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Abstract

Previous studies indicated that cognitive conflict continues to bias actions even after a move-
ment has been initiated. The present paper examined whether cognitive control also biases
actions after movement initiation. To this end, we had participants perform a Stroop task in
which we manipulated the item-specific proportion of (in)congruent trials (80% congruent vs.
20% congruent). Importantly, participants responded via mouse movements, allowing us to
evaluate various movement parameters: initiation times, movement times, and movement
accuracy. Results showed that mouse movements were faster and more accurate during
congruent trials compared to incongruent trials. Moreover, we observed that this congruency
effect was larger for 80% congruent compared to 20% congruent items, which reflects item-
specific cognitive control. Notably, when responses were initiated very fast — rendering virtu-
ally no time for stimulus processing before movement onset — this item-specific control was
observed only in movement times. However, for relatively slow initiated responses, item spe-
cific control was observed both in initiation and in movement times. These findings demon-
strate that item-specific cognitive control biases actions before and after movement initiation.

Introduction

The ability to engage in goal-directed action is a core aspect of human cognition and has been
referred to as cognitive control (e.g., [1]). In the laboratory, cognitive control can be investi-
gated via conflict paradigms where stimulus features are potentially in conflict with each other.
For example, in the Stroop task [2] participants respond to the ink color in which color words
are printed. Responses are typically faster and more accurate for congruent (e.g., “GREEN” in
green ink) compared to incongruent (e.g., “GREEN” in red ink) combinations of ink color and
color word. It is assumed that the (semantic) processing of the task-irrelevant color word
occurs in a relatively automatic fashion, such that it interferes with the processing of the task-
relevant ink color and consequently impairs performance on incongruent trials (e.g., [3]). The
difference in performance between responses to congruent versus incongruent stimuli is
referred to as the congruency effect (e.g., [4]).

The congruency effect is not a static effect but is modulated, for example, by previous trial
congruency. The so-called congruency sequence effect reflects the observation that when the
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previous trial was incongruent the congruency effect is typically decreased compared to when
the previous trial was congruent [5]. The congruency sequence effect in the Stroop task is
assumed to be the result of conflict-driven adjustments in cognitive control [4]. Another
example, which is core to the current paper, is the impact of the overall proportion congruency
within a specific trial list. Hence, the congruency effect is typically reduced for color words
that are presented mostly with their incongruent color (mostly incongruent or MI items) as
compared to color words that are presented mostly with a congruent color (mostly congruent
or MC items). This phenomenon is referred to as the item-specific proportion congruency
(ISPC) effect and represents a hallmark phenomenon of cognitive control [6-8].

The ISPC effect is often explained in terms of conflict monitoring and subsequent stimulus-
driven attention modulation. More specifically, various studies have proposed that participants
monitor conflict and modulate attention accordingly to maintain current task-goals [7, 9-14].
As aresult, MC items become associated with a weak attentional filtering of the task-irrelevant
stimulus feature (i.e., the word) over time, as this feature often does not interfere with the task-
goal to correctly respond to the stimulus. In contrast, for MI items these models assume that
the task-irrelevant stimulus feature becomes associated with a strong attentional filtering, as
word information regularly interferes with the task-goal [6, 11, 13]. Alternatively, others have
suggested that ISPC effects are due to the implicit acquisition of stimulus-response contingen-
cies that are used to predict responses [15, 16]. However, an extensive discussion of both views
is beyond the scope of the present paper.

So far, conflict processing and cognitive control in the Stroop task have typically been investi-
gated via discrete responses (e.g., key presses or verbal responses). A limitation of such responses
and their associated outcome measures (e.g., reaction time or accuracy) is that only the end prod-
uct of action control - that is, the executed response — can be evaluated. To investigate conflict
and cognitive control as it dynamically unfolds over time one can employ mouse tracking, as this
exposes various action control components such as initiation and execution. To date, only a few
studies have used this technique to study conflict processing and cognitive control. For example,
Incera and McLennan [17] demonstrated that the Stroop effect could be observed in mouse
movement trajectories. In addition, Scherbaum and colleagues [18] showed that mouse trajecto-
ries can also reflect the Simon effect, in which congruency between an irrelevant stimulus location
and a response location benefits performance. Another study observed that the size congruity
effect (i.e., better performance on a number-comparison task when numerical size and physical
size are congruent) is reflected in mouse trajectories as well [19]. Notably, Scherbaum and col-
leagues [18] also reported that the congruency effect as seen in mouse trajectories was more pro-
nounced when the previous trial was congruent, while the congruency effect was smaller when
the previous trial was incongruent, indicative of a congruency sequence effect reflecting adjust-
ments in cognitive control (c.f., [20]). These studies reinforce the notion that mouse tracking is
suitable to examine simple conflict processing and cognitive control in conflict paradigms, yet
they have revealed little information regarding the processing stage at which conflict and cogni-
tive control set in.

Following the traditional viewpoint that information processing is composed of distinct
stages that are serially organized and independent from each other [21], it could be hypothe-
sized that effects of conflict processing and cognitive control will only be observed in parameters
that reflect response selection processes preceding the onset of the actual action. However,
recent studies have indicated that cognitive conflict may bias actions both before and after
movement initiation [22-24]. Using a continuous response measure, Buc Calderon et al. [22]
had participants perform a reaching task in which lateral targets were (in)correctly cued. They
manipulated the probability of the cue validity such that one type of cue indicated a high proba-
bility of cue-target congruency, while another type indicated a low probability. Results showed
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that reach trajectories were biased by the probability manipulation, which suggests an ongoing
competition between response alternatives even after action planning and during the action
execution phase. In another study by Cohen Kadosh et al. [24], functional magnetic resonance
imaging (fMRI) was used to evaluate the neural correlates of cognitive conflict as reflected in
the size-congruity effect. Results indicated that the congruency effect was reflected in activation
of the primary motor cortex during response performance, suggesting that cognitive conflict
continues to affect actions even after movement initiation.

