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Abstract
Study Objectives

This study investigates the impact of sleep deprivation (SD) on task-goal switching, a key component of cognitive flexibility.

Methods

Task-goal switching performance was tested after one night of regular sleep (n = 17 participants) or of total SD (» = 18). To understand the
relationships between task-switching performance and other cognitive processes following SD, participants were tested for other key
attentional (alertness and vigilance) and executive (inhibition and working memory) functions. Spontaneous eye blink rate (EBR) was also

measured as an indirect marker of striatal dopaminergic function.

Results

SD negatively affects task-goal switching as well as attentional and inhibition measures, but not working memory. Changes in task-goal
switching performance were not significantly correlated with changes in objective and subjective markers of fatigue and sleepiness, response
mhibition, or spontaneous EBR.

Conclusions

Altogether, our results show differentiated effects of SD on key executive functions such as working memory, inhibition, and task-goal
switching.

sleep deprivation, task switching, cognitive flexibility, cognitive control, dopamine, eye blink

Statement of Significance

This study is the first to evidence impact of sleep deprivation on task-goal switching, a key component of cognitive flexibility and cognitive
control. Moreover, alterations in task-goal switching were not associated with changes in spontaneous eye blink rate as well as attentional and
executive functions. These results are of significance because sleep debt is more and more present in modern society, and cognitive flexibility

subtends rapid adaptation to constantly changing situations or environments, a condition usually encountered in everyday life.
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Introduction

Cognitive control (also called executive functions or executive control [1]) refers to the mental ability to regulate thoughts and actions in accordance
with internally represented goals [1-3]. Cognitive control allows individuals to define a goal, choose a strategy to achieve it, and monitor its execution
[1]. Specifically, cognitive control enables an adaptation to novel situations when overlearned routines are insufficient. Cognitive flexibility is a crucial
component of cognitive control that subtends rapid adaptation to constantly changing situations or environments, a condition usually encountered in

everyday life [4].

Cognitive flexibility is usually investigated in laboratory conditions using task-switching paradigms (for reviews, see Refs. 5 and [6]) in which
participants repeatedly switch between two tasks or more. For instance, participants can be presented with colored shapes and instructed to decide
between colors (red vs. blue) or shapes (circle vs. square) according to a cue presented previously. Switching between tasks leads to more errors
and increased processing time compared with performing the same task [6-8]. The additional time to respond (or higher error rate) in a shifting task
condition is called a switch cost. It is usually computed by subtracting the mean reaction time (or error rate) for repeated conditions from the reaction

time (or error rate) for switch conditions.

Importantly, task switching in itself is not a unitary process. It is rather a complex mechanism that involves several components. Imagine you are
photocopying different documents. Some of them are printed double-sided but the others are single-sided and need to be printed onto a single sheet of
paper. In addition, consider that the documents are mixed in a fixed order, which you cannot change (i.e., you cannot photocopy the double-sided
documents first and then the others, meaning you have to switch between conditions). Succeeding in this situation need at least two distinct sets of
operations. First, for each document, you have to keep in mind whether you are photocopying a double-sided document. In the task-switching
literature, this stage has been labeled “task-goal activation.” [9, 10] Second, you have to program the settings of the photocopier to a “duplex printing”
or a “convert to duplex printing” mode, according to the task goal. This stage has been labeled “task-rule activation” and requires retrieving the rules
that allow achieving the goal (i.e., the photocopier instruction manual in this example) in long-term memory [9, 10]. In sum, for any given task,
preparation requires setting a goal (“what to do?”; i.e., task-goal activation) followed by the activation of the rules (“how to do the task?”; ie.,
task-rule activation). The task-rule activation stage depends on the complexity of the instructions. Indeed, in the example mentioned above, the task-
rule activation depends on the complexity of the photocopier instruction manual. In simple experimental tasks like color and shape discrimination, the
task-goal activation is the task to perform (e.g., color discrimination), and the task-rule activation stage is most often achieved by activating the
necessary stimulus—response (S—R) mappings (i.e., the S-R instructions) to execute the task [9, 10]. For instance, a production rule for response

selection in a color discrimination task might have the following form [10]:

“IF ((GOAL IS TO DO COLOUR-DISCRIMINATION TASK) AND (STIMULUS COLOUR IS RED)) THEN (PRESS RIGHT INDEX-
FINGER KEY).”

As can be seen from this instruction set, correct task goal activation is needed to adequately implement the task rule. If you experiment problems or
fail in one of these two stages, you will be slower or commit errors, particularly when you have to switch between tasks. However, you could fail
because you struggle to retrieve the goal but apply the correct rule, or because you retrieve the correct goal but struggle to apply the rule. This is why
the distinction between task-goal and task-rule is essential in the task switching literature. In a switching situation, task-goal switching refers to the
first component, whereas task-rule switching refers to the second one. Rubinstein and colleagues [10] proposed that, during task-goal switching, the
current goal is inserted into declarative working memory (WM), and the previous goal is deleted. They also suggested that, during task-rule switching,
S—R rules for the current task are loaded into procedural WM. Therefore, a way to investigate the dissociation between task-goal and task-rule
switching is to compare tasks involving a strong S—R mapping (memory) load and tasks involving a weak load or an absent one. For instance, Ravizza
and colleagues [11, 12] conducted several experiments investigating the impact of S—R rules on task switching. They used odd-man-out test situations
(i.e., participants had to find the stimulus that did not match the others). In the weak S—R load condition, responses were spatially congruent to the
target stimulus location, that is, participants did not need to learn arbitrary S—R rules. On the contrary, in the strong S—R load condition, participants
were required to respond according to an arbitrary rule that had previously been memorized. Because arbitrary S—R mapping involves the learning of
a response code (i.e., a rule) that often does not match the target dimension (e.g., red is arbitrarily associated with the left response key, blue with the
right response key), switching conditions particularly rely on task-rule switching [5]. In addition, arbitrary S—R mapping gives rise to potential sources
of interference as both learning and keeping or retrieving the arbitrary rule in long-term memory are needed to perform the task [13]. By contrast, in

nonarbitrary mapping conditions, the response is naturally associated with the target’s features, which decreases the impact of task-rules and



emphasizes task-goal activation.

