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Introduction: It is widely admitted that both total sleep deprivation (TSD) and extended task engagement (Time-On-Task, TOT)
induce a cognitive fatigue state in healthy subjects. Even if EEG theta activity and adenosine both increase with cognitive fatigue, it
remains unclear if these modifications are common mechanisms for both sustained attention and executive processes.
Methods: We performed a double-blind counter-balanced (placebo (PCBO) and caffeine (CAF) - 2×2.5 mg/kg/24 h)) study on 24
healthy subjects (33.7 ± 5.9 y). Subjects participated in an experimental protocol including an habituation/training day followed by
a baseline day (D0 and D1) and a total sleep deprivation (TSD) day beginning on D1 at 23:00 until D2 at 21:00. Subjects performed
the psychomotor vigilance test (PVT) assessing sustained attention, followed by the executive Go-NoGo inhibition task and the
2-NBack working memory task at 09:15 on D1 and D2.
Results: We showed differential contributions of TSD and TOT on deficits in sustained attention and both executive processes. An
alleviating effect of caffeine intake is only observed on sustained attention deficits related to TSD and not at all on TOT effect. The
caffeine dose slows down the triggering of sustained attention deficits related to TOT effect.
Discussion: These results suggest that sustained attention deficits induced by TSD rely on the adenosinergic mechanism whereas TOT
effect observed for both sustained attention and executive would not.
Keywords: total sleep deprivation, time on task, caffeine, sustained attention, inhibition, working memory, cognitive fatigue, mental
fatigue, healthy subjects

Introduction
Cognitive/Mental fatigue, a general process associated with a sensation of exhaustion and lack of energy and resulting in
a decrease of cognitive capacity,1 is involved in 4 to 50% of accidents (eg road, aviation, railway, etc.) when human error
is engaged (for review see2). The longer subjects are engaged in a demanding cognitive task (Time-On-Task – TOT -
effect), the more impaired they will be on sustained attention or other attention and executive processes (for review1,3).
Cognitive/mental fatigue could be the outcome of an imbalance between energy demand/mental resource4,5 and/or the
outcome of a personal evaluation concerning the cognitive demand of the task.1,6

Accidents related to cognitive fatigue are often observed with sleepy subjects.2 Sleep, a well-regulated physiological process,
is under the control of two factors: 1) the homeostatic factor (the longer the time spent awake the greater the drive for sleep)
and 2) the circadian one that varies with a 24-hour periodicity independently of the amount of preceding sleep or wakefulness (for
review see7). Total sleep deprivation (TSD), which is characterized as a non-physiological prolonged duration of wakefulness is
an extreme situation inducing both subjective (complaint) and objective (reduction in latency to fall asleep) sleepiness state (for
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review see8). TSD is also responsible for deficits both on sustained attention, executive and higher cognitive processes (such as
planning, reasoning, etc.) in healthy individuals9,10 (for review see8).

Time on task (TOT) and sleepiness (ie, TSD) both contribute to cognitive/mental fatigue. Sustained attention deficits
related to TOT during 20-min of the Psychomotor vigilance test (PVT) have been observed in well-rested subjects, with
significant increase of self-reported sleepiness and mental fatigue.11,12 In addition, Gui et al found that impaired
spontaneous activity and connectivity in the resting-state DMN (default mode network) are associated with TOT effects
and mental fatigue during a PVT of 20 minutes.12 However subjective fatigue and sleepiness were shown increased and
driving performance deteriorated during a simulate monotonous night-time rural driving, concomitantly to increased
EEG delta, theta and alpha activity, while breaks improved driving and fatigue ratings but did not affect EEG activity and
sleepiness.13 During a neuropsychological test battery of approximately 90 minutes, significant increase of EEG-relative
power of theta activity was evidenced in frontal-central and parietal regions14 and a positive correlation was found
between PVT deficits related to TSD and changes in EEG theta activity particularly in centro-posterior brain areas.15 The
effects of TOT and TSD are evidenced in overlapping brain areas at least for sustained attention tasks.16–18 Wascher et al
have also observed an increase of frontal theta power of subjects cognitively fatigued (ie, a sensorimotor decision making
during 4 hours).16 The same results have also been observed in TSD situations.19–21

Both cognitive deficits related to TSD and TOT are also dependent of brain metabolic resources and this was shown in the
frontal cortex notably for TSD.19,22 Interestingly, Martin et al, proposed that mental fatigue causes localized changes in cerebral
fuel stores, which in turn contribute to changes in cerebral adenosine that acts on motivation during a prolonged and demanding
cognitive task through the interaction between adenosine and dopamine receptors.23 It is interesting to note that TOTeffects were
firstly revealed during a 20-min PVT task with an increase of response time, and secondly evidenced as associated with the
dopamine system (the DAT1 transporter precisely).11 Adenosine is a neuromodulator that reduces neural activity via binding to
adenosine receptors, mainly the A1 and A2A receptors.24,25 Adenosinergic mechanisms have been repeatedly shown to regulate
sustained and selective attention deficits associatedwith TSD, sometimes using caffeine, the non-selective competitive adenosine
receptor antagonist.25–27 Caffeine administration was evidenced both to reduce subjective sleepiness and to limit the cognitive
impairment on sustained attention induced by TSD (for review see25). Nevertheless, we found no data 1) relative to TOTeffects
during TSD on executive tasks such as inhibition and working memory and 2) regarding caffeine effects on cognitive deficits
related to TOT under TSD.