Taken together, mouse tracking has mainly been employed to examine conflict processing
[17-19] and (to a lesser degree) congruency sequence effects [18] in conflict tasks. The effect
of conflict processing and congruency sequence effects on mouse trajectories may be explain-
able by modern theories on cognitive control. These theories (e.g., [25, 26]) argue that binding
between task-relevant cortical areas and stimulus features is facilitated in situations where con-
flict is experienced, and that conflict affects performance because network weights are adjusted
via Hebbian (associative) learning after every trial. From this perspective, however, it remains
unclear how conflict adaptation unfolds within-trial and how such changes in within-trial cog-
nitive control dynamically affect responses. Therefore, examining how item-specific control
affects mouse trajectories is especially relevant as it allows to investigate how rapid, within-trial
conflict adaptation biases response selection at different moments in time.

The present study therefore aimed, first, to evaluate whether item-specific control can be
observed in mouse movements and, second, to examine if item-specific control biases mouse
responses until and/or after response initiation. To that end, participants were presented with
four response boxes with a color word printed in them in the upper half of a computer screen.
After they clicked on a start button that was shown centrally in the lower part of the computer
screen, a Stroop stimulus was displayed. Participants were instructed to respond to the ink color
of this stimulus by moving the mouse cursor towards one of the four response boxes that corre-
sponded with the ink color of the Stroop stimulus. Importantly, we manipulated the proportion
of (in)congruent stimuli in an item-specific manner, such that some words were in a congruent
word-color combination on 80% of the trials (i.e., MC items), while others were presented in
such a congruent combination on only 20% of the trials (i.e., MI items). We recorded the initia-
tion time (IT), movement time (MT), and movement accuracy in terms of deviation from the
optimal trajectory (area under the curve or AUC) of each of the participants’ mouse movement
responses. We hypothesized mouse tracking to be able to capture item-specific control pro-
cesses. Furthermore, while traditional (sequential) information processing accounts [21] would
predict that item-specific control only affects ITs as response selection would precede action
execution, more recent accounts argue that response selection continues after movement initia-
tion [22-24]. In line with these recent accounts, we predict that response selective processes will
continue after movement initiation, such that the ISPC manipulation will be evident after
response initiation in mouse movements as well.

Method

Participants

Thirty-one psychology students of Ghent University participated in the experiment. The data
from one participant (who reported to be dyslexic) were removed, and as such the analyses
reported below are based on the data of 30 participants (7 male; 5 left-handed). They were
aged between 17 and 25 years (M = 18.87, SD = 1.66) and were native Dutch speakers. None of
the participants reported to have problems with their sight (e.g., color blindness; corrections
via glasses or contact lenses were allowed). Prior to the experiment, all participants provided
written informed consent (please note that given the situation in Belgium that it is not unusual
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for 17-year-old individuals to attend university, consent by the legal guardian is not required
for such basic cognitive research). They received partial course credits for their participation.
The study was approved by the ethical committee of the Faculty of Psychology and Educational
Sciences of Ghent University.

Apparatus

Stimulus presentation, timing, and data recording were controlled by MouseTracker software
[27], running on a Dell Latitude E5530 laptop computer. The laptop was connected to a 48cm
Dell monitor, on which the stimuli and response locations were presented. Participants used a
standard computer mouse with the cursor speed set at the 6/11 default mode in Windows 7.

Task and procedure

Before the start of the experiment, participants were briefly informed about the procedure and
provided written informed consent. They then completed a short questionnaire regarding
their demographic details and filled out Annett’s [28] Handedness Inventory. Next, they were
seated in front of a computer screen. As Fig 1 shows, participants were presented four black
response boxes (4cmx5cm) outlined in white against a black background. The boxes were

Fig 1. Schematic illustration of a congruent (“RED” in red ink) and an incongruent trial (“BLUE” in yellow ink) trial. Participants clicked the start button to
prompt the presentation of a stimulus that indicated the correct response box. Note that all words were actually displayed in Dutch and that there was a 300ms delay
between clicking the start button and stimulus presentation. In addition, after clicking the response box of their choice, participants had to wait 500ms before the start
button appeared again to start the next trial.

https://doi.org/10.1371/journal.pone.0197278.g001
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displayed at the top of the screen and were filled with a color-word that was printed in white
letters (from left to right “ROOD”, “BLAUW?, “GEEL”, and “GROEN?; the Dutch words for
“RED”, “BLUE”, “YELLOW?”, and “GREEN”, respectively). The response boxes remained visi-
ble throughout the experiment.

The stimuli in the present experiment consisted of four Dutch color-words for red, blue,
yellow and green. These words were printed in one of the same four ink colors, with the rest-
riction that red and green were always printed in either red or green, and blue and yellow
always in either blue or yellow. These color-words and ink colors were paired so that first con-
tingency problems were avoided [29]. Specifically, in a canonical four-alternative forced-ch-
oice task, increasing the proportion of congruent stimuli (e.g., 50% “RED” in red ink color)
would result in the irrelevant dimension (i.e., the word) becoming predictive (and therefore
relevant) of the correct response over time if the number of task irrelevant features (i.e. possi-
ble ink colors: blue, yellow, green) was not reduced accordingly [30]. Second, color-words and
ink colors were paired in this specific way to optimize mouse tracking (i.e., for incongruent tri-
als, the correct response and conflicting response were always on opposite sides from the start
location). For one of the pairs, 80% of the trials were congruent, while for the other pair only
20% of the trials were congruent (counterbalanced across participants). This allowed examina-
tion of the ISPC effect.

