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Abstract

Top-down cognitive control seems to be sensitive to the detrimental effects of fatigue induced by time-on-task (ToT).
The planning and preparation of the motor responses may be especially vulnerable to ToT. Yet, effects of ToT specific to
the different phases of movements have received little attention. Therefore, in three experiments, we assessed the effect
of ToT on a mouse-pointing task. In Experiment |, there were 16 possible target positions with variable movement
directions. In Experiment 2, the layout of the targets was simplified. In Experiment 3, using cuing conditions, we examined
whether the effects of ToT on movement preparation and execution were caused by an increased orientation deficit or
decreased phasic alertness. In each experiment, initiation of movement (preparatory phase) became slower, movement
execution became faster and overall response time remained constant with increasing ToT. There was, however, no
significant within-person association between the preparatory and execution phases. In Experiments | and 2, we found
a decreasing movement time/movement error ratio, suggesting a more impulsive execution of the pointing movement.
In addition, ToT was also accompanied with imprecise movement execution as indicated by the increased errors, mainly
in Experiment 2. The results of Experiment 3 indicated that ToT did not induce orientation and phasic alerting deficits
but rather was accompanied by decreased tonic alertness.
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Introduction even after a relatively short period of time (i.e., a few min-
utes; see e.g., Buckley et al., 2016; Epling et al., 2016). The
decline in performance on such tasks is assumed to be due
. N— . to the difficulties in upholding top-down cognitive control
nied by a range of subjective feelings that can be labelled as (Langner & Eickhoff, 2013; Langner et al., 2010; Pilcher

“mental fat'igue” (Ackerman, 2011; DeLuca, 2905 )- SuF:h et al., 2007; van der Linden et al., 2003). Cognitive control
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Prolonged and effortful engagement in a cognitive task
often results in compromised performance and is accompa-
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refers to higher-order cognitive processes that are able to
orchestrate lower-level processes for adequate task perfor-
mance. Examples of cognitive control processes are work-
ing memory (Hopstaken et al., 2015a), performance
monitoring (Boksem et al., 2006), and inhibition (Guo et al.,
2018). Overruling the tendency of diminishing cognitive
control after ToT requires additional effortful processing
that is able to redirect the focus to the task at hand (Sarter
et al., 2006). Exerting such compensatory control or self-
regulation (Langner et al., 2010), however, also makes one
more prone to develop fatigue. There is evidence suggesting
that adequate levels of cognitive control require a sufficient
level of alertness, which conceptually and physiologically
overlaps with arousal and vigilance. Alertness is fundamen-
tal to sustain attention on task goals and to control cognition
and behaviour over the course of a prolonged period (Lim &
Dinges, 2010). In line with this notion, psychophysiological
studies showed that ToT is accompanied by reduced activa-
tion in the locus coeruleus norepinephrine (LC-NE) system,
resulting in a lower norepinephrine output, which is associ-
ated with suboptimal alertness for the voluntary control of
behaviour (Aston-Jones & Cohen, 2005; Howells et al.,
2012).

Of the many facets of cognitive control, the planning and
preparation of motor responses seem to be especially vul-
nerable to ToT (Langner et al., 2010). For example, Boksem
et al. (2006) found evidence for a decline in response prepa-
ration under fatigue, based on the finding that the amplitude
of the contingent negative variation (CNV) decreased with
ToT. CNV is an EEG marker of arousal and response initia-
tion (Nagai et al., 2004). Similarly, Lorist et al. (2008) sug-
gested a ToT-related reduction in response preparation.
They found that after a prolonged period of time, individu-
als relied less on advanced response-relevant information
(i.e., cuing of the correct responses) to prepare their subse-
quent response.

Preparation of motor responses is highly relevant in
goal-directed behaviour, and the above findings indicate
that this preparation phase may be particularly vulnerable
to ToT. The empirical evidence for this assumption, how-
ever, is limited, because while the effects of ToT on percep-
tual judgements or responses in simple reaction-time tasks
have been extensively investigated, remarkably only a few
studies have addressed the question of how goal-directed
movements are modified by ToT. Yet, the notion of com-
promised movement preparation with ToT seems to be in
line with studies showing that movement preparation is
effortful and attention-demanding (see Janczyk & Kunde,
2010; Spiegel et al., 2012 for grasping movements, and Liu
et al., 2008 for pointing tasks). Accordingly, we present
three experimental studies testing how the various aspects
of a specific visually guided action, namely pointing behav-
iour, are affected by ToT/mental fatigue.

It has been established that the preparation of visually
guided movements is controlled by an extensive posterior—
anterior network (Liu et al., 2008). This was supported by

a clinical study investigating patients with Friedreich’s
ataxia, an inherited neurodevelopmental disorder (Corben
et al.,, 2011). Compared to healthy controls, the patients
had difficulties with the preparation and error correction
aspects of aiming movements. This suggests that a dis-
turbed cerebellar connectivity with anterior cortical and
subcortical structures might result in impaired pointing
movement.

Based on the assumption that movement preparation is
cognitively demanding and effortful (Liu et al., 2008) and
relies on cognitive control (Boksem et al., 2006), we
expect that visually guided movement, particularly the
preparatory phase of such movement, deteriorates with
increasing ToT. The differential effects of ToT on the dif-
ferent phases of visually guided movements have so far
received little attention. Therefore, in the three experi-
ments presented here, we investigated the effect of ToT on
a visually guided mouse-pointing task. Participants pointed
to a peripheral target by moving the cursor from the centre
to the target. We registered the participants’ gaze position
to control fixation and to measure saccadic latencies.
Following the reasoning outlined above, our first hypoth-
esis was that movement preparation assessed by initiation
time, lasting from the presentation of the target to move-
ment initiation, becomes slower as participants spend
more time on the task (Hypothesis 1).

We also expected ToT-related changes in movement
execution. The results of the few previous studies address-
ing the association between fatigue and the execution
phase of visually guided movements have been contradic-
tory. For example, Rozand et al. (2015) found an increased
movement duration in an arm-pointing task when it was
performed after another cognitively fatiguing task. In con-
trast, the findings in Solianik et al.’s (2018) study sug-
gested that the execution of a reaching movement
controlled by a handle towards a visual target was actually
faster and less variable with increasing ToT (Solianik
et al., 2018). The pointing task in the present set of studies
was similar to that used by Solianik et al. (2018) in terms
of the quickly reachable targets presented on a screen.
Based on this similarity, we also expected to find faster
movements as a function of time spent on the task. We did
not, however, expect a similar improvement in movement
accuracy. The reason is that in the execution of a fast and
accurate pointing movement, the movement speed and
accuracy are often inversely related (Smyrnis et al., 2000).
There are indications that diminished top-down control as
a consequence of increasing mental fatigue may alter the
speed—accuracy criterion, which can become apparent in
faster but more erroneous responses (Le Mansec et al.,
2018; Smith et al., 2017). For example, using a card-sort-
ing test, van der Linden et al. (2003) found that, compared
to a control group, fatigued participants showed faster but
more erroneous responses after a switch in the card-sorting
criterion. This finding was interpreted as the result of less
preparation or planning before an action was executed.
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In Elliott et al.’s (2010) multiple-process model of goal-
directed movements, the execution of movements was
associated with an impulse response strategy (see also
Elliott et al., 2017). The model states that a predominant
period of movement execution is under the control of
impulse regulation, which has an important role in the con-
trol of rapid movement corrections. We expect that ToT
may deteriorate impulse regulation in visually guided
pointing movements. More specifically, our second
hypothesis is that, as ToT increases, participants will exe-
cute the pointing task more impulsively with faster but
more erroncous movements (Hypothesis 2). To test this,
participants’ speed—accuracy trade-off on movement
response (i.e., movement time/movement error ratio) was
examined.

The hypotheses were tested in three experiments. In
Experiment 1, there were 16 possible target positions with
many variable movement directions. In Experiment 2, the
layout of the target positions was simplified with only
four target positions, and horizontal movements were
required to point to the targets. With this simplification,
the task became less demanding in terms of the spatial
attention and movement planning. In visually guided
pointing, there are many cognitive operations that need to
be controlled, but the ability to allocate attentional focus
to the stimulus-relevant area may be especially relevant
for efficiently preparing the pointing. Therefore, in
Experiment 3, with an auditory cuing paradigm (No cue,
Orientation cue, and Central cue conditions), we exam-
ined whether attentional orientation changed with ToT. A
No cue and Orientation cue condition was compared to
assess attentional orientation ability (see, e.g., Fan et al.,
2002). ToT may compromise the level of phasic alertness,
which is the transient increase in response readiness
(Oken et al., 2006; Schneider, 2017; Sokolov & Sokolov,
1963). By comparing a No cue with a Central cue condi-
tion, we also could test whether phasic alertness level
changed as a function of ToT.

We used a vigilance-type paradigm in each experiment.
Participants performed the task for at least 15 min without
a break, and the targets were presented with a wide range
of inter-target intervals. Vigilance paradigms put high
demands on sustained attention and are widely used to
measure the effects of cognitive fatigue and ToT-related
changes (e.g., Lim et al., 2012; Matthews et al., 2017).
Impaired performance in vigilance or sustained-attention
tasks reflects compromised functioning of various frontal
lobe processes (Demeter et al., 2011; Lim et al., 2010,
2012), including diminished top-down cognitive control
(Langner & Eickhoff, 2013). A great advantage of the par-
adigm we used is that it is known to induce ToT-related
changes after a relatively short duration and therefore
allows minimising the potential confound of physical
fatigue.

