture co-occurring effects of expectancies

f an upcoming incongruent stimulus that may be present in existing

tudies. Given that others have reported distinct and additive effects of

rior exposure and expectancy ( Alpay et al., 2009 ), future work could

dditionally characterise the behavioural and ERP correlates of each of

hese factors. 
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The EEG analysis framework used here could also be adapted to

urther develop models of other phenomena related to cognitive con-

rol, such as proportion congruent effects (reviewed in Schmidt, 2019 )

nd slowing of responses in trials following low-confidence decisions

 Desender et al., 2019 ). 

.2. Effects of ramping motor activity 

We also observed patterns of Mu/Beta activity that may be informa-

ive for modelling decision-making performance in conflict tasks, par-

icularly in situations when strict response deadlines are enforced. As

ecently reported by Steinemann et al. (2018) and Kelly et al. (2020) ,

e also found gradually building motor activity during both S1 and S2

ask phases, indexed by negative-going Mu/Beta spectral amplitudes at

lectrodes both contralateral and ipsilateral to the response hand. This

otor activity started building even before the S1 target was presented,

nd a behavioural response (i.e. a keypress) was made when it reached

 fixed threshold (see also Donner et al., 2009 ; O’Connell et al., 2012 ).

otably, the extent of decision evidence accumulation (indexed by the

PP) reached lower levels in trials with slower RTs, indicating that

his build-up of evidence-independent motor activity forced keypress

esponses based on less decision evidence in these trials, as compared

o trials with faster RTs. This gradual build-up of decision evidence-

ndependent motor activity can be understood as the neural implemen-

ation of decision thresholds that collapse toward zero over the course of

ach task phase ( Ditterich, 2006 ; Cisek et al., 2009 ; Drugowitsch et al.,

012 ). The notion of collapsing thresholds is highly controversial in the

ehavioural modelling literature ( Ratcliff et al., 2016 ). Modelling re-

ults have favoured collapsing thresholds only when there are strict re-

ponse deadlines or strong pressure to respond quickly ( Hawkins et al.,

015 ; Voskuilen et al., 2016 ; Evans et al., 2019 ). However, neuro-

hysiological investigations in primates have consistently found sup-

ort for collapsing thresholds implemented within motor areas (e.g.,

itterich, 2006 ; Cisek et al., 2009 ; Heitz and Schall, 2012 ; Murphy et al.,

016 ; Steinemann et al., 2018 ). 

In our experiment there was a critical difference between S1 and S2

ask phases that determined how much this ramping motor activity in-

uenced the timing of behavioural responses. During the S1 task phase,

hen there was a strict (800 ms) response deadline, the (negative-

oing) Mu/Beta amplitudes indexing motor activity had traversed al-

ost halfway to the motor execution threshold by the time of S1 target

nset, meaning that even small additional effects of ramping motor ac-

ivity could trigger a keypress response following S1 targets. However,

his was not the case during the S2 task phase, whereby the level of mo-

or activity was further from the threshold at S2 target onset (see also

teinemann et al., 2018 ; Kelly et al., 2020 ). Consequently, Mu/Beta am-

litude trajectories were largely determined by trajectories of decision

vidence accumulation from around 300 ms following S2 target onset. 

Strict response deadlines are often used in response conflict tasks

e.g. Cohen and Donner, 2013 ; Cohen and Cavanaugh, 2011 ), and this

ay be why RT distributions in these tasks have been difficult to ac-

ount for using standard diffusion models with time-invariant decision

hresholds (see Ulrich et al., 2015 ; Servant et al., 2016 ). Modelling ef-

ects of ramping motor activity (as collapsing decision bounds) may im-

rove model fits in these situations (e.g., Kelly et al., 2020 ), and should

e considered when developing computational models of response con-

ict effects (for a review of contemporary models see C.N. White et al.,

018 ). 