At the beginning of each trial, a start button (2cmx5cm) appeared centrally at the bottom of
the display. Upon clicking the button, the button and mouse cursor disappeared. After a 300ms
interval (c.f,, [31, 32]) a stimulus was presented just above the start button location and the
mouse cursor reappeared. The interval was included to separate the motor component of click-
ing the start button from the motor component of initiating the mouse movement, and to allow
participants to shift their attention from the start click to the stimulus location. After clicking
the start button, the cursor was automatically relocated to the center of the start button (x,y
coordinates 0,0.16), so that mouse trajectories always started from the same location. Partici-
pants were instructed to move the mouse as quickly as possible from the start button to the
response box of which the color-word correctly corresponded with the ink color of the stimulus
and click the box to register their choice. The distance between the start location of the mouse
cursor and the center of each response box was approximately 31.5cm. Participants could use
their preferred hand for responding. A trial ended once they clicked one of the response boxes.
When participants clicked the wrong box, a red X appeared centrally on the display for 2s,
after which they could start the next trial. The inter trial interval was 500ms, meaning that fol-
lowing their response participants had to wait 500ms before the start button appeared again to
start the next trial. When participants initiated the mouse movement later than 500ms after
stimulus presentation, the trial was followed by a message encouraging them to start moving
earlier on subsequent trials. This was done to ensure that participants did not strategically wait
to initiate their movement until after selection of the correct response was fully completed (c.f.,
[19, 33]).

Participants first performed a brief practice block in which they performed 16 randomly
ordered trials (50% congruent). Next, they completed four experimental blocks and could take a
self-paced break after each block. In two of the blocks, the ink color of the Stroop stimuli fol-
lowed a fixed order. Consequently, responses also followed a fixed order. Each of these sequence
blocks involved 20 repetitions of an 8-element sequence that was constructed such that it did not
involve direct repetitions, reversals or runs of three. The sequence was always a version of the
form 13243142, and counterbalanced across response locations and participants. In the other
two blocks, the Stroop stimuli were randomly ordered. These random blocks involved the presen-
tation of 160 trials, with the restrictions that there was no direct repetition of the stimulus color
(and thus response location) and that each stimulus was presented equally often. The sequence
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and random blocks alternated and the order was counterbalanced across participants. Initially,
we aimed to examine whether the predictability of response order modulates the ISPC effect. Par-
ticipants showed faster mouse movements in sequence than in random blocks (1196 vs. 1220ms),
F(1,29) =7.51, p =.010, np2 = .21, and mouse trajectories were more accurate in sequence than in
random blocks (.45 vs. .48), F(1,29) = 4.39, p = .045, npz =.13. However, results showed no indica-
tions that response order significantly affected the ISPC effect in any of our dependent variables
(ps>.545). Therefore, for the sake of simplicity, we decided to omit the factor response order
from the analyses below and do not further discuss the sequence manipulation.

Data processing

The software recorded the x- and y-coordinates of the mouse cursor every 13-16ms during
each trial (+70Hz sampling rate). In addition, it recorded performance time during each trial
by logging how many milliseconds elapsed since stimulus presentation. The raw trajectory
data were rescaled to standardized coordinate space (x-axis range -1 to 1; y-axis range 0-1.5)
and remapped toward the right. Trajectories were time-normalized by the software to 101
time-steps, allowing us to average across the full length of trials that varied in duration (for
more details on the rescaling and normalization procedures, see [27]).

Based on these data we determined IT, MT, and AUC to investigate participants’ perfor-
mance. IT refers to time in ms between stimulus presentation and onset of the mouse move-
ment (i.e., the moment that the x,y coordinates first differ from those at the start position). MT
is the total time in ms the participant needed to move the mouse from the start button to click
on the response box. The AUC is the geometric area between the recorded mouse movement
and the optimal trajectory (which is a straight line from the start button to the response box).
This measure is based on the normalized trajectory data and is thus dimensionless. It reflects
the overall attraction towards a response alternative — a greater area indicates stronger attrac-
tion to the alternative and more conflict.

We calculated each of these measures (i.e. IT, MT, AUC) for congruent and incongruent
trials within the 80% congruent pairs and 20% congruent pairs for every participant. The first
trial of each block, trials on which an error was made (<1%) and trials following an error were
omitted from the analyses. In addition, trials were excluded from the analyses when the MT
exceeded more than 3 standard deviations from the mean across participants. This was done
separately for the congruent and incongruent trials within the two proportion congruent con-
ditions, and resulted in the removal of 1.7% of the trials.

Results

We performed repeated measures analyses of variance (ANOV As) on each of our dependent
variables with Congruency (2; congruent vs. incongruent) and Proportion Congruency (2;
80% congruent vs. 20% congruent) as within-subject variables. The results of these ANOVAs
are shown in Table 1. Results of our ANOVA on MT showed that mouse movements were per-
formed slower for incongruent than for congruent trials (1275 vs. 1142ms), F(1,29) = 106.31,
p<.001, 7,” = .79. This congruency effect was also observed in the accuracy of mouse move-
ment trajectories, as results showed that AUC was larger for incongruent relative to congruent
trials (.57 vs. .35), F(1,29) = 55.27, p<.001, npz = .66. Moreover, IT tended to be shorter for
congruent compared to incongruent trials (207 vs. 212 ms) but this difference just failed to
reach significance, F(1,29) = 3.94, p = .057, ,” = .12. Results further showed a main effect of
Proportion congruency on AUC. Specifically, AUC was larger for MC relative to MI items (.49
vs. 43), F(1,29) = 4.50, p = .043, npz =.13). This main effect was not significant for IT (210 vs.
208 ms, F<1),and MT (1210 vs. 1196 ms, p = .25).
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Table 1. Overview of the main and interaction effects of the ANOVAs with congruency (2) and proportion congruency (2) on IT, MT, and AUC for the main analy-
ses and the IT bin analyses.