Although we postulated separate hypotheses on move-
ment preparation and execution phases, it is relevant to

note the potential interconnections between those phases.
Previous studies revealed many differences in movement
preparation versus execution-related brain signals and the
underlying brain substrates (see, e.g., K.-M. Lee et al.,
1999; Lee & van Donkelaar, 2002), which underlines the
possibility for differential ToT effects. However, various
studies also proposed how the two phases are linked. For
example, the movement preparation phase may be cogni-
tively monitored, and in case of any disruption, the execu-
tion is delayed until an adequate preparation is achieved
(Churchland & Shenoy, 2007). Thus, there seem to be
compensatory strategies aimed at maintaining the execu-
tion of movement at a constant level of performance, even
if the planning process is disrupted (Churchland & Shenoy,
2007). Particularly in relation to ToT, compensatory strate-
gies may be used to reduce the demands on cognitive con-
trol (Hockey, 1997). One possible strategy is that fatigued
people invest less in cognitively demanding action prepa-
ration and start relying more on adjustments or corrections
during the movement itself. Yet, if such a strategy is used,
it can be expected to be associated with shorter preparation
periods and longer movement time or execution. After all,
more monitoring and corrections during the movement
itself would be needed. Such a strategy, however, would
cause an opposite trend in the movement performance
measures (e.g., a longer movement time) as we hypothe-
sised above.

Finally, it is possible that, after some time, people learn
strategies to become more efficient or enhance perfor-
mance. For example, in the pointing task, participants may
learn that when they take longer for planning they can
execute the movement faster. Learning or developing strat-
egies are generally more pronounced in complex tasks
compared to simple tasks. There are different ways to
address these points. Regarding complexity, however, the
pointing task was relatively simple as it only requires a
speeded reaction to stimuli, without further selection or
decision processes. However, the tasks may be considered
complex because fast spatial orientation ability and visual-
motor coordination were fundamental for efficient perfor-
mance. A possible influence of complexity, however, can
be assessed by comparing the first and second experiment.
These two experiments differ in number of locations and
spatial arrangement.

Regarding the learning of strategies, when participants
would learn a trade-off between the preparatory and exe-
cution phase as mentioned above, it can be expected that
these two phases would be inversely related. To take that
possibility into account, we include tests of the trial-based
associations (i.e., slope analysis) between movement ini-
tiation and the measures of the executive phase (i.c., move-
ment time and movement error).

To summarise, in three experiments, we assessed the
effect of ToT on a visually guided mouse-pointing task.
We predicted that mainly the preparatory phase of the
movement, assessed by initiation time, would become
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slower with increasing ToT. Second, as an indication of an
impaired impulsivity regulation under fatigue, we pre-
dicted finding more impulsive movement execution with
faster but more erroneous movements.

Experiment |

Methods

Participants. In total, 31 undergraduate students took part
in Experiment 1, receiving extra course credits for partici-
pation. Data from five participants were dropped due to an
insufficient proportion of trials with wvalid fixations
(< 85%) or due to stability problems with the eye tracking,
yielding a final dataset of 26 participants (18 females, aged
between 18 and 26years, M=19.77, SD=1.58). By self-
report, none of them had a history of neurological disease
or mental disorder and all of them had normal or corrected-
to-normal vision. Three of the participants were left-
handed but stated that they used the mouse with their right
hand and were therefore asked to use their right hand dur-
ing the course of the experiment.

Sample size was determined based on an a priori power
analysis conducted by Gpower 3.1 (Faul et al., 2007). The
minimum sample size to ensure the statistical power of the
effect of ToT on pointing movement was estimated, based
on recent studies that map closest to our pointing task in
terms of task parameters, duration, and aims. These studies
reported large effect sizes of the ToT effects (nﬁ :.27-.30;
e.g., Massar et al., 2020; Steinborn et al., 2016; Zentai
et al., 2015). By applying these effect sizes, the recom-
mended minimum sample size was 18-20 participants to
achieve a power level of 90% and alpha <.05. Thus, the
final sample of 26 participants had the appropriate statisti-
cal power to detect the effects we aimed to examine.

Task and stimuli. Figure 1a schematises the sequence of a trial.
Participants performed a visually guided mouse-pointing task
programmed in PsychoPy 3 (version 3.1.5. for Windows; Pei-
rce, 2007, 2009; a runnable source code is available at https:/
data.mendeley.com/datasets/6cnm4n3gdc/draft?a=bc626619-
6b5¢c-43f7-9d99-af6dc19346f4). Target stimuli were dis-
played on an integrated monitor, Tobii TX300 with a
resolution of 1920 X 1080 pixels, and a 60Hz refresh rate.
The viewing distance was ~60c¢m with a mouse positioned
for right-hand use. Standard Windows mouse sensitivity set-
tings were used.

During the whole course of the task, a fixation cross
(25 X 25 pixels) with a visual angle of 1.2° was presented
on a grey background at the centre of the screen. The target
stimulus was a white-filled circle (20 pixels in diameter)
with a visual angle of 1.1° presented on one of the 16 pos-
sible locations. These locations were arranged along two
(invisible) concentric circles (inner circle: diameter of 250
pixels, 6.71°; outer circle: diameter of 500 pixels, 13.37°)
around the fixation cross. On each trial, participants were

instructed to fixate and to keep the cursor on the fixation
cross until the target stimulus appeared. If they initiated a
mouse movement too early (before the target appeared),
the fixation cross changed its colour to red and the target
presentation was inhibited. The target was presented after
a random interval ranging between 500 and 7,000ms
drawn from a continuous uniform distribution. Participants
were asked to move the cursor onto the target as quickly
and precisely as possible. Time and two-dimensional
mouse coordinates were continuously recorded. The trial
was deemed successful if the cursor reached the target and
was maintained within the target area for 100 ms. If these
criteria were fulfilled, then the colour of the target turned
to black to provide visual feedback about the successful
pointing performance. Then participants needed to move
the cursor back to the fixation cross. When the fixation
cross was reached, a 250 Hz tone was presented for 200 ms
through standard loudspeakers, accompanied by visual
feedback about the time from the target onset to the target
reach (i.e., initiation time + movement time).

Procedure. Participants were asked to have adequate sleep
in the night prior to the experiment and were instructed to
abstain from caffeine-containing substances and alcohol
on the day of the experiment. On arrival to the laboratory,
participants provided written consent and their sleep dura-
tion was assessed by self-report (the mean sleep duration
was 7.85hr with an SD of 1.39).

Participants were seated in a dark, sound-attenuated
room. Before the ToT period, participants performed 20
practice trials with parameters identical to those of the
main task. Then a standard 5-point eye-tracking calibra-
tion was followed. A chin rest was used to ensure higher
accuracy of recording eye movements. After the calibra-
tion, participants were asked to indicate their actual sub-
jective fatigue on a visual analogue scale presented on the
computer screen (100mm; “no fatigue at all” was pre-
sented on the left and “very severe fatigue” on the right
side of the scale).

The experimental task was divided into three ToT
blocks. Each block consisted of 56 trials and lasted approx-
imately 5 min, so the whole ToT period lasted about 15 min.
Similar or shorter durations have frequently been used in
studies with vigilance paradigms and have shown to relia-
bly induce fatigue (e.g., Jones et al., 2018; Loh et al.,
2004). In each block, the target positions were equally bal-
anced; thus, the target stimulus was presented on both cir-
cles and both sides of the fixation cross in an equal number
of trials. Trials were presented in a pseudo-random order.
When the ToT period ended, participants indicated again
their subjective fatigue.

After the experiment, participants were asked whether
they perceived difficulties in using the mouse and whether
they experienced physical discomfort or pain in their hands
during the task. None of them reported such problems,
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Figure I. Schematised layout of the target positions and the sequence of trials in Experiments | (a), 2 (b), and 3 (c). On each trial,
participants performed a visually guided mouse-pointing task, and in each trial, they pointed to a target dot by moving the cursor
from the centre to the target. In Experiment |, there were 16 possible target positions with many variable movement directions.

In Experiments 2 and 3, there were four target positions only, and horizontal movements were required to point to the targets. In
Experiment 3, The sequence of the trial was incorporated with three auditory cue conditions: Orientation cue, Central cue, and
No cue conditions. For the Orientation cue condition, the cue was presented monaurally to either the left or the right ear and
cued the side of the screen where the target was presented. For Central cue condition, the cue was presented binaurally, while for

the No cue condition, the auditory cue was omitted.

suggesting that task performance was not confounded by
serious physical factors.

Data analysis

Performance measures. In each trial, participants’ data
files contained the time stamps and x and y coordinates

of the cursor. Cursor positions were sampled at 60Hz.
All movement trajectories were aligned to the same initial
coordinates (0,0) (following Spivey et al., 2005). Euclidean
distances travelled between consecutive cursor displace-
ments and velocity for each movement trajectory were
extracted. Trajectories of each participant were plotted
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and then visually inspected for unusual patterns (e.g., large
amounts of up and down movements, unusual movements
resulting from slips of the hand). Only one such trajectory
was identified and excluded from further analysis.

Several temporal and spatial (or accuracy-related)
mouse-movement metrics were calculated. To assess the
movement preparatory phase, initiation time was analysed.
Initiation time (IT) was defined as the interval between the
onset of target presentation and movement initiation (i.e.,
when the cursor left the fixation cross and thus had been
moved by 3mm).

To analyse participants’ movement execution, we
selected measures that characterise the temporal and spa-
tial profiles of the movement trajectories. For the temporal
profile, we calculated movement time (MT), defined as the
interval between movement initiation and target reach. For
the spatial profile, movement error (ME) was selected,
which is one of the accuracy measures proposed by
MacKenzie et al. (2001) and represents the average abso-
lute deviation of the x and y coordinates from the task axis
(i.e., the shortest path to the target). We also analysed the
ratio of MT and ME (henceforth MT/ME ratio) as an index
of speed—accuracy adjustments. In addition, we calculated
the total response time (RT) as the sum of IT and MT.