We also note that the extent of Mu/Beta at contralateral and ipsilat-

ral electrodes to the response hand did not appear to significantly dif-

er by the presence/absence of response conflict in the S1 stimulus. This

ay appear as evidence against conflict monitoring accounts that pre-

uppose differences in ipsilateral motor activity for incongruent stimuli.

owever, it is unclear whether Mu/Beta activity is a direct correlate of

hose motor-related signals that provide input to medial prefrontal cor-

ex in conflict monitoring accounts (e.g., Cohen, 2014 ). To better elu-
12 
idate the role of Mu/Beta-related motor action preparation in relation

o conflict monitoring it may be informative to trace the time-course

f these oscillatory signals in other conflict tasks (e.g., Cohen and van

aal, 2014 ; Tollner et al., 2017 ; Jiang et al., 2018 ). 

.3. Observed contributions to frontal theta amplitude measures 

By tracing the temporal profiles of frontal theta amplitudes across

1 and S2 task phases, we also provide preliminary evidence for two

ontributions to frontal theta amplitude measures that occur in addition

o effects of response conflict detection. We note here that these are

ased on visual inspection of the data, and should ideally be replicated

nd further characterised in future work. 

The first source of frontal theta appeared to track motor activity as-

ociated with a task-related motor action, as quantified using Mu/Beta

pectral amplitudes in our experiment. This resembled the build-up of

ecision evidence, which is likely why frontal theta has been previ-

usly proposed as a neural correlate of evidence accumulation ( van Vugt

t al., 2012 ; Werkle-Bergner et al., 2014 ). However, our results suggest

hat this source of frontal theta correlates with motor activity rather

han decision evidence accumulation (as in the model of Brown and

raver, 2008 ). This is because both theta and motor activity began to

ncrease before the onset of the S1 target ( Figs. 4 C, 4 D) before decision

vidence would begin accumulating in our task. This assumption could

e further tested by assessing whether accumulation-to-bound frontal

heta dynamics are also found in perceptual decision tasks that do not

equire motor responses (e.g., O’Connell et al., 2012 ). 

The second source of frontal theta relates to the response deadline

sed in our task, where response deadlines are also present in most

xisting EEG-based studies of conflict ( Cohen and Cavanaugh, 2011 ;

ohen and Donner, 2013 ; Cohen and van Gaal, 2014 ; Jiang et al., 2018 ).

n previous studies involving conflict tasks, researchers have reported a

teady increase in theta power at a fixed rate over the course of each trial

hat stopped rising ~100 ms prior to a keypress response ( Cohen and

avanaugh, 2011 ; Cohen and Donner, 2013 ; Cohen and van Gaal, 2014 ;

iang et al., 2018 ; see Fig. 6 C in Tollner et al., 2017 ) and we also ob-

erved this following S1 targets. This dynamic produces larger theta

mplitudes immediately preceding behavioural responses in trials with

onger RTs. However, following S2 targets, and in a previous study that

id not use a response deadline ( van Vugt et al., 2012 ) frontal theta

mplitudes more closely tracked the build-up of decision evidence, and

ose at a faster rate following stimulus onset in trials with faster RTs. 

Here we present two potential explanations for this pattern of theta

mplitude profiles. The first explanation is that, in our experiment, the

ate of evidence accumulation was slower in trials with incongruent

1 stimuli, as evidenced by the shape of the delta plot and differences

n CPP build-up rates. At the same time, motor activity gradually in-

reased over the S1 task phase at a similar rate for both S1 congruent

nd incongruent stimulus conditions, which can be attributed to ramp-

ng effects of evidence-independent motor urgency ( Steinemann et al.,

018 ; Kelly et al., 2020 ). Because the extent of motor activity is de-

ermined by both the accumulation of decision evidence and urgency

ffects ( Kelly et al., 2020 ), the growing influence of urgency over time

ould lead to levels of motor activity that exceed that which is normally

ssociated with the current level of accumulated decision evidence. Dur-

ng the S1 task phase this discrepancy between the amount of decision

vidence and the extent of motor activity would have grown larger as

ime passes, and would be larger at the time of the keypress response

n trials with incongruent stimuli and slower RTs. If frontal theta ampli-

udes track the magnitude of this discrepancy, it would lead to the same

ise-until-response dynamics observed in our results, as well as a posi-

ive correlation between pre-response theta amplitudes and RTs. Frontal

heta is known to correlate with a range of prediction error signals that

ndex a mismatch between expected and actual behavioural outcomes,

ewards, and other decision-relevant features (reviewed in Cavanaugh

 Frank, 2014 ). Here, it is also plausible that frontal theta may signal



D. Feuerriegel, M. Jiwa, W.F. Turner et al. NeuroImage 238 (2021) 118265 

d  

e  

w  

t  

T  

f  

s  

i  

t

 