Main ANOVA | § ITgow
F P np2 F P np2 F P np2
IT
Congruency 3.94 .057 12 .83 .37 .03 6.13 .019 175
Proportion congruency 71 41 .02 .89 .88 .00 .06 .81 .00
ISPC 2.37 .14 .08 .00 .96 .00 11.37 .002 .28
MT
Congruency 106.31 <.001 .79 90.78 <.001 .76 100.68 <.001 .78
Proportion congruency 1.40 .25 .05 1.44 24 .05 1.44 24 .05
ISPC 53.76 <.001 .65 14.11 .001 .33 46.12 <.001 .53
AUC
Congruency 55.27 <.001 .66 50.37 <.001 .64 41.94 <.001 .59
Proportion congruency 4.5 .043 .13 2.79 A1 .09 6.21 .019 .18
ISPC 15.35 <.001 .35 3.28 .081 .10 20.68 <.001 42

https://doi.org/10.1371/journal.pone.0197278.t001

Most interestingly, our results revealed significant Proportion Congruency x Congruency
interactions for MT and AUC indicative of the ISPC effect (see Table 1). Fig 2 shows the mouse
movement trajectories for congruent and incongruent trials in the 80% congruent (panel A) and
20% congruent (panel B) items. In addition, Fig 2 shows participants’ performance as reflected
in MT (panel C) and AUC (panel D) for the congruent and incongruent trials as a function of
proportion congruency. In all figures, error bars showing standard errors were calculated via the
Cousineau-Morey method for repeated-measures and represent within-subject standard errors
[34, 35]. Here we first zoom in on the interaction for M T, F(1,29) = 53.76, p<.001, np2 =.65. Par-
ticipants showed shorter MT's on congruent compared to incongruent trials for MC items (1129
vs. 1311ms), F(1,29) = 122.54, p<.001, np2 = .81, as well as for MI items (1155 vs. 1239ms), F
(1,29) = 46.09, p<.001, npz =.61. A paired sample -test revealed that the congruency effect was
larger for MC compared to MI items (182 vs. 84 ms), #(29) = 7.33, p< .001, demonstrating the
ISPC effect. Results of the ANOVA on AUC also showed an ISPC effect, F(1,29) = 15.35, p<.001,
n,” = .35. Participants’ mouse movements exhibited a larger AUC on incongruent relative to
congruent trials, for both MC items (.64 vs. .35), F(1,29) = 57.20, p<.001, np2 = .66, and MI items
(.51 vs. .36), F(1,29) = 25.60, p<.001, np2 = .48. Like with MT, paired ¢-tests indicated that this
congruency effect was larger for MC compared to MI items (.29 vs. .15), #(29) = 3.92, p<.001.
Results of the ANOVA on IT did not reveal an ISPC effect, F(1,29) =2.37, p = .14, npz =.08.

To rule out that the congruency and the ISPC effects varied as a function of response location
(peripheral vs. central pair), we performed two additional analyses. First, we ran an ANOVA with
Location and Congruency as within-subject variables. Results demonstrated that Location did
not significantly interact with the congruency effect for any of our dependent variables (ps>.64).
Second, we ran an ANOV A with Proportion Congruency and Congruency as within-subject vari-
ables, and with Location (peripheral MC vs. peripheral MI) as between-subject variable. Results
showed that the Congruency main effect as well as the Proportion Congruency x Congruency
interaction remained significant for both MT and AUC, Fs>14.84, ps< = .001, but that Location
did not interact with these effects for any of our dependent variables (ps>.50).

Inspection of our data indicated that some trials were associated with extremely fast ITs (M
=208 ms, SD = 171 ms). It is reasonable to assume that on very fast initiations, stimuli were
not fully processed before the initiation. Therefore, it can be expected that substantial differ-
ences exist in conflict processing between trials with relatively short versus trials with relatively
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Fig 2. Panel A and B: Mean mouse trajectories for the congruent and incongruent trials as a function of proportion congruency (80% congruent: Panel A; 20%
congruent: panel B). Error bars represent 95% confidence intervals. Panel C and D: Mean MT and AUC for the congruent and incongruent trials as a function of
proportion congruency (i.e., ISPC effect). Error bars represent standard errors. ***p<.001.

https://doi.org/10.1371/journal.pone.0197278.9002

long ITs. To examine this possibility, we ranked all trials based on IT and divided them based
on a median split into two bins. This was done separately for the congruent and incongruent
trials and for each participant, and resulted in a fast bin (1T, M = 88.30 ms, SD = 55.47) and
a slow bin (ITgew, M =330.27 ms, SD = 101.1). We then performed a repeated-measures ANO-
VAson IT, MT, and AUC with Bin (2; ITg vs. ITq,,,) added as a within-subject variable.

The ANOVAs revealed a significant (three-way) interaction between the ISPC and bin for
IT, F(1,29) = 10.14, p = .003, 7,” = .26, and MT, F(1,29) = 6.29, p = .018, 77,” = .18. As Table 1
shows, the ISPC effect was significant for the slow IT trials (see Fig 3B), while results showed
no ISPC effect for fast IT trials (see Fig 3A). For MT, the ISPC effect was observed in both fast
IT and slow IT trials (see Fig 3C and 3D, respectively), although a paired-samples t-test showed
that the ISPC effect was smaller for fast IT compared to slow IT trials (67 vs. 131 ms), #(29) =
-2.51, p = .018. For AUGC, results showed that trajectories were less accurate for fast IT com-
pared to slow IT trials (.50 vs. .42), F(1,29) = 9.84, p<.001, npz = .41. Results further confirmed
that there was a general ISPC effect, F(1,29) = 14.85, p = .001, 77,” = .34, but this effect was not
modulated by Bin (p = .14).
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Discussion