Eye-movement andalysis. Eye movements during the
whole course of the experiment were recorded by a Tobii
TX300 eye tracker with a sampling rate of 120Hz. The
recorded data were exported and processed offline. Miss-
ing data (i.e., validity codes higher than 1 provided by the
eye tracker) due to blinks and artefacts were linearly inter-
polated. Fixations were defined using the default settings
of Tobii. Trials where participants did not fixate on the
fixation cross during stimulus presentation were excluded
from further analyses of behavioural performance and
eye movement metrics. For the analysis of saccadic
latency, only trials with less than 33% of missing data
were included. Saccadic latency was defined as the time
(in milliseconds) from target onset to the initiation of the
first valid saccade towards the stimulus. An eye movement
was considered a valid saccade when velocity exceeded
30°/s, acceleration was higher than 8,000°/s?, and distance
was higher than 0.5° (Stigchel et al., 2011). Only saccadic
latencies higher than 80 ms were included in the analysis.

The performance measures and saccadic latency data
were analysed by repeated measures ANOVAs (rANOVA)
with ToT (the three blocks of trials), target distance (near
vs far distance). Follow-up rANOVAs were used to ana-
lyse significant interactions. When the ToT effect was sig-
nificant, simple planned contrasts were used to test the
differences between the first and the other two blocks of
trials. If the violation of sphericity assumption was indi-
cated by Mauchly’s test, either the Greenhouse—Geisser
correction (if epsilon was less than 0.75) or the Huynh—
Feldt correction (if epsilon was greater than 0.75) was

applied for the evaluation of the statistical significance of
the F-value.

In addition, to explore the relationship between move-
ment preparation and movement execution, a series of
simple linear regression analyses was performed to esti-
mate movement time slopes and movement error slopes as
a function of initiation time, separately. For each partici-
pant, we estimated the slopes separately for each block and
target distance (thus, for both measures, six individual
slopes were estimated for each participant). The extracted
slopes were then subjected to one-sample #-tests to com-
pare the mean estimated slopes against zero. In addition,
rANOVAs with Block as a within-subject factor were per-
formed on the slopes to test the potential change in the
magnitude and direction of the slopes over time.

Data of all three experiments are available to download
from a public data repository: https://data.mendeley.com/
datasets/6cnm4n3gdc/draft?a=bc6266f9-6b5c-43{7-9d99-
af6dc19346f4.

Results

Descriptive statistics are presented in the supplementary
materials (see Tables S1 and S2). Figure 2 depicts the
results of the six variables analysed to assess the ToT-
related changes in mouse-pointing movement. In addition,
Table 1 presents the results of the main analyses. Here, we
summarise the findings and report the results of the post
hoc analyses.

The analysis of subjective fatigue ratings revealed sig-
nificantly higher fatigue after the task than before, sug-
gesting that the performance of the mouse-pointing task
enhanced the participants’ feelings of fatigue, #(25)=-3.55,
p<.01,95% CI=[-24.30, —6.47].

Importantly, in line with our first hypothesis, partici-
pants initialised their pointing movement significantly
slower with increasing ToT. Simple planned contrast
showed that initiation time significantly increased from
the first to the second, F(1,25)=7.62, p<.05, ni =.23,
and third block of trials, F(1,25)=19.15, p<.001,
nf, =.43 . Initiation time was not affected by target dis-
tance. This latter finding remained unchanged with
increasing ToT (see Table 1, no significant interaction of
target distance X ToT). In contrast to initiation time, the
initialisation of saccadic eye movements (i.c., saccadic
latency) to the direction of the target showed no change
over ToT. A significant main effect of the target distance
indicated that saccadic eye movements were initiated
slower if the target was presented at the far locations. The
lack of ToT effect on saccadic latencies suggests that the
slowing of movement initiation was not predominantly
related to sensory processing deficits of the peripheral tar-
get. This conclusion is, however, not unequivocal because
variance in saccadic movement is supposed to be modu-
lated by a combination of perceptual and motor decision
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Figure 2. Results of for five pointing performance measures (a to e) and saccadic latency (f) in Experiment |. Error bars represent

within-subject error (Cousineau, 2005).

Table |I. Main effects and interactions yielded by rANOVA in Experiment |.

Variables Main effects and interactions

ToT Target distance (TD) ToT XTD

Faso) n ; Fii2s) n ; Fas0) n ;
Initiation time 12.87+¥* .34 0.89 .03 1.74 .06
Movement time (MT) 5.98%* .19 487.1 67+ 95 0.02 .00
Movement error (ME) 0.41 .02 205.00%+* .89 0.71 .03
MT/ME ratio 5.28%* A7 20.58%*** 45 0.13 .00
Response time 1.44 .25 436.6 |+ 95 0.20 0l
Saccadic latency 0.12 .0l 6.86* 21 0.68 .03

ANOVA: analysis of variance.
*p <.05, ¥p <.0l, ¥*p<.001, m: p=.05.

processes, and not only by the visual salience of the target
(Liversedge et al., 2011).

For the execution phase, the movement time and the
movement time/error ratio (MT/ME) were significantly

related to ToT. As a function of ToT, participants executed
the pointing movement faster without a significant change
in accuracy. This was accompanied with a decreased MT/
ME ratio, suggesting that ToT altered the speed—accuracy
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criterion towards speed at the expense of accuracy. Simple
planned contrast of the MT and the MT/ME ratio revealed
that MT decreased from the first to third block of trials,
F(1,25)=10.28, p<.01, n.=.29, while the MT/ME
ration decreased from the first to the second, F(1,25)=4.30,
p<.05, m =.15, and third block, F(1,25)=9.88, p<.01,
nf) =.28. This finding fits with our prediction (H2) that
movement time becomes faster due to ToT. However, this
finding does not directly indicate increased impulsivity
because the increase in movement error was only minor
and non-significant. Finally, total response time (initiation
time + movement time) did not change significantly with
ToT, suggesting that as a consequence of the differential
trends in initiation time and movement time, the total dura-
tion of the pointing responses remained constant over ToT.
The analyses of estimated movement error slopes, how-
ever, showed that there was no change in the association
between initiation time and movement time, with increas-
ing ToT suggesting that the opposite changes in these two
performance measures were probably not due to a strategic
shift (trade-off). Specifically, the estimated movement
error slopes were not significantly different from zero
(p=.13-.93), indicating no association between the time
required for movement initiation and the accuracy of
movement execution. Similarly, the estimated movement
time slopes were not significantly different from zero
(p=.15-.72), except for the far target condition in Block 3,
where slower initiation times were significantly associated
with slower movement times, #25)=2.18, p<.05, 95%
CI=[.004, .145]. Importantly, the lack of association
between movement initiation and execution remained con-
stant with ToT: the rANOVAs showed that both the esti-
mated movement error slopes, near target: £(2,50)=0.66,
p=52, m;=.03; far target: F(2,50)=0.04, p=.96,
nf) <.01, and the estimated movement time slopes, near
target: F(2,50)=0.73, p=.47, nﬁ =.03; far target:
F(2,50)=.65, p=.53, nﬁ =.03, remained unchanged with
increasing ToT. Thus, these results make it unlikely that
the differential changes in initiation time and movement
would have been driven by strategic changes.

Finally, target distance had a significant effect on move-
ment execution and on response time. Obviously, move-
ment time and response time were longer when the target
was presented at the farther distance. In addition, partici-
pants pointed to the far target more erroneously and more
impulsively (i.e., with higher MT/ME ratio) than to the
near target. All these effects of the target distance were,
however, unaffected by ToT: none of the ToT X target dis-
tance interactions reached significance.

Discussion

The findings of Experiment 1 supported Hypothesis 1.
Specifically, the finding that initiation times became
slower as a function of ToT suggests that the participants’

preparation of their visually guided movements was com-
promised by ToT. In line with Solianik et al.’s (2018)
study, there was also evidence for a faster, but not more
accurate movement execution under fatigue. This finding
cannot be unequivocally interpreted as impulsivity
because there was no significant increase in error over
time, and, therefore, it does not directly support
Hypothesis 2.

In Experiment 1, the spatial layout of the targets was
complex, and the location of the targets was hardly pre-
dictable across the trials. Compared to Experiment 1, how-
ever, Experiment 2 had a simpler spatial layout: there were
only four target locations, covering a smaller area, and the
targets were all reachable by horizontal movements. Due
to these simplifications, making predictions and plans on
movement became potentially easier in Experiment 2
compared to Experiment 1. Thus, Experiment 2 tests
whether the ToT effects found in Experiment 1 are replica-
ble when the planning and preparation of movements are
less demanding.

Experiment 2
Methods

Participants. In total, 30 undergraduate students partici-
pated for extra course credits. The data of five participants
were excluded by applying the same exclusion criteria as
in Experiment 1. The final dataset consisted of 25 partici-
pants (19 females, two left-handed, aged between 18 and
20years, M=21.44, SD=3.12). Self-reported sleep dura-
tion had a mean of 7.92hr (SD=0.96). The statistical
power was adequate to detect significant differences (see
the a priori power calculation above).

Task and stimuli. The experimental procedure and the task
were identical to that of Experiment 1, except that the
number of target locations was reduced to four (two posi-
tions on each side and each circle; see Figure 1b). Impor-
tantly, each target was located on the horizontal axis (y=0);
thus, only horizontal movements were required to reach
the target.

Data analysis. The data analysis procedures were identical
to those described in Experiment 1.

Results

Descriptive statistics are presented in the supplementary
materials (Tables S3 and S4). Figure 3 depicts the results,
and Table 2 presents the results of the main statistical anal-
yses. Below, we summarise the findings and report the
results of the post hoc analyses.

Subjective fatigue significantly increased by the end of
the continuous performance of the task, #24)=-4.48,
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Figure 3. Results of for five pointing performance measures (a to e) and saccadic latency (f) in Experiment 2. Error bars represent

within-subject error (Cousineau, 2005).

Table 2. Main effects and interactions yielded by rANOVA in Experiment 2.