t  

s  

h  

c  

g  

s  

(  

s  

k  

p  

t  

w  

o  

c

 

o  

a  

s  

t  

t  

e  

n  

o  

s  

c  

r  

t  

f

6

 

f  

m  

r  

b  

d  

t  

r  

p  

f  

p

D

A

 

b  

p  

D  

d

D

 

t  

a

A

 

t  

–

 

t

 

a

 

a

 

w

 

q

S

 

t

R

A  

A  

 

A  

 

A  

B  

B  

 

B  

B  

B

B  

B  

 

 

C  

C  

C  

 

C

C  

C  

C  

C  

C  

 

d  
iscrepancies between the amount of evidence for a decision and the

xtent of preparation corresponding to decision-relevant motor actions,

hich would arguably provide a critical source of information for con-

inuous performance monitoring and error detection ( Kelly et al., 2020 ).

hese effects could be dissociated from more general ‘time-on-task’ ef-

ects (see Tollner et al., 2017 ) by assessing whether the presence of a

trict response deadline is necessary to observe these temporal dynam-

cs. If this reflects a general increase in theta with increasing RT, then

he pattern should persist in the absence of a strict response deadline. 

The second, and equally likely, source of these theta dynamics is

hat participants made larger numbers of partial errors when RTs were

lower and closer to the response deadline. Partial errors are defined

ere as when a participant initiates a motor response for the incorrect

hoice option, captured as small muscle activations using electromyo-

raphy (EMG), but does not apply enough force to press down the re-

ponse key, and presses the response key for the correct choice instead

 Coles et al., 1995 ; Cohen and van Gaal, 2014 ). Partial errors are as-

ociated with increased theta power in the time window preceding the

eypress (e.g., Cohen and van Gaal, 2014 ) and it is reasonable to ex-

ect that higher proportions of trials may contribute to trial-averaged

heta measures when RTs are slower. As we did not record EMG data,

e could not assess the prevalence of partial errors across conditions in

ur study, but we recommend that others record EMG when employing

onflict tasks in future work. 

Here it is important to note that theta-band activity as measured in

ur experiment likely reflects both EEG signals that are phase-locked

nd non-phase-locked relative to the stimuli or keypress responses. Re-

earchers have attempted to isolate and subtract phase-locked contribu-

ions to theta-band activity by subtracting trial-averaged ERPs prior to

ime-frequency power estimation (e.g., Cohen and Donner, 2013 ). How-

ver, this approach relies on the assumption that phase-locked EEG sig-

als are of identical amplitude at each time point relative to the event

f interest. Trial-by-trial variations in the amplitudes of phase-locked

ignals would not be perfectly subtracted, and so would presumably

ontribute to theta-band estimates. Consequently, our findings more di-

ectly relate to how theta power is measured in similar designs, rather

han the underlying generators of phase-locked and non-phase-locked

rontal theta power. 

.4. Conclusion 

We traced the neural dynamics of multiple processes that are critical

or perceptual decision-making, and characterised two distinct adjust-

ents to decision processes that occur following response conflict. We

eport effects on how stimuli are processed in the visual system, indexed

y post-conflict increases in SSVEP amplitudes. We also uncovered evi-

ence of drift rate adjustments, whereby sensory evidence provided by

he distractor is down-weighted in determining the trial-averaged drift

ate. Our findings help to specify how adjustments to decision-making

rocesses are implemented after encountering conflicting stimulus in-

ormation, which is critical for extending and better specifying contem-

orary models of cognitive control. 
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