Besides S—R mappings, the type of cues indicating the task to perform is another element that influences task-rule switching. Depending on its nature,
the cue itself can represent an additional rule to learn [5, 6, 14]. A cue can be strong (i.e., transparent, e.g., the word “color” used to signal a color
judgment task) or weak (i.e., arbitrary, e.g., a triangle indicates the color task and a diamond indicates the shape task). Weak cues increase the
involvement of task-rule activation because the information provided by the cue is not sufficient in itself to define the task to perform, and participants
must retrieve the meaning of the cue (i.e., the rule) in long-term memory in addition to the main task [5, 6]. Therefore, the use of transparent cues
also emphasizes task-goal activation and decreases the impact of task-rules. As expected, arbitrary (weak) cues give rise to higher switch costs than

transparent (strong) ones [5, 14, 15].

The functional dissociation between task-goal and task-rule switching has been evidenced using functional neuroimagery and latent factor analyses
[16-18]. Task-goal and task-rule switching have been shown to rely on distinct neural processes and substrates. Event-related potentials studies
identified an early parietal and frontal positivity associated with task-goal activation, and late parietal positivity and frontal negativity associated with
task-rule activation [16]. Functional magnetic resonance imaging studies also found that left anterior regions are differentially involved in task-goal
and task-rule representations with the ventrolateral prefrontal cortex (PFC) involved in abstract rules representation, the presupplementary motor
area (pre-SMA) involved in rules suppression, and the inferior frontal junction (IFJ) involved in task-goal representation. Posterior regions [i.c., the
posterior parietal cortex (PPC) and the intraparietal sulcus (IPS)] are more involved in S-R rules and response-sets representations [16, 17]. Ina
recent study [ 18] using latent factor analyses, 20 task pairs were administered to 119 young adults to assess five proposed components of mental set
shifting. Task-goal switching was labeled Judgment shifting and required participants to switch between varying classification tasks. For example,
participants had to determine either the color or the shape of objects presented. Task-rule switching was labeled mapping shifting, and participants
had to switch between S—R mappings. Three other components, which we will not manipulate in this study, were also assessed, namely, dimension
shifting, response set shifting, and stimulus set shifting. Modeling latent factors for each of the components revealed that a model with five separate
yet correlated factors fits the data best. Importantly, task-goal switching was more consistently associated with a separate factor than task-rule

switching and could not fully be accounted for by a general shifting factor, confirming the importance of dissociating these two stages.

Sleep deprivation (SD) is well known to exert a deleterious impact on various cognitive domains (e.g., Refs. 19-23), but only a few studies
investigated its impact on cognitive flexibility [24-27]. These studies found an increased switch cost after a night of total SD. However, several
executive functions were mixed in one study (i.e., response inhibition, task switching, and task strategy [27]), which results in difficult comparisons
and interpretations. The three other studies used task-switching paradigms that involved arbitrary S—R mapping (e.g., left button for red or circle
shape). Therefore, increased SD-related switch costs reported in prior studies [24-26] might be due to (or aggravated by) SD-related impairments in
memory load capacities eventually hampering cognitive flexibility. In addition, weak cues were used in all SD studies on task switching also increasing
the memory load [24-26]. In sum, these studies arguably evidenced task-rule switching deficits after SD. However, it remains disputable whether
task-goal switching in itself is impaired after SD, or if higher switch costs after SD are the consequence of SD-related difticulties to switch the rules

during task performance.

To the best of our knowledge, the specific impact of SD on the task-goal component remains unexplored. This information is of importance because
task-goal activation and maintenance are key features of most of the theoretical frameworks on cognitive control [3, 28, 29]. During task switching,
the goal of the task is generally a more transient representation than the rule, the latter being usually fixed at the beginning of the experiment during
instructions. As discussed above, task-goal and task-rule switching processes rely on distinct neural substrates [16, 17]. Likewise, SD does not
similarly affect neural activity in all brain regions [30, 31]. It is therefore possible that SD does not affect to the same extent task-goal and task-rule
switching processes. In a prior study [32], we measured task-goal switching using a cued match-to-sample task in which the response mapping was
congruent with the target location (i.e., nonarbitrary mapping) and the cues were words indicating the task to perform (i.e., transparent cues). Results
disclosed improved accuracy switch-cost scores after a short nap, indicating an effect of sleep on task-goal switching. These findings also suggest
that SD may have an opposite effect and deteriorate task-goal switching and consecutive accuracy switch-cost scores compared with regular sleep
(RS).