The present study examined whether item-specific control biases actions even after the initia-
tion of the corresponding movement. We employed a Stroop task in which we manipulated
the item-specific proportion congruency while participants’ responses were recorded using
mouse tracking. We showed for the first time that the ISPC effect can be observed in various
mouse tracking parameters. More importantly, our results revealed that item-specific control
affected response selection after movement onset — even when stimuli were (at least partially)
processed during the interval between stimulus presentation and movement onset. This is an
interesting observation because traditionally stimulus identification, response selection,
response initiation, and response execution are viewed as distinct, serial information process-
ing stages that neither overlap nor interact [21]. According to this view, response selection is
assumed to be completed at the time of response initiation and any processes after this point
are thought to be unaffected by prior factors (e.g., cognitive conflict and cognitive control).
Our study is in line with a set of recent studies that already casted doubts on the existence of a
strictly serial information processing system. For example, these studies demonstrated at the
behavioral [22], neurophysiological [23], and neural level [24] that cognitive conflict biases
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actions even after the response initiation phase. Our study extends these findings as the current
results suggest that information processing both before and after initiation of a response was
under the influence of item-specific control. Even when trials were initiated slowly enough
such that stimulus processing could occur before response initiation, our ISPC manipulation
was still evident in mouse movement execution, thus reflecting adaptive, item-specific res-
ponse selection processes occurring after movement initiation. The notion that cognition
biases actions after movement initiation is further supported by our finding that compared to
relatively slow initiated mouse movements, relatively fast initiated movements deviated more
from the optimal trajectory. This suggests that participants experienced a stronger attraction
to the alternative response when there was little time to process a stimulus before movement
initiation.

In addition to the here observed implementation of item-specific control (rather than sim-
ple conflict) both before and after movement onset, the current study extends previous work
in another way. Most of the previous studies showing that cognition leaks into the response
execution interval involved intentional, top-down processes based on the learning and imple-
mentation of instructed rules. Conversely, in the present study we demonstrate that incidental,
bottom-up control processes that are triggered within the trial (i.e., in an ISPC task, only upon
stimulus presentation does the system know the required control demands for the ongoing
trial) can also bias responses both before and after movement onset. This differs greatly from,
for example, the explicit cues used by Buc Calderon et al. [22] to indicate the probability of an
upcoming stimulus. By demonstrating that bottom-up, item-specific control affects mouse tra-
jectories after movement onset, we provide novel insights into the circumstances under which
cognitive processing and response execution can temporally overlap.

Our finding that the typical congruency effect was reflected in mouse movements corrobo-
rates previously reported observations [17-19]. Consistent with an ISPC effect, our results
showed that the congruency effect was smaller for MI items compared to MC items in mouse
movement parameters MT and AUC. These observations are in line with previous research
demonstrating that performance in key-press tasks is modulated by the item-specific propor-
tion of (in)congruent trials [6-8], potentially due to differential allocation of attentional res-
ources to the task-irrelevant stimulus feature in the MI compared to the MC context [7, 36].
The present results extend these findings by showing that mouse movement responses are able
to capture the influence of item-specific control. The observation that the difference in mouse
movement deviations from the optimal trajectory between incongruent and congruent items
was enhanced for MC compared to MI items suggests that participants experienced a stronger
attraction to the response associated with the task-irrelevant stimulus feature on incongruent
trials for MC items. This may underlie the modulation of movement times by item-specific
control.

It may appear counter-intuitive that our data showed a smaller ISPC effect in MT for trials
in the ITg, compared to ITg,, bin, because the demand for the implementation of control
processes may be strongest closer to target stimulus onset. However, Pratte and colleagues [37]
have shown that indices of cognitive control (such as congruency) in the Stroop task are small-
est for fast responses and increase with increasing response latency. In light of these findings,
the smaller ISPC effect in MT for trials in the IT¢, compared to IT, bin in the current study
may be due to the fact that only little time elapsed between stimulus presentation and the initi-
ation of movements, leaving insufficient time for an ISPC effect to unfold completely. Alterna-
tively, the smaller ISPC effect in MT for trials in the IT, compared to the ITy,,, bin may also
be related to stimulus and response anticipation and repetitions that may have prohibited the
ISPC manipulation to have a rapid effect on movement initiation. Admittedly, future research
needs to verify these speculations.
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In the current study, participants were required to identify the color of a centrally presented
Stroop stimulus in order to then move the mouse cursor towards the response box that included
the corresponding written color word. One limitation of the experimental design may be that
response alternatives were presented as color words. To identify the correct target, participants
had to activate (at least to some extent) their semantic processing system, while this system ide-
ally should be suppressed when processing Stroop stimuli to minimize the impact of the task-
irrelevant stimulus feature. It could therefore be argued that the concurrent need for both inhi-
bition and activation of the semantic processing system may have influenced participants’ per-
formance in the current task. An alternative approach might have been to label the response
boxes by color patches such that participants had to simply visually match the ink color of the
Stroop stimuli with the color of the response boxes. It has been shown that responses are faster
when one needs to discriminate between items that share modality (e.g., matching one color
with another color) compared to when items differed in their modality (e.g., matching color
with color word semantics) [38]. Accordingly, generally (much) faster response times may have
been the result if response boxes would have been labeled by ink color in the current task. How-
ever, when responses become faster the Stroop effect may be on the line as the effect is known
to decrease with shorter reaction times [37]. We argue that if response boxes were labeled by
ink color reaction times would decrease, which would result in either a reduction or even a can-
cellation of congruency effects (i.e., our effects of interest). Future studies should examine the
impact of the match between stimulus and response modality on the congruency and ISPC
effects as reflected in mouse movement parameters.