Variables Main effects and interactions

ToT Target distance (TD) ToT XTD

Foa) an> Fii24) n ; Foas) n ;
Initiation time 6.27%* 21 0.58 .02 1.24 .05
Movement time (MT) 2.97™ A 340.2 | #F* 93 0.27 .0l
Movement error (ME) 3.48* 3 64.18%F* 73 0.23 .0l
MT/ME ratio 7.1 1% 23 9.02%* 27 0.10 .00
Response time 0.46 .02 277.61%%* .92 0.09 .00
Saccadic latency 2.37 .09 7.16* .23 2.35 .09

ANOVA: analysis of variance.
*p <05, ¥p < .01, **p <001, m: p=.06.

p<<.001, 95% CI=[-23.494, —8.665]. In addition and in
line with Hypothesis 1, the initiation of pointing move-
ments became significantly slower as a function of ToT.

This finding replicates that of Experiment 1. Simple
planned contrast analysis showed that initiation time in
the first block was significantly shorter than in the
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second, F(1,24)=6.37, p<.05, n. =.21, and in the third

block, F(1,24)=7.83, p<.05, m; =.25. The target dis-
tance had no significant effect on initiation times, which
remained unchanged with ToT (i.e., no significant Target
distance X ToT interaction). Similar to Experiment 1, sac-
cadic latencies were faster for the near targets than for the
far targets, but latencies showed no significant changes
over ToT.

In the movement execution phase, movement error sig-
nificantly increased, and movement time marginally sig-
nificantly decreased with ToT (p=.06). The simple planned
comparison indicated that movement execution was more
erroneous in the third block compared to the first block,
F(1,24)=4.61, p<.05, m, =.16. In addition, we found a
significantly decreasing MT/ME ratio as participants spent
longer time on the task, and the simple planned contrasts
analysis revealed a linear decrease in MT/ME ratio over
time, Block 1 versus Block 2: F(1,24)=4.28, p<.05,
12 =.15; Block 1 versus Block 3: F(1,24)=10.23, p< .01,
ng =.30. That is, the results supported the second hypoth-
esis on more impulsive movements with ToT. This more
impulsive pointing performance was found to be inde-
pendent from the distance of the target as indicated by the
non-significant interaction of target distance with ToT. As
in Experiment 1, although movement to the farther target
was generally slower and more erroneous than to the near
target, this difference was not further qualified by ToT.

Similarly to Experiment 1, overall response time
(IT + MT) did not significantly change over time. In addi-
tion, similar to the first experiment was that the slope anal-
ysis did not indicate that the increasing initiation time and
decreasing movement time are caused by a trade-off strat-
egy. The one-sample tests conducted on the estimated
slopes yielded no significant deviations from zero (move-
ment error: p=.25-94; movement time: p=.26—.89),
except for the analysis of movement error slope for the far
target condition in Block 1, #(24)=-2.16, p<.05, 95%
CI=[-0.156, 0.004], where the estimated slope was sig-
nificantly lower than zero, indicating that longer initiation
times were associated with less erroneous movement exe-
cution. However, the rTANOVAs yielded no significant
Block main effects for both the estimated movement error
slopes, target near: F(2,48)=0.36, p=.70, n; =.02; target
far: F(2,48)=2.00, p=.15, m; =.08, and the estimated
movement time slopes, Target near: F(2,48)=0.85, p=.43,
n, =.03; Target far: F(2,48)=0.28, p=.76, m; =.01.
Thus, in this experiment, we found no indication for a
change in the association between movement preparation
and execution as function of ToT.

Discussion

The results of Experiment 2 largely replicated the find-
ings of Experiment 1 and supported Hypotheses 1 and 2.
First, the findings confirmed that ToT induces a slower

movement initiation. In addition, even more clearly than
in Experiment 1, there was evidence for a more impulsive
execution of the pointing movement with ToT: with
increasing ToT, participants moved faster but more erro-
neously. This finding is in line with previous studies sug-
gesting that one of the manifestations of mental fatigue
induced by ToT is an impaired impulse regulation pro-
cess (Le Mansec et al., 2018; Smith et al., 2017; van der
Linden et al., 2003).

In Experiment 2, the spatial layout of the target loca-
tions was simpler and therefore less demanding regarding
movement planning and movement execution. Relative to
Experiment 1, this layout simplification indeed resulted in
faster overall initiation times at both target distances.
However, it did not eliminate the slowing trend of initia-
tion time with increasing ToT. This finding implies that the
spatial range of the attentional focus was probably not the
main factor behind the initiation time slowing found in
Experiments 1 and 2.

One possible process that may have contributed to the
findings in Experiments 1 and 2 is a fatigue-related decrease
in the participants’ ability to orient their attention to the
peripherally presented stimulus, resulting in a slower ini-
tialisation of the pointing movement (Hilt & Cardellicchio,
2020; Paneri & Gregoriou, 2017). Therefore, as introduced
above, in Experiment 3, we added an auditory cuing para-
digm (No cue, Orientation cue, and Central cue conditions)
to examine the potential attentional orientation in ToT-
related effects.

Experiment 3
Methods

Participants. In total, 27 undergraduate students partici-
pated for extra course credits. Applying the same gaze
fixation criteria as before, three participants were excluded
leaving a total of 24 participants (18 females, three left-
handed, aged between 19 and 34years, M=23.92,
SD=4.66). Based on self-report, the mean sleep duration
was 7.97 hr (SD=1.18). The statistical power was adequate
to detect significant differences (see a priori power calcu-
lation above).

Task and stimuli. In Experiment 3, the same target positions
were used as in Experiment 2 and the procedure of the
experiment was identical to the procedures in the first two
experiments. Experiment 3, however, was different in
respect to the additional trial conditions (see Figure 1c).
Specifically, three auditory cue conditions were used: Ori-
entation cue, Central cue, and No cue conditions. The
auditory cue was a 250Hz tone presented for 200ms
through regular earphones. The cue-target interval was
200ms. In the Orientation cue condition, the cue was pre-
sented monaurally to either the left or the right ear always
on the side of the screen where the actual target would be
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Figure 4. Results of five pointing performance measures (a to e) and saccadic latency (f) in Experiment 3. Error bars represent a
within-subject error (Cousineau, 2005). Please note that the scale of figures is different to those used in the previous experiments

(i.e., Figures 2 and 3).

presented. Participants were informed that the monaural
cues indicated the side of the target location. In the Central
cue condition, the cue was presented binaurally, while in
the No cue condition, the cue was omitted. In this experi-
ment, the auditory signal accompanied by the visual feed-
back in the first two experiments was omitted to avoid
interference with the auditory cue. To ensure balance in the
number of trials across conditions, there were 72 trials in
each block. It should be noted that Experiment 3 included
a higher number of trials than Experiments 1 and 2; there-
fore; this experiment lasted longer, about 20 min.

Data analysis. The data analyses were identical to those
described in Experiments 1 and 2 except that, in addition
to the factors of ToT and Target distance, the Cue (three
auditory cue conditions) was also used as a within-subject
factor in the rANOVA. Significant Cue main effects were
followed by pairwise comparisons using a Bonferroni

correction. In addition, the analyses of movement error
and movement time slopes were identical to the procedure
described in Experiments 1 and 2, except that the slopes
were also estimated separately for each cue condition
(thus, for both measures, 18 slopes were extracted for each
participant).

Results

Descriptive statistics are presented in the supplementary
materials (see Tables S5, S6, S7, S8). Figure 4 depicts the
result for each variable and Table 3 presents the main sta-
tistical analyses. Continuous performance of the task was
associated with a significant increment in subjective
fatigue, indicating that the pointing task remains subjec-
tively fatiguing for the participants even if it is combined
with a cuing paradigm, #23)=-3.42, p<.0l, 95%
CI=[-25.34, -6.24].
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Table 3. Main effects and interactions yielded by rANOVA in Experiment 3.

Main effects and Initiation Variables
interactions time
Movement Movement MT / ME Response Saccadic
time (MT) error (ME) ratio time latency
ToT Foue 427 3.37% 0.62 2.36 0.83 0.47
n, 16 A3 03 .09 04 02
Target distance Fii2z 3.29 663.08*+* 64.29%+* 12.67%* 613,17+ 16.52%%*
(TD) ne 12 97 74 35 96 42
Cue Foue 575.93%#k 0.95 2.14 0.58 101,095 210.03%#*
n, 96 .00 .08 02 82 .09
ToTXTD Foue 0.04 1.86 1.38 0.94 1.70 0.17
n, .00 07 .06 04 07 ol
ToT X Cue Foue 2.84* 1.91 2.47* 3.22% 1.56 0.83
n, Al .08 1.00 12 06 04
TD X Cue Foue 1.36 1.82 0.75 0.88 2.48 135
n, 06 07 ol 04 10 .06
ToT X TD X Cue Fas) 0.31 0.31 0.23 0.44 0.21 1.03
n, 0l 0l 0l 20 0l 04

ANOVA: analysis of variance.
*p <.05, ¥p < .01, *F*p <.001.

Initiation time. The analysis of initiation time yielded a sig-
nificant main effect of ToT; initiation times became slower
over time. Simple planned contrast analysis showed a sig-
nificant difference between the first and the third block of
trials, F(1,23)=5.30, p<.05; ni =.19. There was a sig-
nificant main effect of the Cue with significant differences
between all cue conditions. Initiation times on trials fol-
lowing an Orientation cue were shorter compared to the
other two cue conditions, Orientation versus Central cue:
#23)=-6.70, p<.001, 95% CI=[-0.016, —0.007]; Orien-
tation versus No cue: #(23)=-27.20, p<<.001, 95%
CI=[-0.100, —0.083], suggesting that the Orientation cues
directed participant’s attention towards the possible loca-
tion of the target and reduced the time required to initiate
the pointing movement. The Central cues also turned out
to be advantageous. Initiation time on trials following a
Central cue was found to be shorter than on trials without
such a cue, Central versus No cue: #(23)=-23.33, p<.001,
95% CI=[—0.089, —0.071], suggesting that after being
presented by an auditory cue participants became gener-
ally more alert and reacted faster.