Finally, cognitive control abilities are tightly related to central dopaminergic activity. Striatal dopamine is thought to operate as a gating signal that
triggers the updating of WM and increases cognitive instability or flexibility [28, 29]. According to the work of Dreisbach et al [33]., dopamine plays a
central role in the stability—flexibility dilemma. In other words, to follow a goal-directed behavior, a compromise should be reached between
maintaining the current goal (i.e., keeping away from distraction) and updating information (i.e., adapting our behavior). Spontaneous eye blink rate
(EBR) has been described as an indirect marker of central dopaminergic function [34] linked to cognitive flexibility [33, 35-37]. For instance, healthy
people with higher EBR were shown to exhibit increased cognitive flexibility but also reduced cognitive stability [33, 36]. Interestingly, spontaneous
EBR increases after SD and positively correlates with sleepiness, which has been interpreted as increased central dopamine activity to counteract the

sleep drive [38, 39]. EBR is also a marker of drowsiness or sleepiness [40] and arousal levels [41]. However, recent results [42] have questioned the



plausibility of a dopamine increase after SD. Indeed, SD has been found to downregulate D2 and D3 receptors. Because spontaneous EBR primarily
relates to cognitive function via D2-driven modulation [37], one should thus expect an EBR decrease after SD, which is not the case [38, 39].
Furthermore, SD does not affect the impact of methylphenidate, a DA transporter blocker, on D2/D3 receptors [42], indicating that a dopamine
increase after SD is also rather improbable. Therefore, if the EBR increase observed after SD is not due to dopamine increase, it should not be

associated with a task-goal switching modulation after SD.

In this framework, the present study investigates the impact of one night of total SD on cognitive flexibility using a task-goal switching paradigm with
nonarbitrary mapping and strong (transparent) cue conditions that minimize task-rule cognitive load. We predicted that SD would aggravate switch
costs, indicating a task-goal switching alteration. We also predicted a spontaneous EBR increase after SD. However, as noted above, this increase
might not be associated with the task-goal switching alteration. Importantly, many studies have provided evidence for a deleterious impact of SD on
alertness, vigilance, WM, and other mental abilities [19-23]. In this respect, SD-related impairments in cognitive flexibility might be an indirect
consequence of the deterioration of these other cognitive functions. Therefore, we tested participants for other key attentional (alertness and
vigilance) and executive (inhibition and WM) functions [4, 43].

Material and Methods

Participants

Thirty-eight French-speaking participants gave their written informed consent to participate in this study approved by the Ethics Committee of the
Faculty of Psychological Sciences at the Université libre de Bruxelles (ULB). Data for three of them were discarded due to a technical failure during
the switching task. The remaining 35 participants (19 females) had a mean age of 21.94 & 2.52 years old (range = 18-26 years). All participants were
right-handed, had no history of medical, neurological, or psychiatric disorders, were free of any medication or drug, and without depression signs (13-
item Beck Depression Inventory [44]; score range = 0-5; cutoff score = 8). Participants’ chronotype was neutral (» = 29), moderate evening (n = 4),
or moderate morning (n = 2) types according to the Morningness—Eveningness Questionnaire [45] (score range = 35-63). Habitual fatigue level was
below the cutoff score on the Fatigue Severity Scale [46] (FSS; score range = 1.33-5.11; cutoff score = 5.5). There were four smokers in the SD
group and two smokers in the RS group. All smokers smoked less than 10 cigarettes per day.

Participants were required to maintain a RS-wake cycle for 3 days prior to the study (i.e., sleep at least 7 hours per night, go to bed before 01:00 am,
wake up before 10.30 am, and no naps during the day). Compliance was controlled using actigraphic recordings (ActiGraph wGT3X-BT Monitor,
Pensacola, FL). Participants were also asked to complete the St. Mary Hospital questionnaire [47] and a sleep diary after each night of sleep.

Procedure

Participants were assigned to one out of two conditions. They either slept at home between the evening and morning testing sessions (RS; 17
participants) or stayed awake in the laboratory during the entire night (SD; 18 participants). For organizational reasons, participants knew before the
testing session in which condition they were included. No difference was found between the two groups for all the above-mentioned inclusion criteria
(two-tailed #-tests for independent samples; all p-values >.26), except for a trend [#33) =—2.01; p = .052] on habitual fatigue levels (FSS scores), on
average higher in the SD (3.21 + 1.01) than in the RS (2.56 + 0.91) group. However, all scores remained below cutoff pathological values.

As illustrated in Figure 1, both SD and RS groups were first tested in the evening starting at 18:00. Participants completed the following tasks, always
in the same order: psychomotor vigilance task (PVT), subjective sleepiness (Karolinska Sleepiness Scale, KSS; Visual Analogue Scales for
Sleepiness, VAS-S) and fatigue (Visual Analogue Scales for Fatigue, VAS-F) scales, WM (N-back), and response inhibition (Stop-signal) executive
tasks (see below for a description of these tasks and scales). At 19:00, spontaneous EBRs were recorded for 3 minutes followed by the task-
switching protocol. Afterward, the RS group went home for a regular night of sleep, whereas the SD group stayed in the testing room during the
whole night under the constant supervision of two experimenters. During the SD period, participants were asked to remain quiet and seated most of
the time. They were allowed to engage in calm activities (e.g., reading, playing society games, and watching movies). Water was available ad libitum,
and isocaloric meals were offered hourly. Participants had to refrain from stimulant drinks (e.g., coffee, tea, or energizers) or smoking. The PVT and
the KSS were administered hourly to document changes in objective and subjective vigilance levels, respectively, over the night. At 09:00 am, the
second testing session started with the exact same protocol administered on the previous evening. Participants assigned to the RS group came to the

laboratory in the morning at 09:00 for the second testing session.

Figure 1.
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Schematic representation of the experimental protocol (evening, night, and morning sessions). KSS = Karolinska Sleepiness Scale;
VAS-F/S = Visual Analogue Scales for Fatigue/Sleepiness; PVT = Psychomotor Vigilance Task; RS = regular Sleep; SD = sleep
deprivation; EBR = spontaneous eye blink rate recording.