Another limitation of our paradigm is that we cannot exclude the possibility that our data
may reflect two different types of trials: one trial type in which individuals selected the correct
action before movement onset and a second trial type in which individuals initially selected an
incorrect action, which they then need to correct in order to move towards the correct target.
Even if this was the case, this is still in line with the notion of interacting rather than sequential
processing stages during action selection, as we speculate that the correction of an initially erro-
neous action selection may be corrected (even) after movement initiation and is not dependent
on the resolution of such a selection error before movement onset. Our speculation is in line
with recent accounts that have proposed that behavior is governed by a constant and parallel
competition and implementation of multiple action alternatives [39]. According to this view,
evidence for each action alternative is accrued continuously and throughout the movement
itself. Correspondingly, if evidence is accrued in favor of the incorrect response alternative at
some moment during the movement, such selection error can subsequently be adjusted by
accruing evidence in favor of the selection of the correct response. To that effect, the correction
of such erroneous selection does not require the process of response selection to begin anew,
thus arguing in favor of continuous response selection both before and after movement onset.

In conclusion, the present study illustrates that item-specific control affects mouse move-
ment responses before and also after movement onset. In line with recent evidence, our find-
ings support the notion that response selection may not necessarily be completed before
movement initiation, but that cognitive processes continue to affect responses even after
movement initiation. These findings illustrate the potential of mouse tracking to study cogni-
tive control. In addition to capturing simple congruency effects [17, 19], this technique is also
suitable for assessing the action dynamics of cognitive control phenomena such as the congru-
ency sequence effect [18, 20] and the ISPC effect (present Stroop task). Future studies should
examine the potential of mouse tracking to evaluate the action dynamics of ISPC effects and
other measures of cognitive control in different paradigms, taking into account any effects of
stimulus-response modality compatibility (c.f., [38]).

PLOS ONE | https://doi.org/10.1371/journal.pone.0197278 May 17,2018 11/14


https://doi.org/10.1371/journal.pone.0197278

@° PLOS | ONE

Cognitive control before and after action onset

Acknowledgments

We would like to thank Nathalie Schouppe for her assistance in running the experiment. CB
was supported by a doctoral grant from the Ghent University BOF initiative (BOF13/24j/080)
in part awarded to WN. MFLR was supported in part by the Research Foundation - Flanders
(FWO) as a Pegasus Marie Curie Fellow (1262214N) and by a postdoctoral fellowship from
Ghent University (BOF15/PDO/135). ELA was supported by the FWO (12C4715N).

Author Contributions

Conceptualization: Marit F. L. Ruitenberg, Elger L. Abrahamse, Wim Notebaert.
Data curation: Carsten Bundt, Marit F. L. Ruitenberg.

Formal analysis: Carsten Bundt, Marit F. L. Ruitenberg.

Methodology: Marit F. L. Ruitenberg, Elger L. Abrahamse, Wim Notebaert.
Project administration: Marit F. L. Ruitenberg.

Supervision: Wim Notebaert.

Visualization: Carsten Bundt, Marit F. L. Ruitenberg.

Writing - original draft: Carsten Bundt, Marit F. L. Ruitenberg, Elger L. Abrahamse, Wim
Notebaert.

Writing - review & editing: Carsten Bundt, Marit F. L. Ruitenberg, Elger L. Abrahamse, Wim
Notebaert.

References

1. Miller EK. The prefrontal cortex and cognitive control. Nat Rev Neurosci. 2000; 1:59-65. https://doi.org/
10.1038/35036228 PMID: 11252769

2. Stroop JR. Studies of interference in serial verbal reactions. J Exp Psychol. 1935; 18:643-62. https:/
doi.org/10.1037/h0054651

3. Brown TL, Gore CL, Carr TH. Visual attention and word recognition in Stroop color naming: Is word rec-
ognition "automatic"? J Exp Psychol Gen. 2002; 131:220—-40. https://doi.org/10.1037//0096-3445.131.
2.220 PMID: 12049241

4. EgnerT. Congruency sequence effects and cognitive control. Cogn Affect Behav Neurosci. 2007;
7:380-90. https://doi.org/10.3758/CABN.7.4.380 PMID: 18189011

5. Gratton G, Coles MGH, Donchin E. Optimizing the use of information: Strategic control of activation of
responses. J Exp Psychol Gen. 1992; 121:480-506. https://doi.org/10.1037/0096-3445.121.4.480
PMID: 1431740

6. Jacoby LL, Lindsay DS, Hessels S. ltem-specific control of automatic processes: Stroop process disso-
ciations. Psychon Bull Rev. 2003; 10:638—44. https://doi.org/10.3758/BF03196526 PMID: 14620358

7. Lindsay DS, Jacoby LL. Stroop process dissociations: The relationship between facilitation and interfer-
ence. J Exp Psychol Hum Percept Perform. 1994; 20:219-34. PMID: 8189189

8. Logan GD, Zbrodoff NJ. When it helps to be misled: Facilitative effects of increasing the frequency of
conflicting sitmuli in a Stroop-like task. Mem Cognit. 1979; 7:166—74. https://doi.org/10.3758/
BF03197535

9. Botvinick M, Braver T, Barch DM, Carter CS, Cohen JD. Conflict monitoring and cognitive control. Psy-
chol Rev. 2001; 108:624-52. PMID: 11488380

10. Cohen JD, Dunbar K, McClelland JL. On the control of automatic processes: A parallel distributed pro-
cessing account of the Stroop effect. Psychol Rev. 1990; 97:332-61. PMID: 2200075

11. Abrahamse EL, Duthoo W, Notebaert W, Risko EF. Attention modulation by proportion congruency:
The asymmetrical list shifting effect. J Exp Psychol Learn Mem Cogn. 2013; 39:1552—-62. https://doi.
org/10.1037/a0032426 PMID: 23565794