Pertinent in this study was that the ToT X Cue interac-
tion on initiation time was significant. Follow-up analysis
revealed a significant main effect of ToT for the No cue
condition, F(2,46)=5.71, p<.05, m; =.20, showing
shorter initiation times in the first block compared to the
third block of trials, F(1,23)=8.56, p<.01, n; = 27. In
contrast, there was no significant ToT effect on trials pre-
ceded by Central cues, F(2,46)=.85, n.s., nf, =.04, or
Orientation cues, F(2,46)=2.32, n.s., nf, =.09. These

findings suggest that participants’ attentional orientation
ability was not necessarily compromised as they became
tired. Even in the last block they remained alert for fast,
phasic initiations. In addition, importantly, the results in
the No cue condition replicated the finding of the first two
experiments and supported the first hypothesis, showing
that the initialisation of mouse-pointing movements in the
absence of auditory signals slows down with increasing
ToT. This ToT effect was again not significantly affected
by target distance.

Movement time and error. The time of the movement exe-
cution phase significantly decreased with ToT. Planned
contrast comparisons showed that movement time was
longer in the first block compared to the second,
F(1,23)=4.97, p<.05; n; =.18 , and third block of trials,

F(1,23)=4.93, p<.05; m, =.18. We also found a signifi-
cant Cue X ToT interaction for the MT/ME ratio. The MT/
ME decrement over time was significant only for the Cen-
tral cue condition, main effect of ToT, No cue:
F(2,46)=1.72, p=.19, nﬁ =.07; Orientation cue:

F(2,46)=2.83, p=.07, m,=.11; and Central cue:

F(2,46)=3.38, p<.05, n?, =.13; see also Figure 4. This
disadvantageous effect of the Central cues was independ-
ent from the target distance and came mainly from the
more erroneous movement execution with ToT, Block 1
versus Block 3: F(1,23)=4.33, p<.05; ni =.16. More
specifically, further analysis of the significant Cue X ToT
interaction for movement errors revealed that, in the third
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block, participants’ movement execution on Central cue
trials became significantly more erroneous compared to
No cue trials, ME: #23)=-3.703, p<<.01, 95%
CI=[-1.654, —0.468], see also Figure 4. In sum, these
findings suggest an alerting effect of the Central cues: this
cue type may have alerted and urged participants to move,
which, however, resulted in more erroneous movements
as the participants spent more time on the task.

Finally, in line with the previous experiments, the over-
all response time did not significantly change as a function
of ToT. A change in performance strategy seems, however,
to be unlikely based on the results of the slope analyses.
Specifically, the estimated movement time slopes were not
significantly different from zero (p=.07-.93). The one-
sample t-test analyses of estimated movement error slopes
showed that only one slope was significantly higher than
zero, indicating that slower initiation times were associ-
ated with a more erroneous movement execution only in
the second block if the target was presented on the far loca-
tion and was preceded by an orienting cue, #23)=2.30,
<.05,95% CI=[0.015, 0.285]. No other movement error
slopes, however, differed significantly from zero (p=.10—
.96). Furthermore, the rANOVAs showed no significant
changes in the movement error and movement time slopes
with increasing ToT (all Fs<2.93, p=.07-1.0) suggesting
again that changes in the association between the prepara-
tory and execution phases were unlikely to occur during
task performance.

Response time and saccadic eye movements. The significant
advantage of Orientation and Central cues over the No cue
trials was observed for saccadic latencies and response
time. Post hoc analyses showed that the initialisation of
saccadic eye movements and the response time was sig-
nificantly longer when No cue preceded the target, Sac-
cadic latency: No cue versus Central cue: #(23)=15.45
p<<.001, 95% CI=[46.46, 65.11]; No cue versus Orienta-
tion cue: #23)=15.37, p<.001, 95% CI=[50.01, 70.21];
response time: No cue versus Central cue: #(23)=9.80,
p<.001, 95% CI=[0.06, 0.10]; No cue versus Orientation
cue: #(23)=12.82, p <.001, 95% CI=[0.07, 0.11]. Further-
more, both measures were found to be significantly higher
when the target was presented at the farther distance.

Discussion

In accordance with Hypothesis 1, Experiment 3 provided
additional evidence for a slower movement initiation with
increasing ToT in the condition with no auditory cues. In
this experiment, we included tests of orientation ability by
comparing Central and Orientation cue conditions as a
widely accepted marker of attentional orientation (e.g.,
Fan et al., 2002; Jennings et al., 2007). In general, initia-
tion times and saccadic latencies in Orientation cue trials
were faster than in Central cue trials, indicating that the

orientation cues successfully directed the participants’
attention. Importantly, this difference remained constant
over the whole duration of the task, implying that even
after longer ToT, participants could still adequately utilise
the information provided by the cues.

The robustness of orientation ability to ToT seems to be
related to alerting characteristics of the cues. Participants’
phasic alertness level was examined as the comparison of
the Central cue and No cue trials (Fan et al., 2002). A con-
stant advantage of Central cue trials over No cue trials was
found with ToT indicating that fatigued participants were
still able to increase their response readiness after being
presented with a cue. Thus, to conclude, neither an
impaired orientation ability nor a low level of phasic alert-
ness can be considered as major factors behind the initia-
tion time slowing as a function of ToT.

General discussion

Preparation of visually guided movements involves pro-
cesses, such as the planning of the magnitude and timing
of muscular forces and the forming of predictions about
the consequences of the planned movement (Elliott et al.,
2017). These processes are known to be influenced by top-
down control and therefore may be potentially sensitive to
the detrimental effect of ToT (e.g., Marchant, 2011; Wolpe
et al., 2016). Accordingly, the present set of experiments
systematically examined the vulnerability of visually
guided pointing movements to ToT. In three experiments,
mouse-pointing movement was tested with variables relat-
ing both to the pre-movement preparatory phase and the
movement execution phase.

First, the overall speed (i.e., response time) of the point-
ing movement was insensitive to ToT. Thus, on average,
participants did not become slower or faster overall during
the task. Nevertheless, the two components of response
time (initiation time and movement time) had opposite
tendencies: while the initiation time increased with ToT,
the movement time decreased. In addition, movement
errors generally increased in the second experiment and in
the Central cue condition in the third experiment. In line
with our first hypothesis, the findings of all three experi-
ments converged on the conclusion that the participants
took longer to initiate their movement as they spent more
time on the task.

The second hypothesis on movement execution also
received support, albeit less consistently. In two experi-
ments, we found a decreased MT/ME ratio, with ToT sug-
gesting a time-related change in the speed—accuracy
criterion towards speed at the expense of accuracy. This,
however, cannot be considered clear support of our second
hypothesis because although we found that participants
moved faster, this was accompanied with significantly
more errors in Experiment 2 only. In Experiment 3, partici-
pants reacted impulsively (i.e., faster, with more errors) in
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the Central cue condition only. All in all, the experiments
imply that ToT mainly induces a slower pre-motor plan-
ning, which is often accompanied by faster movement
execution. Although initially this seems to indicate some
sort of strategic trade-off, it appears to be a less adaptive
one because the faster execution speed was often associ-
ated with more errors.

The ToT-related slowing in movement initiation did not
show only in the more spatially complex target layout in
Experiment 1 but also in the two experiments that adopted
a simpler spatial layout (Experiments 2 and 3). This indi-
cates that the complexity of the spatial layout may affect
general pointing performance in terms of speed and errors
but would not be the driving force behind the ToT effects
on response initiation time.

One alternative explanation for the increased move-
ment initiation time was that ToT compromised the partici-
pants’ ability to orient their attention towards the targets.
Attentional orientation is modified by both top-down and
bottom-up processes, and so a ToT-related detrimental
effect seemed plausible (Chica et al., 2016; Kolb et al.,
1982; Paneri & Gregoriou, 2017). This possibility was
examined by looking at the saccadic latencies. In each
experiment, the results for the initiation of saccades sug-
gested that participants’ orientation ability remained insen-
sitive to ToT. Consequently, the finding that saccadic
latencies were not affected by ToT suggests that targets
remained both sensory and attentional capturing even
when the participants already became fatigued.

By comparing the Central and Orientation cue condi-
tions, Experiment 3 confirmed in a more direct way that
orientation ability remained unaffected by ToT. Initiation
time and saccadic latencies were generally faster in
Orientation cue trials than in Central cue trials, and this
difference remained constant over the whole task duration.
More generally, the central cues in Experiment 3 also pro-
vided a test of the participants phasic alertness. That is, the
central cues (compared with No cue trials) were able to
increase the participants’ response readiness even after
considerable ToT.

An interesting finding was that in Experiment 3, the
increased movement-initiation time was replicated in only
the No cue condition. This seems to suggest that instead of
being the result of reduced phasic alertness, ToT seems to
have had an impact mainly through a decreased tonic alert-
ness. Tonic alertness, or intrinsic alertness, is related to
top-down control of arousal in the absence of external cues
and influences sustained attention and executive control
(Degutis & Van Vleet, 2010; Posner, 2008; Weinbach &
Henik, 2012). This notion fits nicely with previous studies
stating that under ToT-induced fatigue, people are still able
to marshal adequate levels of cognitive control when they
are sufficiently externally alerted or motivated (Hopstaken
et al., 2015a, b). Nevertheless, particularly the self-sustained
maintenance of readiness seems sensitive to the detrimen-
tal effects of fatigue or ToT (van der Linden, 2011).

Throughout the three experiments, we also found some
support for our second hypothesis, for more impulsive
movement due to ToT. The evidence was less clear and
consistent in comparison to the empirical support for
Hypothesis 1, though. Specifically, due to ToT, partici-
pants consistently became faster in their movement exe-
cution, but that was not always accompanied by more
errors. Moreover, in all three experiments, overall
response time (initiation time plus movement time) did
not significantly relate to ToT. The clearest evidence for
impulsive movements was observed in Experiment 2, in
which we found a marginally decreasing movement time,
MT/ME ratio, and more errors as a function of ToT.
Because of the relatively low cognitive demand of
Experiment 2, fatigued participants may have felt less of
the need to control their movements and may have disen-
gaged from the task more than in Experiment 1, where the
target layout was more complex, or in Experiment 3,
where the variable cue conditions exogenously enhanced
their alertness and attention.