Fatigue, Sleepiness, Alertness and Vigilance, and EBR
At the beginning of each session, participants’ subjective level of sleepiness and fatigue were assessed using the KSS [48] and VAS-F/S [49].

Objective measures of alertness and vigilance were obtained using the 10-minute version of the PVT [50]. In the PVT, participants were instructed
to press a key as fast as possible whenever a millisecond countdown appeared in the middle of a computer screen. Stimuli were randomly presented
with an inter-stimuli interval ranging from 2 to 10 seconds. Alertness or PVT speed was estimated using the median reaction times (RTs), less
affected by extreme values than the mean [25, 51]. PVT variability as a marker of vigilance [52] was measured using the RTs’ coefficient of

variation, i.e., standard deviation divided by mean [53].

To record spontaneous EBR, participants were seated in a separate room 1 m away from a wall with a fixation cross at the level of the eyes. They
were instructed to relax, sit comfortably, and fixate the cross on the wall. They were allowed to move slightly and to blink but not to turn their head to
the right or left. This information helped diverting participants’ attention from their blinks. Eye movements and blinks were video-recorded for 3
minutes. Participants were seated in front of the fixation cross during the instructions, and the first 10 seconds of recording were not analyzed to
allow for adaptation to the environment. Video-recordings were visually inspected a posteriori to count the number of eye blinks. A blink was defined
as a rapid closing and opening of the eyelid: slow eye closures were not counted as blinks. Two independent evaluators counted the EBR, and results
were compared. In case of disagreement, the video was recounted for a third time and an agreement decided. Spontaneous EBR was computed as

the mean EBR per minute during each recording session and was entered in statistical analyses like in prior studies [54, 55].

WM and Inhibition Tasks

WM N-Back Task

The WM N-back task [56] was adapted from a previous study from our lab [57]. In the 0-back (NO) condition, they had to press the response key
only when the digit « 2 » appeared on the screen, i.e., a simple detection task. In the 2-back (N2) condition, they had to press the space bar when the
digit currently displayed matched the digit presented two steps earlier in the sequence. Therefore, the task required for successful comparison both
the maintenance and the updating of a series of items in WM. Participants performed five blocks of each condition with alternation of 0- and 2-back
conditions (see Supplementary Material for a detailed description of the task procedure). RTs and corrected accuracy scores (hits minus false
detections) were averaged over the five blocks per session for the N2 and NO conditions. WM performance reflecting the updating process (i.e.,
difference between N2 and NO conditions) was computed on corrected accuracy scores (WM accuracy = accuracy NO — accuracy N2) and on
mean RTs for correct responses (WM speed = RT N2 — RT NO). Lower scores reflect smaller differences between N2 and NO conditions,

indicating a better performance in the WM updating process.

Inhibition Stop Signal Task

The Stop Signal task evaluating response inhibition abilities was adapted from a previous study from our lab [58] (see Supplementary Material for a
detailed description). Participants were presented with arrows pointing to the left or to the right (go signals) at random intervals. They were instructed

to answer as quickly and as accurately as possible to which side the arrow was pointing by pressing the corresponding key. In 20% of the trials, a
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stop signal (vertical arrow) was displayed shortly after the horizontal arrow (see Supplementary Figure S1). In this case, participants were instructed
to try not responding, i.e., inhibiting the response initiated after presentation of the go signal. If the participant managed successfully to refrain from
responding, then the stop signal delay (SSD) was lengthened in the next stop trial, resulting in a harder response inhibition. If he or she failed (i.e., he
or she provided an answer even though the stop signal instructed not to), the SSD on the next stop trial was shortened to facilitate the response
inhibition. This SSD adaptive method guarantees a similar task difficulty across participants who work at the edge of their inhibitory capacities. The
stop signal reaction time (SSRT) was calculated for both morning and evening sessions. The SSRT is the maximal time delay between the go and the
stop signals at which the participant still successfully inhibit the initiated response (SSRT = mean RT — SSD). SSRT provides an individual index of
inhibitory control, with longer SSRT indicating poorer response inhibition [59].

Task-Goal Switching

Task-goal switching was assessed using a cued match-to-sample task from our lab [32]. The task design is illustrated in Figure 2. At the beginning of
each trial, an instruction cue was displayed in the center of the screen for 250 milliseconds, followed by a short (0 milliseconds) or a long (1800
milliseconds) cue-stimulus interval (CSI). Participants had to then match the stimulus presented in the upper part of the screen with one of the two
stimuli presented in the lower part of the screen according to the instruction cue. Responses were always spatially congruent to the target location,

i.e., left key for left answer and right key for right answer.

Figure 2.
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Cued match-to-sample switching task. For each trial, a fixation cross is followed by an instruction cue (“shape,” “color,” “number,” or
“outline”), after which three figures are presented. Participants are asked to decide which one of the two lower figures matches the top
one, depending on the instruction cue, and to press the corresponding key (left key for left figure and right key for right figure).

” o« ” o«

The task-switching protocol was programmed using Psyscope X software [60, 61] and run on Mac Mini computers. Participants answered on the
computer’s keyboard using their right and left hand forefingers. RT was recorded for each trial as the time elapsed from target onset to response (in
milliseconds). The cue was a written word of the relevant dimension (in French): COULEUR (color), FORME (shape), NOMBRE (number), or
CONTOUR (outline). For each trial, the three stimuli were presented on a black screen, each within a rectangle [9 cm wide (visual angle = 8.58°)
and 5 cm tall (4.77°)] in a triangular disposition, with the target picture on the top (Figure 2). The geometrical figures were 2.5 cm wide (2.39°) and

1.5 cm tall (1.43°). The distance between the screen and the participants’ eyes was approximately 60 cm.