12. Bugg JM. Dissociating levels of cognitive control: The case of Stroop interference. Curr Dir Psychol Sci.
2012; 21:302-9.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197278 May 17,2018 12/14


https://doi.org/10.1038/35036228
https://doi.org/10.1038/35036228
http://www.ncbi.nlm.nih.gov/pubmed/11252769
https://doi.org/10.1037/h0054651
https://doi.org/10.1037/h0054651
https://doi.org/10.1037//0096-3445.131.2.220
https://doi.org/10.1037//0096-3445.131.2.220
http://www.ncbi.nlm.nih.gov/pubmed/12049241
https://doi.org/10.3758/CABN.7.4.380
http://www.ncbi.nlm.nih.gov/pubmed/18189011
https://doi.org/10.1037/0096-3445.121.4.480
http://www.ncbi.nlm.nih.gov/pubmed/1431740
https://doi.org/10.3758/BF03196526
http://www.ncbi.nlm.nih.gov/pubmed/14620358
http://www.ncbi.nlm.nih.gov/pubmed/8189189
https://doi.org/10.3758/BF03197535
https://doi.org/10.3758/BF03197535
http://www.ncbi.nlm.nih.gov/pubmed/11488380
http://www.ncbi.nlm.nih.gov/pubmed/2200075
https://doi.org/10.1037/a0032426
https://doi.org/10.1037/a0032426
http://www.ncbi.nlm.nih.gov/pubmed/23565794
https://doi.org/10.1371/journal.pone.0197278

@° PLOS | ONE

Cognitive control before and after action onset

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bugg JM, Crump MJC. In support of a distinction between voluntary and stimulus-driven control: a
review of the literature on proportion congruent effects. Front Psychol. 2012; 3:367. https://doi.org/10.
3389/fpsyg.2012.00367 PMID: 23060836

Bugg JM, Hutchinson KA. Converging evidence for control of color-word Stroop interference at the item
level. J Exp Psychol Hum Percept Perform. 2013; 39:433—49. https://doi.org/10.1037/a0029145 PMID:
22845037

Schmidt JR, Besner D. The Stroop effect: Why proportion congruent has nothing to do with congruency
and everything to do with contingency. J Exp Psychol Learn Mem Cogn. 2008; 34:514-23. https://doi.
org/10.1037/0278-7393.34.3.514 PMID: 18444752

Schmidt JR, Crump MJC, Cheesman J, Besner D. Contingency learning without awareness: Evidence
for implicit control. Conscious Cogn. 2007; 16:421-35. https://doi.org/10.1016/j.concog.2006.06.010
PMID: 16899377

Incera S, McLennan C. Mouse tracking reveals that bilinguals behave like experts. Biling (Camb Engl).
2016; 19:610-20. https://doi.org/10.1017/S1366728915000218

Scherbaum S, Dshemuchadse M, Fischer R, Goschke T. How decisions evolve: The temporal dynam-
ics of action selection. Cognition. 2010; 115:407—16. https://doi.org/10.1016/j.cognition.2010.02.004
PMID: 20227687

Faulkenberry TJ, Cruise A, Lavro D, Shaki S. Response trajectories capture the continuous dynamics
of the size congruity effect. Acta Psychol (Amst). 2016; 163:114-23.

Erb CD, Moher J, Sobel DM, Song J-H. Reach tracking reveals dissociable processes underlying cogni-
tive control. Cognition. 2016; 152:114—26. https://doi.org/10.1016/j.cognition.2016.03.015 PMID:
27045465

Sternberg S. The discovery of processing stages: Extensions of Donders’ method. Acta Psychol
(Amst). 1969; 30:276-315. https://doi.org/10.1016/0001-6918(69)90055-9

Buc Calderon C, Verguts T, Gevers W. Losing the boundary: Cognition biases action well after action
selection. J Exp Psychol Gen. 2015; 144:737-43. https://doi.org/10.1037/xge0000087 PMID:
26076044

Servant M, White C, Montagnini A, Burle B. Using covert response activation to test latent assumptions
of formal decision-making models in humans. J Neurosci. 2015; 35:10371-85. https://doi.org/10.1523/
JNEUROSCI.0078-15.2015 PMID: 26180211

Cohen Kadosh R, Cohen Kadosh K, Linden DEJ, Gevers W, Berger A, Henik A. The brain locus of inter-
action between number and size: A combined functional magnetic resonance imaging and event-
related potential study. J Cogn Neurosci. 2007; 19:957-70. https://doi.org/10.1162/jocn.2007.19.6.957
PMID: 17536966

Verguts T, Notebaert W. Hebbian learning of cognitive control: dealing with specific and nonspecific
adaptation. Psychol Rev. 2008; 115:518-25. https://doi.org/10.1037/0033-295X.115.2.518 PMID:
18426302

Verguts T, Notebaert W. Adaptation by binding: a learning account of cognitive control. Trends Cogn
Sci. 2009; 13:252-7. https://doi.org/10.1016/}.tics.2009.02.007 PMID: 19428288

Freeman JB, Ambady N. MouseTracker: software for studying real-time mental processing using a
computer mouse-tracking method. Behav Res Methods. 2010; 42:226—41. https://doi.org/10.3758/
BRM.42.1.226 PMID: 20160302

Annett M. A classification of hand preference by association analysis. Br J Psychol. 1970; 61:303-21.
https://doi.org/10.1111/j.2044-8295.1970.tb01248.x PMID: 5457503

Duthoo W, Abrahamse EL, Braem S, Boehler CN, Notebaert W. The heterogeneous world of congru-
ency sequence effects: an update. Front Psychol. 2014; 5:1001. https://doi.org/10.3389/fpsyg.2014.
01001 PMID: 25250005