The notion of more impulsive performance under
fatigue fits with the model of Elliott et al. (2010, 2017).
Their model emphasises the importance of continuous
limb regulation during the executive phase of movement
(or distance-covering phase). During this phase, impulse
regulation can correct movement direction and velocity in
case of discrepancies between the actual movement and
the expectations derived from the movement phase. In the
current set of experiments, we did not examine corrections
within the movement trajectory. Therefore, we could not
directly determine to what extent participants controlled
and/or corrected their movement path. Nevertheless, we
tend to interpret the faster and sometimes also more erro-
neous movement as indications of generally less controlled
movement due to lowered tonic alertness or arousal.

The notion of impulsivity due to lowered arousal is also
in line with the model of Howells et al. (2012), stating that
hypo-aroused individuals with a suboptimal tonic firing
rate in the LC-NE system are inattentive and impulsive in
their responses. The model converges with studies show-
ing that attention-deficit/hyperactivity disorder (ADHD)
and its animal model (spontancously hypertensive rat
model, SHR) are accompanied by lowered arousal levels,
accounting for an impulsive, reflexive behavioural style
(Aron & Poldrack, 2005; Howells et al., 2009, 2010).
Importantly, decreased alertness is also known to be related
to enhanced task disengagement, which is found to be a
major factor behind enhanced mental fatigue induced by
ToT (see, ¢.g., Hopstaken et al., 2015a, b).

Finally, as mentioned above, it is plausible that perfor-
mance strategies coordinating the initiation and execution
phases may have occurred over the course of the tasks. Yet,
the slope analyses showed no clear statistically tendentious
change in the association between initiation time and the
two execution measures over ToT (significant associations
were found in only a very few cases). These results suggest
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no strong interconnection between the preparatory and the
execution phases of movements, therefore leaving rela-
tively little room for the interpretation that the changes in
movement preparation and execution belonged to a coordi-
nated performance strategy.

In light of overall findings of the experiments, alterna-
tive interpretations also need to be discussed. First, a pos-
sible strategy raised was that with an increase in ToT,
participants learn how to delay the initialisation of their
movement to improve movement execution. This strategy
would, however, require a strong, direct connection
between the preparation and the execution of movements,
which was not found in the three experiments. In addition,
the movement error increased over ToT, suggesting that
even if any learning process had taken place, it was not so
successful, considering that response time remained con-
stant with ToT.

Second, one may point to the possibility of a compensa-
tory strategy in which fatigued participants pay less atten-
tion to movement preparation and instead focus more on
the cognitively less demanding online adjustment of their
movement path. However, such a strategy can be expected
to be associated with longer movement execution times
and, possibly, shorter movement preparation time. Thus,
such a strategy seems less likely because that would lead
to an actual mirror image of the findings that we reported
in the three experiments.

To examine further the effects of ToT on pointing
movements, future studies may want to consider examin-
ing ToT-related changes in the association of movement
initiation and execution more systematically. More sys-
tematic analysis may be carried out by varying, e.g., the
maximal duration of the initiation period or by displacing
the targets after the movement was initialised, forcing the
individuals to control more their movement path online.

To conclude, in three experiments, we found evidence
that both the preparatory and the execution phases of
pointing movements are affected by increasing ToT. The
findings imply that participants’ tonic alertness declined
and compromised the cognitive control in a top-down
manner, resulting in a slow initialisation and an impulsive
movement execution. In contrast, the phasic alertness and
the associated spatial orientation ability remained robust to
the detrimental effects of fatigue.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
The study was supported by the National Research, Development
and Innovation Office (NKFIH K120012).

579
ORCID iDs
Andras Zsido https://orcid.org/0000-0003-0506-6861
Arpad Csathé https://orcid.org/0000-0002-0284-654X

Data accessibility statement

0

The data and materials from the present experiment are publicly
available at the Open Science Framework website: https://data.
mendeley.com/datasets/6cnm4n3gdc/draft?a=bc62669-6b5c-
43£7-9d99-af6dc193464

Supplementary material

The supplementary material is available at qjep.sagepub.com.

References

Ackerman, P. L. (Ed.). (2011). Cognitive fatigue: Multidis-
ciplinary perspectives on current research and future appli-
cations. American Psychological Association. https://doi.
org/10.1037/12343-000

Aron, A. R., & Poldrack, R. A. (2005). The cognitive neurosci-
ence of response inhibition: Relevance for genetic research
in attention-deficit/hyperactivity disorder. Biological
Psychiatry, 57(11), 1285-1292. https://doi.org/10.1016/].
biopsych.2004.10.026

Aston-Jones, G., & Cohen, J. D. (2005). An integrative theory
of locus coeruleus-norepinephrine function: Adaptive gain
and optimal performance. Annual Review of Neuroscience,
28, 403-450.

Bener, A., Yildirim, E., Ozkan, T., & Lajunen, T. (2017). Driver
sleepiness, fatigue, careless behavior and risk of motor
vehicle crash and injury: Population based case and control
study. Journal of Traffic and Transportation Engineering
(English Edition), 4(5), 496-502. https://doi.org/10.1016/j.
jtte.2017.07.005

Boksem, M. A. S., Meijman, T. F., & Lorist, M. M. (2006). Mental
fatigue, motivation and action monitoring. Biological
Psychology, 72(2), 123-132. https://doi.org/10.1016/].
biopsycho.2005.08.007

Buckley, R. J., Helton, W. S., Innes, C. R. H., Dalrymple-Alford,
J. C., & Jones, R. D. (2016). Attention lapses and behav-
ioural microsleeps during tracking, psychomotor vigilance,
and dual tasks. Consciousness and Cognition, 45, 174-183.
https://doi.org/10.1016/j.concog.2016.09.002

Chica, A. B., Bayle, D. J., Botta, F., Bartolomeo, P., & Paz-
Alonso, P. M. (2016). Interactions between phasic alerting
and consciousness in the fronto-striatal network. Scientific
Reports, 6(1), 31868. https://doi.org/10.1038/srep3 1868

Churchland, M. M., & Shenoy, K. V. (2007). Delay of move-
ment caused by disruption of cortical preparatory activity.
Journal of Neurophysiology, 97(1), 348-359. https://doi.
org/10.1152/jn.00808.2006

Corben, L. A., Georgiou-Karistianis, N., Bradshaw, J. L.,
Hocking, D. R., Churchyard, A. J., & Delatycki, M. B.
(2011). The Fitts task reveals impairments in planning and
online control of movement in Friedreich ataxia: Reduced
cerebellar-cortico connectivity? Neuroscience, 192, 382—
390. https://doi.org/10.1016/j.neuroscience.2011.06.057


https://orcid.org/0000-0003-0506-6861
https://orcid.org/0000-0002-0284-654X
https://data.mendeley.com/datasets/6cnm4n3gdc/draft?a=bc6266f9-6b5c-43f7-9d99-af6dc19346f4
https://data.mendeley.com/datasets/6cnm4n3gdc/draft?a=bc6266f9-6b5c-43f7-9d99-af6dc19346f4
https://data.mendeley.com/datasets/6cnm4n3gdc/draft?a=bc6266f9-6b5c-43f7-9d99-af6dc19346f4
https://doi.org/10.1037/12343-000
https://doi.org/10.1037/12343-000
https://doi.org/10.1016/j.biopsych.2004.10.026
https://doi.org/10.1016/j.biopsych.2004.10.026
https://doi.org/10.1016/j.jtte.2017.07.005
https://doi.org/10.1016/j.jtte.2017.07.005
https://doi.org/10.1016/j.biopsycho.2005.08.007
https://doi.org/10.1016/j.biopsycho.2005.08.007
https://doi.org/10.1016/j.concog.2016.09.002
https://doi.org/10.1038/srep31868
https://doi.org/10.1152/jn.00808.2006
https://doi.org/10.1152/jn.00808.2006
https://doi.org/10.1016/j.neuroscience.2011.06.057

580

Quarterly Journal of Experimental Psychology 75(4)

Cousineau, D. (2005). Confidence intervals in within-subject
designs: A simpler solution to Loftus and Masson’s method.
Tutorials in Quantitative Methods for Psychology, 1(1),
42-45. https://doi.org/10.20982/tqmp.01.1.p042

Degutis, J. M., & Van Vleet, T. (2010). Tonic and phasic alert-
ness training: A novel behavioral therapy to improve spa-
tial and non-spatial attention in patients with hemispatial
neglect. Frontiers in Human Neuroscience, 4, Article 60.
https://doi.org/10.3389/fnhum.2010.00060

DeLuca, J. (Ed.). (2005). Fatigue as a window to the brain. MIT
Press. https://doi.org/10.7551/mitpress/2967.001.0001

Demeter, E., Hernandez-Garcia, L., Sarter, M., & Lustig, C.
(2011). Challenges to attention: A continuous arterial spin
labeling (ASL) study of the effects of distraction on sus-
tained attention. Neurolmage, 54(2), 1518-1529. https://
doi.org/10.1016/j.neuroimage.2010.09.026

Elliott, D., Hansen, S., Grierson, L. E. M., Lyons, J., Bennett,
S. J., & Hayes, S. J. (2010). Goal-directed aiming: Two
components but multiple processes. Psychological Bulletin,
136(6), 1023—1044. https://doi.org/10.1037/a0020958

Elliott, D., Lyons, J., Hayes, S. J., Burkitt, J. J., Roberts, J. W.,
Grierson, L. E. M., Hansen, S., & Bennett, S. J. (2017). The
multiple process model of goal-directed reaching revis-
ited. Neuroscience & Biobehavioral Reviews, 72, 95-110.
https://doi.org/10.1016/j.neubiorev.2016.11.016