Prior to the task, participants received written instructions that were repeated by the investigator before the session started. They were instructed to
press a key (“q” for left and “m” for right on an azerty keyboard) corresponding to the position (left or right, respectively) of the bottom picture that
matched the target (top picture) according to the cued dimension. A sample trial figure was included as an example. The participants were instructed
to perform as fast as possible while minimizing the number of errors. Each trial began with a fixation cross displayed at the center of the screen
during 450 milliseconds, followed by the cue presented for 250 milliseconds. Short and long CSI conditions were presented in a counterbalanced order
across participants. Beside warm-up trials, each CSI condition comprised two blocks of 96 trials (with 48 switch and 48 repeat trials in each block).

Repeat and switch trials were presented in a pseudo-randomized order controlling for transitions between dimensions and congruency effects. Each
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trial involved two dimensions that differ (e.g., shape and color) and two dimensions that were kept constant (e.g., number and outline). Trials were all
incongruent ones (i.e., each dimension was associated with a different response) so that it was always possible to know whether the participant
responded correctly according to the target dimension. Incongruency was, thus, kept constant during the entire task. The order of the dimensions was
pseudo-randomized to control for transitions and to ensure an equal number of presentations for each dimension. In the short CSI (0 milliseconds)
condition, the cue was directly followed by the target and the two potential matching figures until a response was provided. In the long CSI (1800
milliseconds) condition, a black screen followed the cue during 500 milliseconds was then replaced by a point in the center of the screen for 250
milliseconds. The black screen—point sequence was repeated twice, followed by another black screen for 300 milliseconds before the presentation of
the target and the two potential matching figures. The intertrial interval was set to 300 milliseconds in the long CSI condition and to 2100 milliseconds
in the short CSI condition to balance the total time for each trial. Both short and long CSIs were preceded by a training block of 10 trials and
administered within a single session that lasted approximately 30 minutes, with a short break between each interval type.

Task-goal switching analyses are based on the percentage of errors (task-switching accuracy) and on mean RTs for trials with correct responses
only (task-switching speed). Both measures are complementary and necessary to assess a potential task-switching modulation [62]. The first three
trials in each block were considered as warm-up trials and excluded from the analyses. Trials immediately following an error were also discarded
from the analyses (9% of trials). RTs” outliers were identified for each participant, each CSI duration (short vs. long), and each task-switching
condition (repeat vs. switch trials) using the generalized extreme studentized deviate (GESD) test [62]. This procedure led to discard 3.4% of trials.

Data Analyses

Data are expressed as mean =+ standard deviation, unless mentioned otherwise. Significance level was set at p <.05. Partial etas-squared was
calculated as a measure for effect size. Actigraphic data were analyzed using ActiLife 6 software (ActiGraph, 2014). Bedtime was visually
determined and compared with the information reported by the participants in their sleep diary. Sleep duration was computed using the Cole Kripke
algorithm [63]. Separate mixed-design ANOVAs were conducted with between-subject factor Group (RS vs. SD) and within-subject factor Session
(evening vs. morning). For task-goal switching accuracy and speed, mixed-design ANOV As were computed with between-subject factor Group and
within-subject factors Session, CSI Duration (short CSI vs. long CSI), and Task Switching (repeat trials vs. switch trials). Interactions with task
switching were decomposed using planned comparisons according to our hypotheses (i.e., increased switch costs in the SD group in the morning
compared with the evening and the RS group). Interactions were decomposed using Tukey’s post hoc comparisons when applicable. The
relationships between SD-related changes in task-goal switching performance and changes in other cognitive measures or scales were investigated
using Pearson correlations and Bayesian correlations using JASP-software [64]. Changes in fatigue and sleepiness subjective scores (VAS-S, VAS-
F, and KSS), task performance (PVT, N-back, and Stop Signal tasks), and spontaneous EBR were estimated by subtracting the results obtained
during the evening session from the results obtained during the morning session [ASession = morning session — evening session]. p-Values were
adjusted for multiple comparisons using Bonferroni correction per variable type compared with the measures of task switching. Correlations were
corrected for the three questionnaires scores (VAS-S, VAS-F, and KSS), two PVT measures (PVT speed and variability), and two N-back
performances (WM speed and WM accuracy). The difference between two correlation coefficients was computed using the r-to-Fisher-z
transformation: r’ =5*In(1+r) — In(1-r)], where r’ is the Fisher-z transformed (to a normally distributed variate) Pearson correlation coefficient, r and
r is the standard Pearson correlation coefficient. The significance of the difference between two correlation coefficients is computed as follows: d =

r1'—1y’, where d is the difference between the two Fisher z-transformed correlation coefficients; sd = Square Root ((n] + np—6)/((n1—3) * (np—-3))),
where sd is the standard error of the difference between the two normalized (Fisher-z transformed) correlation coefficients, ny and ny are the two
sample sizes (for r| and 1y, respectively). The test statistic d/sd is then evaluated against the # distribution with df = nj+ ny— 4 degrees of freedom.

The one-sided and two-sided p values are computed as usual, by considering either both sides or only one side of the #-distribution. Here, we chose

the two-sided p value.