Mordkoff JT. Observation: Three reasons to avoid having half of the trials be congruent in a four-alterna-
tive forced-choice experiment on sequential modulation. Psychon Bull Rev. 2012; 19:750-7. https://doi.
org/10.3758/s13423-012-0257-3 PMID: 22549895

Barca L, Pezzulo G. Tracking second thoughts: Continuous and disrete revision processes during visual
lexical decision. PLoS One. 2015; 12:e0116193. https://doi.org/10.1371/journal.pone.0116193 PMID:
25699992

Barca L, Pezzulo G. Unfolding visual lexical decision in time. PLoS One. 2012; 7:€35932. https://doi.
org/10.1371/journal.pone.0035932 PMID: 22563419

Freeman JB, Ambady N. Motions of the hand expose the partial and parallel activation of stereotypes.
Psychol Sci. 2009; 20:1183-8. https://doi.org/10.1111/j.1467-9280.2009.02422.x PMID: 19686295

Cousineau D. Confidence intervals in within-subject designs: A simpler solution to Loftus and Masson’s
method. Tutor Quant Methods Psychol. 2005; 1:42-5.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197278 May 17,2018 13/14


https://doi.org/10.3389/fpsyg.2012.00367
https://doi.org/10.3389/fpsyg.2012.00367
http://www.ncbi.nlm.nih.gov/pubmed/23060836
https://doi.org/10.1037/a0029145
http://www.ncbi.nlm.nih.gov/pubmed/22845037
https://doi.org/10.1037/0278-7393.34.3.514
https://doi.org/10.1037/0278-7393.34.3.514
http://www.ncbi.nlm.nih.gov/pubmed/18444752
https://doi.org/10.1016/j.concog.2006.06.010
http://www.ncbi.nlm.nih.gov/pubmed/16899377
https://doi.org/10.1017/S1366728915000218
https://doi.org/10.1016/j.cognition.2010.02.004
http://www.ncbi.nlm.nih.gov/pubmed/20227687
https://doi.org/10.1016/j.cognition.2016.03.015
http://www.ncbi.nlm.nih.gov/pubmed/27045465
https://doi.org/10.1016/0001-6918(69)90055-9
https://doi.org/10.1037/xge0000087
http://www.ncbi.nlm.nih.gov/pubmed/26076044
https://doi.org/10.1523/JNEUROSCI.0078-15.2015
https://doi.org/10.1523/JNEUROSCI.0078-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26180211
https://doi.org/10.1162/jocn.2007.19.6.957
http://www.ncbi.nlm.nih.gov/pubmed/17536966
https://doi.org/10.1037/0033-295X.115.2.518
http://www.ncbi.nlm.nih.gov/pubmed/18426302
https://doi.org/10.1016/j.tics.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19428288
https://doi.org/10.3758/BRM.42.1.226
https://doi.org/10.3758/BRM.42.1.226
http://www.ncbi.nlm.nih.gov/pubmed/20160302
https://doi.org/10.1111/j.2044-8295.1970.tb01248.x
http://www.ncbi.nlm.nih.gov/pubmed/5457503
https://doi.org/10.3389/fpsyg.2014.01001
https://doi.org/10.3389/fpsyg.2014.01001
http://www.ncbi.nlm.nih.gov/pubmed/25250005
https://doi.org/10.3758/s13423-012-0257-3
https://doi.org/10.3758/s13423-012-0257-3
http://www.ncbi.nlm.nih.gov/pubmed/22549895
https://doi.org/10.1371/journal.pone.0116193
http://www.ncbi.nlm.nih.gov/pubmed/25699992
https://doi.org/10.1371/journal.pone.0035932
https://doi.org/10.1371/journal.pone.0035932
http://www.ncbi.nlm.nih.gov/pubmed/22563419
https://doi.org/10.1111/j.1467-9280.2009.02422.x
http://www.ncbi.nlm.nih.gov/pubmed/19686295
https://doi.org/10.1371/journal.pone.0197278

@° PLOS | ONE

Cognitive control before and after action onset

35.

36.

37.

38.

39.

Morey RD. Confidence intervals from normalized data: A correction to Cousineau (2005). Tutor Quant
Methods Psychol. 2008; 4:61—4.

Lowe DG, Mitterer JO. Selective and divided attention in a Stroop task. Can J Psychol. 1982; 36:684—700.
https://doi.org/10.1037/h0080661 PMID: 7159848

Pratte MS, Rouder JN, Morey RD, Feng C. Exploring the differences in distributional properties between
Stroop and Simon effect using delta plots. Atten Percept Psychophys. 2010; 72:2013-25. https://doi.
org/10.3758/APP.72.7.2013 PMID: 20952797

Treisman A, Fearnley S. The Stroop test: Selective attention to colours and words. Nature. 1969;
222:437-9. PMID: 5768618

Cisek P. Cortical mechanisms of action selection: the affordance competition hypothesis. Philos Trans
R Soc Lond B Biol Sci. 2007; 362:1585-99. https://doi.org/10.1098/rstb.2007.2054 PMID: 17428779

PLOS ONE | https://doi.org/10.1371/journal.pone.0197278 May 17,2018 14/14


https://doi.org/10.1037/h0080661
http://www.ncbi.nlm.nih.gov/pubmed/7159848
https://doi.org/10.3758/APP.72.7.2013
https://doi.org/10.3758/APP.72.7.2013
http://www.ncbi.nlm.nih.gov/pubmed/20952797
http://www.ncbi.nlm.nih.gov/pubmed/5768618
https://doi.org/10.1098/rstb.2007.2054
http://www.ncbi.nlm.nih.gov/pubmed/17428779
https://doi.org/10.1371/journal.pone.0197278