Epling, S. L., Russell, P. N., & Helton, W. S. (2016). A new
semantic vigilance task: Vigilance decrement, workload,
and sensitivity to dual-task costs. Experimental Brain
Research, 234(1), 133—139. https://doi.org/10.1007/s00221-
015-4444-0

Fan, J., McCandliss, B. D., Sommer, T., Raz, A., & Posner, M.
L. (2002). Testing the efficiency and independence of atten-
tional networks. Journal of Cognitive Neuroscience, 14(3),
340-347. https://doi.org/10.1162/089892902317361886

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007).
G*Power 3: A flexible statistical power analysis program
for the social, behavioral, and biomedical sciences. Behavior
Research Methods, 39(2), 175-191. https://doi.org/10.3758/
BF03193146

Guo, Z., Chen, R., Liu, X., Zhao, G., Zheng, Y., Gong, M., &
Zhang, J. (2018). The impairing effects of mental fatigue
on response inhibition: An ERP study. PLOS ONE,
13(6), Article e0198206. https://doi.org/10.1371/journal.
pone.0198206

Hilt, P. M., & Cardellicchio, P. (2020). Attentional bias on motor
control: Is motor inhibition influenced by attentional reori-
enting? Psychological Research, 84(2), 276-284. https://
doi.org/10.1007/s00426-018-0998-3

Hockey, G. R. J. (1997). Compensatory control in the regulation of
human performance under stress and high workload: A cog-
nitive-energetical framework. Biological psychology, 45(1—
3), 73-93. https://doi.org/10.1016/S0301-0511(96)05223-4

Hopstaken, J. F., van der Linden, D., Bakker, A. B., &
Kompier, M. A. J. (2015a). A multifaceted investigation
of the link between mental fatigue and task disengagement.
Psychophysiology, 52(3), 305-315. https://doi.org/10.1111/
psyp.12339

Hopstaken, J. F., vander Linden, D., Bakker, A. B., & Kompier, M.
A.J. (2015b). The window of my eyes: Task disengagement

and mental fatigue covary with pupil dynamics. Biological
Psychology, 110, 100-106. https://doi.org/10.1016/j.biopsy-
cho.2015.06.013

Howells, F. M., Bindewald, L., & Russell, V. A. (2009). Cross-
fostering does not alter the neurochemistry or behavior of
spontaneously hypertensive rats. Behavioral and Brain
Functions, 5(1), Article 24. https://doi.org/10.1186/1744-
9081-5-24

Howells, F. M., Stein, D. J., & Russell, V. A. (2010). Perceived
mental effort correlates with changes in tonic arousal dur-
ing attentional tasks. Behavioral and Brain Functions, 6(1),
Article 39. https://doi.org/10.1186/1744-9081-6-39

Howells, F. M., Stein, D. J., & Russell, V. A. (2012). Synergistic
tonic and phasic activity of the locus coeruleus norepi-
nephrine (LC-NE) arousal system is required for optimal
attentional performance. Metabolic Brain Disease, 27(3),
267-274. https://doi.org/10.1007/s11011-012-9287-9

Janczyk, M., & Kunde, W. (2010). Does dorsal processing require
central capacity? More evidence from the PRP paradigm.
Experimental Brain Research, 203(1), 89—100. https://doi.
org/10.1007/s00221-010-2211-9

Jennings, J. M., Dagenbach, D., Engle, C. M., & Funke, L. J.
(2007). Age-related changes and the attention network task:
An examination of alerting, orienting, and executive func-
tion. Aging, Neuropsychology, and Cognition, 14(4), 353—
369. https://doi.org/10.1080/13825580600788837

Jones, M. J., Dunican, 1. C., Murray, K., Peeling, P., Dawson,
B., Halson, S., Miller, J., & Eastwood, P. R. (2018). The
psychomotor vigilance test: A comparison of different
test durations in elite athletes. Journal of Sports Sciences,
36(18), 2033-2037. https://doi.org/10.1080/02640414.201
8.1433443

Kolb, B., Pittman, K., Sutherland, R. J., & Whishaw, 1. Q.
(1982). Dissociation of the contributions of the prefrontal
cortex and dorsomedial thalamic nucleus to spatially guided
behavior in the rat. Behavioural Brain Research, 6(4), 365—
378. https://doi.org/10.1016/0166-4328(82)90018-3

Lal, S. K. L., & Craig, A. (2001). A critical review of the psycho-
physiology of driver fatigue. Biological Psychology, 55(3),
173-194. https://doi.org/10.1016/S0301-0511(00)00085-5

Langner, R., & Eickhoft, S. B. (2013). Sustaining attention to
simple tasks: A meta-analytic review of the neural mecha-
nisms of vigilant attention. Psychological Bulletin, 139(4),
870-900. https://doi.org/10.1037/a0030694

Langner, R., Steinborn, M. B., Chatterjee, A., Sturm, W.,
& Willmes, K. (2010). Mental fatigue and temporal
preparation in simple reaction-time performance. Acta
Psychologica, 133(1), 64-72. https://doi.org/10.1016/j.act-
psy.2009.10.001

Lee, J.-H., & van Donkelaar, P. (2002). Dorsal and ventral visual
stream contributions to perception-action interactions dur-
ing pointing. Experimental Brain Research, 143(4), 440—
446. https://doi.org/10.1007/s00221-002-1011-2

Lee, K.-M., Chang, K.-H., & Roh, J.-K. (1999). Subregions within
the supplementary motor area activated at different stages
of movement preparation and execution. Neurolmage, 9(1),
117-123. https://doi.org/10.1006/nimg.1998.0393

Le Mansec, Y., Pageaux, B., Nordez, A., Dorel, S., & Jubeau, M.
(2018). Mental fatigue alters the speed and the accuracy of


https://doi.org/10.20982/tqmp.01.1.p042
https://doi.org/10.3389/fnhum.2010.00060
https://doi.org/10.7551/mitpress/2967.001.0001
https://doi.org/10.1016/j.neuroimage.2010.09.026
https://doi.org/10.1016/j.neuroimage.2010.09.026
https://doi.org/10.1037/a0020958
https://doi.org/10.1016/j.neubiorev.2016.11.016
https://doi.org/10.1007/s00221-015-4444-0
https://doi.org/10.1007/s00221-015-4444-0
https://doi.org/10.1162/089892902317361886
https://doi.org/10.3758/BF03193146
https://doi.org/10.3758/BF03193146
https://doi.org/10.1371/journal.pone.0198206
https://doi.org/10.1371/journal.pone.0198206
https://doi.org/10.1007/s00426-018-0998-3
https://doi.org/10.1007/s00426-018-0998-3
https://doi.org/10.1016/S0301-0511(96)05223-4
https://doi.org/10.1111/psyp.12339
https://doi.org/10.1111/psyp.12339
https://doi.org/10.1016/j.biopsycho.2015.06.013
https://doi.org/10.1016/j.biopsycho.2015.06.013
https://doi.org/10.1186/1744-9081-5-24
https://doi.org/10.1186/1744-9081-5-24
https://doi.org/10.1186/1744-9081-6-39
https://doi.org/10.1007/s11011-012-9287-9
https://doi.org/10.1007/s00221-010-2211-9
https://doi.org/10.1007/s00221-010-2211-9
https://doi.org/10.1080/13825580600788837
https://doi.org/10.1080/02640414.2018.1433443
https://doi.org/10.1080/02640414.2018.1433443
https://doi.org/10.1016/0166-4328(82)90018-3
https://doi.org/10.1016/S0301-0511(00)00085-5
https://doi.org/10.1037/a0030694
https://doi.org/10.1016/j.actpsy.2009.10.001
https://doi.org/10.1016/j.actpsy.2009.10.001
https://doi.org/10.1007/s00221-002-1011-2
https://doi.org/10.1006/nimg.1998.0393

Matuz et al.

581

the ball in table tennis. Journal of Sports Sciences, 36(23),
2751-2759. https://doi.org/10.1080/02640414.2017.1418647

Lim, J., & Dinges, D. F. (2010). A meta-analysis of the
impact of short-term sleep deprivation on cognitive vari-
ables. Psychological Bulletin, 136(3), 375-389. https://doi.
org/10.1037/a0018883

Lim, J., Ebstein, R., Tse, C.-Y., Monakhov, M., Lai, P. S.,
Dinges, D. F., & Kwok, K. (2012). Dopaminergic polymor-
phisms associated with time-on-task declines and fatigue in
the Psychomotor Vigilance Test. PLOS ONE, 7(3), Article
€33767. https://doi.org/10.1371/journal.pone.0033767

Lim, J., Wu, W., Wang, J., Detre, J. A., Dinges, D. F., & Rao, H.
(2010). Imaging brain fatigue from sustained mental work-
load: An ASL perfusion study of the time-on-task effect.
Neurolmage, 49(4), 3426-3435. https://doi.org/10.1016/;.
neuroimage.2009.11.020

Liu, G., Chua, R., & Enns, J. T. (2008). Attention for perception
and action: Task interference for action planning, but not
for online control. Experimental Brain Research, 185(4),
709-717. https://doi.org/10.1007/s00221-007-1196-5

Liversedge, S., Gilchrist, 1., & Everling, S. (2011). The Oxford
handbook of eye movements. Oxford University Press.