Results

Sleep Prior to the Experiment

Mean sleep duration during Nights 1 to 3 preceding the experimental night averaged, respectively, 428 + 59, 428 + 57, and 474 + 69 minutes in the RS
group and 429 + 74, 433 + 71, and 444 + 61 minutes in the SD group. A mixed-design ANOVA computed on sleep duration with between-subject
factor Group (RS vs. SD) and within-subject factor Night (1 to 3) disclosed a main effect of Night [F(2,66) = 3.317, p = .042, nzp =.091].

Participants in both groups tended to sleep more during night 3 than during nights 1 (p =.065) and 2 (p = .098), without any significant difference



between nights 1 and 2 (p =.982). The main effect of Group and the Group % Night interaction failed to reach significance (all p-values >.357).
Actimetric measures indicate that the RS group slept 397 + 40 minutes during the experimental night, whereas the SD group did not sleep.

Sleepiness, Fatigue, Alertness, and Vigilance

Figure 3 presents the results and post hoc comparisons for the KSS, VAS-S, VAS-F, and PVT. Means and standard deviations are presented in
Supplementary Table S1. Interactions were significant for all variables (all ps <.001; see Supplementary Table S2). Post hoc tests showed that
scores were similar in RS and SD groups in the evening, but significantly differed in the morning with the SD group being more sleepy, more fatigued,

and exhibiting decreased alertness and vigilance.

Figure 3.
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Results for KSS, VAS-S, and VAS-F scores, PVT speed and variability, N-back task, Stop signal task, EBR, and task-goal switching for
both groups (RS, SD) and both sessions (evening, morning). RS = regular sleep group; SD = sleep deprivation group; KSS =
Karolinska Sleepiness Scale; VAS-F/S = Visual Analogue Scales for Fatigue/Sleepiness; PVT = Psychomotor Vigilance Task; PVT
speed = PVT median of RTs; PVT variability = PVT coefficient of variation of RTs; EBR/minute = spontaneous eye blink rate per minute;
WM (working memory N-Back) speed = RT N2 — RT NO; WM accuracy = accuracy NO — accuracy N2; SSRT = Stop Signal Reaction
Time; Accuracy and Latency switch costs = switch trials — repeat trials. *p < .05; **p < .01; ***p < .001.

50 group

WM and Inhibition

WM N-Back Task

Figure 3 presents the results and post hoc comparisons for WM speed and accuracy. Means and standard deviations are presented in Supplementary
Table S3. The mixed-design ANOVA disclosed a main effect of Group [F(1,33) = 6.06, p =.019, n2p =.155], with RS participants exhibiting a higher

accuracy than the SD group. Session and Group x Session interaction effects failed to reach significance (all p-values >.258). The mixed-design

"
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ANOVA computed on WM speed disclosed a main effect of Session [F(1,33) =7, p =.012, n‘p =.175], with participants being faster in WM in the

morning than in the evening. Group and Group x Session interaction effects failed to reach significance (all p-values >.174).

Inhibition Stop Signal Task

Figure 3 presents the results and post hoc comparisons for the Stop Signal task. Means and standard deviations are presented in Supplementary Table
S3. The mixed-design ANOVA computed on SSRT disclosed a main effect of Group [F(1,33) = 6.22, p =.018, nzp =.158] and a significant Group x

Session interaction [F(1,33) = 17.23, p <.001, nzp =.343]. The Session effect was not significant [F(1,33) =.69, p = .412, n2p =.02]. Post hoc

comparisons indicated that, in the SD group, SSRT increased in the morning compared with the evening (p =.006). SSRT in the evening and morning
sessions did not differ significantly from those in the RS group (p =.115). SSRT was significantly higher in the SD group than in the RS group in the
morning (p <.001) but not in the evening (p =.996).

Spontaneous EBR

Figure 3 presents the results and post hoc comparisons for spontaneous EBR. Means and standard deviations are presented in Supplementary Table
S3. The mixed-design ANOVA computed on mean EBR disclosed a significant main effect of session [F(1,33) =7.47, p = .01, nzp =.185]and a

significant Group x Session interaction [F(1,33) = 10.85, p =.002, n2p =.247]. The Group effect was not significant [F(1,33) = .41, p = .525, r]2p =

.012]. Post hoc comparisons indicated that, in the SD group, EBR increased in the morning compared with the evening (p <.001) session. In the RS
group, EBR did not differ between evening and morning sessions (p <.979). No other comparison reached statistical significance (all p-values
>.149).

The Pearson correlation coefficient between EBR in the evening and morning sessions in the RS group was highly significant (» = 0.903, p <.001).
This correlation was not significant in the SD group (» = 0.365, p = .137). Correlation coefficients were significantly different between the RS and SD

groups (p =.007).

Task-Goal Switching

For task-goal switching accuracy, the mixed-design ANOVA computed on percentages of errors disclosed main effects of Group [F(1,33) =6.97, p
=.013, nzp =.174], Session [F(1,33) =7.49, p = .01, n2p =.185], CSI Duration [F(1,33) = 10.45, p = .003, nzp = .241], and Task Switching [F(1,33)
=51.37,p <.001, r|2p =.609], as well as Group x Session [F(1,33) =20.61, p <.001, nzp =.384], Group x Task Switching [F(1,33) =5.77,p =.022,
nzp =.149], Group x Session x Task Switching [F(1,33) = 6.55, p = .015, nzp =.166], and Group x Session x CSI Duration [F(1,33) =5.79, p = .022,
nzp =.149] interaction effects. No other interaction reached significance (all p-values >.328). Planned comparisons for the Group x Session x Task

Switching interaction indicated that accuracy switch-cost scores were significantly higher in the SD group than in the RS group in the morning (p =
.005) but not in the evening (p = .689). Furthermore, accuracy switch-cost scores increased in the SD group in the morning compared with the
evening (p = .041). Figure 3 presents accuracy switch-cost scores for both groups and both sessions. Figure 4 presents accuracy scores for repeat
and switch trials, for both groups, both sessions, and both CSI durations. Supplementary Table S4 presents RTs and switch-cost scores for both
groups, both sessions, and both CSI durations.

Figure 4.
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Task-goal switching accuracy in the cued match-to-sample task by session (evening, morning) and trials (repeat, switch) for RS and
SD groups; RS = regular sleep group; SD = sleep deprivation group. The accuracy switch costs are the difference between switch and
repeat trials. **p < .01; *p < .05.

Post hoc tests for the Group % Session x CSI Duration interaction indicated that participants in the SD group made more errors in the morning than in
the evening for both short (p =.019) and long (p <.001) CSIs. They also made more errors in the morning than participants in the RS group for long
CSI (p = .003). No other comparison reached statistical significance (all p-values >.127).

Concerning task-goal switching speed, the mixed-design ANOVA computed on RTs disclosed a main effect of Task Switching [F(1,33) =4.77,p =
.036, nzp =.126] with participants being faster on repeat trials than on switch trials (878 = 167 vs. 893 + 184 milliseconds). The Group x Session

interaction was significant [F(1,33) =5.06, p = .031, n2p =.133], but post hoc comparisons failed to disclose significant differences (all p-values

>.175). No other comparison reached statistical significance (all p-values >.16). Figure 3 presents accuracy switch-cost scores for both groups and

both sessions. Supplementary Table S5 presents RTs and switch-cost scores for both groups, both sessions, and both CSI durations.

Relationships Between Impairments in Task-Goal Switching and Other
Variables

In the evening session, we observed a significant negative correlation between EBR and task-goal switching accuracy (across all participants).
Participants with lower spontaneous EBR displayed higher accuracy switch costs. This relationship was significant at long CSI (» =—0.353; p =.037)
but did not reach significance at short CSI (» = 0.265; p = .124). However, in the SD group, correlations between ASession accuracy switch-cost
scores and ASession VAS-S, VAS-F, KSS, EBR, PVT speed, PVT variability, Stop signal task SSRT or WM speed, and accuracy did not reach
statistical significance (all p-values >.213). These results indicate that increases in accuracy switch-cost scores (i.e., worse performance) from
morning to evening after SD were not significantly associated with the alterations of other variables after SD (for detailed values, see Supplementary

Table S6).

Finally, in the SD group, we assessed the relationships between SD effects on EBR and other cognitive measures or scales (for detailed values, see
Supplementary Table S6). No significant correlations were evidenced between ASession EBR and ASession for the other variables (all p-values
>.167).

We conducted Bayesian correlational analyses [64] in the SD group to investigate the statistical significance of the null hypothesis (i.e., an absence of
association between the variables). Correlations between ASession accuracy switch-cost scores and ASession VAS-S, VAS-F, KSS, EBR, PVT
speed, Stop signal task SSRT, or WM accuracy were considered significantly in favor of the null hypothesis (Bayes Factors <0.333). Correlations
between ASession accuracy switch-cost scores and WM speed or PVT variability were considered as inconclusive (Bayes Factors comprised
between 0.333 and 3). Finally, correlations between ASession EBR and KSS, WM accuracy, or Stop signal task SSRT were also in favor of the null

hypothesis while they were considered inconclusive for the other variables.

Discussion
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The current study investigated the impact of one night of total SD on task-goal switching in healthy participants. Our results evidence deteriorated
task-goal switching performance after SD, characterized by higher accuracy switch costs in the morning compared with the evening in SD
participants, and higher accuracy switch costs than in the RS group in the morning but not in the evening. SD also deteriorated objective and
subjective markers of fatigue and sleepiness, increased spontaneous EBR, and decreased response inhibition in the Stop Signal task. However, we did
not find significant correlations between changes in task-goal switching performance and changes in objective and subjective markers of fatigue and

sleepiness, response inhibition, or spontaneous EBR. Finally, SD did not significantly affect WM updating measures in the N-back task.

To the best of our knowledge, the current study is the first to demonstrate that SD negatively affects the task-goal component of task switching.
Indeed, prior studies used paradigms investigating task-rule switching [24-26], a related but distinct component of cognitive flexibility [9, 10]. The
present findings are also consistent with our previous study that evidenced a beneficial effect of a nap on task-goal switching [32]. In the present
study, SD resulted in the reverse effects of napping, supporting the hypothesis of a relationship between sleep-related restorative processes and task-
goal switching performance. Task-goal activation and maintenance are key features in most theoretical frameworks of cognitive control [3, 28, 29].
Therefore, task-goal switching alterations observed after SD suggest that failure to adjust or maintain the task goal could be one of the reasons for a
deterioration of cognitive control after SD. Our results also extend previous research on task-rule switching [24-26] in showing that both task-goal

and task-rule switching can be affected by SD.