Loh, S., Lamond, N., Dorrian, J., Roach, G., & Dawson, D.
(2004). The validity of psychomotor vigilance tasks of
less than 10-minute duration. Behavior Research Methods,
Instruments, & Computers, 36(2), 339-346. https://doi.
org/10.3758/BF03195580

Lorist, M. M. (2008). Impact of top-down control during men-
tal fatigue. Brain research, 1232, 113-123. https://doi.
org/10.1016/j.brainres.2008.07.053

MacKenzie, 1. S., Kauppinen, T., & Silfverberg, M. (2001).
Accuracy measures for evaluating computer pointing
devices. In Proceedings of the SIGCHI conference on
human factors in computing systems (pp. 9—16). https://doi.
org/10.1145/365024.365028

Marchant, D. C. (2011). Attentional focusing instructions and
force production. Frontiers in Psychology, 1, Article 210.
https://doi.org/10.3389/fpsyg.2010.00210

Massar, S. A. A., Poh, J.-H., Lim, J., & Chee, M. W. L. (2020).
Dissociable influences of implicit temporal expecta-
tion on attentional performance and mind wandering.
Cognition, 199, 104242. https://doi.org/10.1016/j.cogni-
tion.2020.104242

Matthews, R. W., Ferguson, S. A., Sargent, C., Zhou, X.,
Kosmadopoulos, A., & Roach, G. D. (2017). Using inter-
stimulus interval to maximise sensitivity of the Psychomotor
Vigilance Test to fatigue. Accident Analysis & Prevention,
99, 406—410. https://doi.org/10.1016/j.aap.2015.10.013

Nagai, Y., Critchley, H. D., Featherstone, E., Fenwick, P. B. C.,
Trimble, M. R., & Dolan, R. J. (2004). Brain activity relating
to the contingent negative variation: An fMRI investigation.
Neurolmage, 21(4), 1232—1241. https://doi.org/10.1016/].
neuroimage.2003.10.036

Oken, B. S., Salinsky, M. C., & Elsas, S. M. (2006). Vigilance,
alertness, or sustained attention: Physiological basis and
measurement. Clinical Neurophysiology, 117(9), 1885—
1901. https://doi.org/10.1016/j.clinph.2006.01.017

Paneri, S., & Gregoriou, G. G. (2017). Top-down control of visual
attention by the prefrontal cortex: Functional specialization

and long-range interactions. Frontiers in Neuroscience, 11,
Article 545. https://doi.org/10.3389/tnins.2017.00545

Peirce, J. W. (2007). PsychoPy—Psychophysics software in
Python. Journal of Neuroscience Methods, 162(1), 8-13.
https://doi.org/10.1016/j.jneumeth.2006.11.017

Peirce, J. W. (2009). Generating stimuli for neuroscience using
PsychoPy. Frontiers in Neuroinformatics, 2, Article 10.
https://doi.org/10.3389/neuro.11.010.2008

Pilcher, J. J., Band, D., Odle-Dusseau, H. N., & Muth, E. R.
(2007). Human performance under sustained operations
and acute sleep deprivation conditions: Toward a model
of controlled attention. Aviation Space and Environmental
Medicine, 78(Suppl. 5), B15-B24.

Posner, M. 1. (2008). Measuring alertness. Annals of the New
York Academy of Sciences, 1129(1), 193—199. https://doi.
org/10.1196/annals.1417.011

Rozand, V., Lebon, F., Papaxanthis, C., & Lepers, R. (2015).
Effect of mental fatigue on speed—accuracy trade-off.
Neuroscience, 297, 219-230. https://doi.org/10.1016/j.neu-
roscience.2015.03.066

Sarter, M., Gehring, W. J., & Kozak, R. (2006). More atten-
tion must be paid: The neurobiology of attentional effort.
Brain Research Reviews, 51(2), 145-160. https://doi.
org/10.1016/j.brainresrev.2005.11.002

Schneider, D. W. (2017). Phasic alertness and residual
switch costs in task switching. Journal of Experimental
Psychology: Human Perception and Performance, 43(2),
317-327. https://doi.org/10.1037/xhp0000318

Smith, M. R., Fransen, J., Deprez, D., Lenoir, M., & Coutts, A.
J. (2017). Impact of mental fatigue on speed and accuracy
components of soccer-specific skills. Science and Medicine
in Football, 1(1), 48-52. https://doi.org/10.1080/02640414
.2016.1252850

Smyrnis, N., Evdokimidis, I., Constantinidis, T. S., & Kastrinakis,
G. (2000). Speed-accuracy trade-off in the performance of
pointing movements in different directions in two-dimen-
sional space. Experimental Brain Research, 134(1), 21-31.
https://doi.org/10.1007/s002210000416

Sokolov, E. N., & Sokolov, E. N. (1963). Perception and the
conditioned reflex. https://agris.fao.org/agris-search/search.
do?recordID=US201300320298

Solianik, R., Satas, A., Mickeviciene, D., Cekanauskaite, A.,
Valanciene, D., Majauskiene, D., & Skurvydas, A. (2018).
Task-relevant cognitive and motor functions are prioritized
during prolonged speed—accuracy motor task performance.
Experimental Brain Research, 236(6), 1665-1678. https://
doi.org/10.1007/s00221-018-5251-1

Spiegel, M. A., Koester, D., Weigelt, M., & Schack, T. (2012).
The costs of changing an intended action: Movement plan-
ning, but not execution, interferes with verbal working
memory. Neuroscience Letters, 509(2), 82—-86. https://doi.
org/10.1016/j.neulet.2011.12.033

Spivey, M. J., Grosjean, M., & Knoblich, G. (2005). Continuous
attraction toward phonological competitors. Proceedings of
the National Academy of Sciences of the United States of
America, 102, 10393—-10398.

Steinborn, M. B., Langner, R., Flehmig, H. C., & Huestegge, L.
(2016). Everyday life cognitive instability predicts simple
reaction time variability: Analysis of reaction time distribu-


https://doi.org/10.1080/02640414.2017.1418647
https://doi.org/10.1037/a0018883
https://doi.org/10.1037/a0018883
https://doi.org/10.1371/journal.pone.0033767
https://doi.org/10.1016/j.neuroimage.2009.11.020
https://doi.org/10.1016/j.neuroimage.2009.11.020
https://doi.org/10.1007/s00221-007-1196-5
https://doi.org/10.3758/BF03195580
https://doi.org/10.3758/BF03195580
https://doi.org/10.1016/j.brainres.2008.07.053
https://doi.org/10.1016/j.brainres.2008.07.053
https://doi.org/10.1145/365024.365028
https://doi.org/10.1145/365024.365028
https://doi.org/10.3389/fpsyg.2010.00210
https://doi.org/10.1016/j.cognition.2020.104242
https://doi.org/10.1016/j.cognition.2020.104242
https://doi.org/10.1016/j.aap.2015.10.013
https://doi.org/10.1016/j.neuroimage.2003.10.036
https://doi.org/10.1016/j.neuroimage.2003.10.036
https://doi.org/10.1016/j.clinph.2006.01.017
https://doi.org/10.3389/fnins.2017.00545
https://doi.org/10.1016/j.jneumeth.2006.11.017
https://doi.org/10.3389/neuro.11.010.2008
https://doi.org/10.1196/annals.1417.011
https://doi.org/10.1196/annals.1417.011
https://doi.org/10.1016/j.neuroscience.2015.03.066
https://doi.org/10.1016/j.neuroscience.2015.03.066
https://doi.org/10.1016/j.brainresrev.2005.11.002
https://doi.org/10.1016/j.brainresrev.2005.11.002
https://doi.org/10.1037/xhp0000318
https://doi.org/10.1080/02640414.2016.1252850
https://doi.org/10.1080/02640414.2016.1252850
https://doi.org/10.1007/s002210000416
https://agris.fao.org/agris-search/search.do?recordID=US201300320298
https://agris.fao.org/agris-search/search.do?recordID=US201300320298
https://doi.org/10.1007/s00221-018-5251-1
https://doi.org/10.1007/s00221-018-5251-1
https://doi.org/10.1016/j.neulet.2011.12.033
https://doi.org/10.1016/j.neulet.2011.12.033

582 Quarterly Journal of Experimental Psychology 75(4)

tions and delta plots. Applied Cognitive Psychology, 30(1), Weinbach, N., & Henik, A. (2012). The relationship between

92-102. https://doi.org/10.1002/acp.3172 alertness and executive control. Journal of Experimental
Stigchel, S. V., der Vries, J. P., de Bethlehem, R., & Theeuwes, Psychology: Human Perception and Performance, 38(6),
J.(2011). A global effect of capture saccades. Experimental 1530-1540. https://doi.org/10.1037/a0027875
Brain Research. Experimentelle Hirnforschung. Experimen- Wolpe, N., Ingram, J. N., Tsvetanov, K. A., Geerligs, L., Kievit,
tation Cerebrale, 210(1), 57—-65. https://doi.org/10.1007/ R. A., Henson, R. N., Wolpert, D. M., & Rowe, J. B. (2016).
s00221-011-2602-6 Ageing increases reliance on sensorimotor prediction
van der Linden, D. (2011). The urge to stop: The cognitive and bio- through structural and functional differences in frontostriatal
logical nature of acute mental fatigue. In P. L. Ackerman (Ed.), circuits. Nature Communications, 7(1), 13034. https://doi.
Cognitive fatigue: Multidisciplinary perspectives on current org/10.1038/ncomms 13034
research and future applications (pp. 149—164). American Zentai, N., Csatho, A., Trunk, A., Fiocchi, S., Parazzini, M.,
Psychological Association. https://doi.org/10.1037/12343-007 Ravazzani, P., Thuréczy, G., & Hernadi, 1. (2015). No
Van der Linden, D., Frese, M., & Meijman, T. F. (2003). Mental effects of acute exposure to Wi-Fi electromagnetic fields
fatigue and the control of cognitive processes: Effects on on spontaneous EEG activity and psychomotor vigilance
perseveration and planning. Acta psychologica, 113(1), in healthy human volunteers. Radiation Research, 184(6),

45-65. https://doi.org/10.1016/S0001-6918(02)00150-6 568-577. https://doi.org/10.1667/RR13896.1


https://doi.org/10.1002/acp.3172
https://doi.org/10.1007/s00221-011-2602-6
https://doi.org/10.1007/s00221-011-2602-6
https://doi.org/10.1037/12343-007
https://doi.org/10.1016/S0001-6918(02)00150-6
https://doi.org/10.1037/a0027875
https://doi.org/10.1038/ncomms13034
https://doi.org/10.1038/ncomms13034
https://doi.org/10.1667/RR13896.1