The effects of SD on task-goal switching were found on accuracy but not on response latencies. A significant Session % Group interaction was
observed on latency switch costs with a pattern similar to accuracy switch costs (Figure 3), but post hoc tests failed to disclose any significant
difference. The latency switch cost usually observed in task switching studies largely relies on the learning and rehearsal of arbitrary associations
between stimuli and responses [65, 66], and the preparation mainly benefits the rehearsal or the reconfiguration of S—R mappings (i.e., task-rules).
The proposal that retrieving information from long-term memory plays a central role in task switching was developed in the context of the retrieval-
demand hypothesis [66]. The authors observed that preparatory effects on switch costs and the retrieval-demands were eliminated when relevant
task rules (i.e., the critical S—R associations) were directly provided by the task cues. They also suggested that episodic retrieval might be sufficient
to explain the endogenous component (reconfiguration) of task switching. According to them, it would be impossible to represent more than one task
rule in WM. Consequently, after a switch, the next task rule has to be retrieved from long-term memory. They also suggested that in some cases the
failure to prepare (see also Ref. 67) requires retrieving S—R mappings when the targets are displayed, thus leading to a residual switch cost. This
proposal was supported by the fact that participants can only partially prepare, maybe for one S—R association at a time [65]. In line with these
elements, we propose that the latency switch cost is mainly affected by task-rule retrieval in episodic memory because these task rules are encoded
in long-term memory and their retrieval is predominantly a time consuming process affecting latency switch cost. In contrast, as evidenced by this
experiment and previous work from our team [32], the accuracy switch cost appears to be more related to task-goal switching. This is presumably
due to the fact that it involves an online maintenance and adaptation of the goal in WM, and less long-term memory retrieval. Failure to maintain or
adjust the goal would therefore be characterized by errors and an accuracy switch-cost. The state-instability hypothesis [20] posits that SD induces
instability in the capacity to maintain attention and alertness due to the growing influence of sleep initiating mechanisms. A major component of state
instability might be task-set instability. The task sets and task-goals can be subject to temporary breakdowns, an effect actually close to the notion of
goal neglect [68]. However, the notion of task-set instability is more restricted than the notion of state instability and allows clearer predictions. In
particular, it can be predicted that the consequences of SD will be stronger with additional conditions promoting task-set instability, like in a task-goal
switching paradigm. Indeed, shifting between tasks by definition involves a temporary task-set instability. Consequently, task-set instability after SD
should be stronger in switch than in repeat trials [26], a prediction supported by our data.

It is well known that insufficient sleep leads to a general slowing of response speed and increased variability in performance, particularly for simple
measures of alertness and vigilance [22, 69]. Accordingly, we evidenced SD-related changes in subjective and objective measures of sleepiness and
fatigue (including alertness and vigilance). RS and SD groups exhibited similar levels in the evening, but differed significantly in the morning, the SD
group being sleepier, more fatigued, less alert, and vigilant. In addition, spontaneous EBR were higher after SD. These results are in line with previous
findings [38-40, 70]. However, the increase in EBR was not significantly correlated with modulation of subjective and objective markers of sleepiness

or vigilance, indicating that SD-related processes causing EBR increase might differ from those affecting alertness and vigilance.

Task switching is one of the cognitive control components that has been most convincingly associated with spontaneous EBR [33, 35, 36, 55]. In this
study, we found a negative association between EBR and accuracy switch costs. This association was significant at long CSI, indicating that
preparation processes associated with goal adaptation and goal maintenance (proactive control) are associated with EBR and, putatively, with striatal
dopamine. Indeed, in previous research, increased EBR was also associated with increased cognitive flexibility and lower switch costs. It was
concluded that higher dopamine activity favors an easier disengagement from the previous task [33]. Our results are in line with this proposal.
However, the EBR increase observed after SD was not significantly associated with task-goal switching impairment, suggesting that different SD-
related processes affect spontaneous EBR and cognitive flexibility. This result is compatible with previous works that have questioned the plausibility



of a dopamine increase after SD [42]. Therefore, if the increase in EBR observed after SD is not due to dopamine increase, it should not be strongly
associated with a task-goal switching modulation after SD, which is the case in the present study. Our results, therefore, support the idea that EBR

increase after SD is not or only partially related to a dopamine increase or cognitive flexibility impairment.

Previous studies have shown that vigilance is much more affected by SD than executive functions [22, 71], and some studies have failed to disclose a
specific effect of SD on executive functions [72]. Executive functions are by essence multidimensional, and operate on and through other cognitive
processes. Therefore, any cognitive task recruiting executive functions will recruit other, more basic, processes as well, a phenomenon known as the
task impurity problem [73]. It cannot be excluded that low scores previously observed on executive function tasks after SD were due to deficits in
nonexecutive components of task performance, like alertness or vigilance, more than deficits in executive functioning per se. Controlling for
nonexecutive components in executive tasks can be achieved using control conditions and composite scores such as switch costs, SSRT, or WM
updating score. In the present study, WM updating measures were not affected by SD, in agreement with prior studies disclosing null [74, 75] or small
effects [76] of SD in a N-back task. On the other hand, SD exerted an impact on response inhibition in the Stop Signal task, which is in agreement
with prior findings [77, 78].

The lack of eye tracking or electrooculography (EOG) is a limitation of our study, as this would have allowed the evaluation of pupillary dilation, and
trial-to-trial changes in EBR during task, to track potential fluctuations in dopamine related to ongoing task demands [37]. For instance, both EBR
during task and pupillary dilation have been associated with cognitive processes such as cognitive inhibition [79] and mental fatigue [80]. Further
studies should investigate these aspects. Another limitation of our study is the absence of a direct comparison between task-rule and task-goal

switching. Future SD studies should use experimental designs allowing a direct comparison between these two components of task switching.

In conclusion, we showed here that total SD negatively affects both task-goal switching and response inhibition measures, but not WM updating.
Furthermore, spontaneous EBR increase after SD was not significantly associated with impaired task-goal switching. Altogether, our results confirm
the importance of considering key executive functions such as WM updating, inhibition, and task switching as, at least partially, separated [4, 43] and
having a relative sensitivity to the effects of SD.
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