In this study, we sought to (i) determine the effects of TSD and TOT on three different cognitive processes (sustained
attention, motor inhibition, and working memory) and EEG theta power, and (ii) further examine their underlying mechanisms
through the influence of caffeine intake. Our interest in EEG theta power originates from our previous study, which showed
significant positive correlations between theta power in the centro-temporal brain region and the number of PVT lapses after TSD
under caffeine or placebo conditions, whereas no significant correlation was observed for alpha power.28

Methods
Participants
24 healthy subjects (33.7±5.9 years), after giving their informed written consent, were included in this randomized cross-over
and double-blind study that received the agreement of the Cochin–CPP Ile de France IV (Paris) Ethics Committee and of the
French National Agency for Medicines and Health Products Safety (ANSM, ID RCB Number: 2017-A02793-50). It was also
conducted according to the principles expressed in the Declaration of Helsinki of 1975 as revised in 2001 and in accordance
with the full trial protocol (PERCAF) that has been recorded (NCT03859882, 25/02/2019). Subjects had not travelled
between time zones within 7 days prior the study. They were free from medical, psychiatric and sleep disorders and were
excluded if they self-reported any use of medications with sleep related side effects and illicit drugs. Subjects were also
excluded if they reported a daily caffeine intake greater than 500 mg in order to minimize caffeine withdrawal effects during
the protocol, and they were asked to reduce their caffeine intake 48 hours before the protocol. Exclusion criteria additionally
included physical or mental health troubles based on (I) Hospital Anxiety and Depression scale, HAD ≥ 16, (II) significant
medical history, (III) Epworth Sleepiness Scale, ESS > 11, (IV) Pittsburg sleep quality index, PSQI > 6, (V) morningness-
eveningness questionnaire < 31 or > 69, (VI) habitual time in bed per night < 6 hours.10

https://doi.org/10.2147/NSS.S342922

DovePress

Nature and Science of Sleep 2022:14458

Quiquempoix et al Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Subjects completed a sleep/wake schedule for one week prior to the study. Their average daily caffeine consumption
was 254 ± 190 mg (mean ± SD). The characteristics of our subjects are summarized in Table 1.

Behavioural Tests and Parameters
Karolinska Sleeping Scale (KSS) for Sleepiness
Subjective sleepiness was assessed on a single-item scale using the Karolinska Sleepiness Scale (KSS). This 9-points
scale, based on a self-reported, assess awake/sleepiness rating.29 The different levels used for ratings were: 1 = very alert,
3 = alert, 5 = neither alert nor sleepy, 7 = sleepy (but not fighting sleep), 9 = very sleepy (fighting sleep). Our computer
version enables subject to choose out of the nine given options just before starting the PVT.

Psychomotor Vigilance Task (PVT) for Sustained Attention
We utilized a computer-based version of the 10-min PVT,9 that is detailed in previous studies.9,10 Results are expressed
as Response Time (RT) and number of lapses. Lapses were defined as Response Time (RT) > 500 ms and RTwere ranged
from 150 to 500 ms. We have also analyzed both 10% fast and 10% slow RT.30

Executive Task N°1: Go-NoGo for Motor Inhibition
In this first executive task,10 subjects were required either to respond or not to respond when a visual stimulus (a white
arrow) arrived on a screen (black). A detailed version of this task is described in a previous studies.10 In our study, the
proportion of “Go” and “No-Go” responses were respectively 75% and 25% of total trials. The total duration of the task
is 10 min. Results are expressed with the rate of errors by commission (ie, responding “Go” on a “No-Go” trial) or the
rate of omission (ie, no response on a “Go” trial) and the Response Time (RT).

Executive Task N°2: 2N-Back for Working Memory
In this second executive (visual working memory) task, pseudo-random sequences of letters appeared in the center of the screen
and subjects have to respond to specified letters. A detailed version of this task is described in a previous studies.10 Briefly this task
combined two conditions: (I) a control condition “0N-Back” consisting in responding to a specific letter (ie, letter W, also
permanently displayed at the bottom of the screen during the block) and (II) a working memory “2N-Back” condition where
participants had to respond whenever the current letter is identical to the letter presented two trials back
(ie, M-X-M). The total duration is around 10 min. Results are expressed as response time (RT) and percentage of correct
responses (CR).10

Table 1 Subjects Characteristics

Age 33.7 (±5.9)

Male gender 8 (33%)

Weight (kg) 65.5 (±9.6)

Height (m) 1.65 (±0.1)

Daily caffeine consumption (mg) 254 (±190)

Total Sleep Time (TST) (hours) 7.08 (±0.9)

Weekly physical exercise (hours) 2.6 (±1.3)

Epworth sleepiness scale 8.3 (±9.6)

Notes: The main characteristics of our subjects with their mean (± s.e.m.)
age, the number (proportion) of male gender, their mean (± s.e.m.) weight,
theirmean (± s.e.m.) height, theirmean (± s.e.m.) daily caffeine consumption,
their mean (± s.e.m.) total sleep time, their mean (± s.e.m.) weekly physical
exercise and their mean (± s.e.m.) Epworth Sleepiness Score.
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Time on Task (TOT) Analysis
Time on task (TOT) effect was visually inspected minute by minute and quantitatively assessed by comparing the first 3 and the
last 3 minutes on PVT (RTand number of lapses but not for RT 10% fastest and 10% slowest due to insufficient number of trials),
Go/No-Go (RT, rate of No-Go errors) and 2N-Back tasks (TR, rate of correct responses). This was chosen i) to approximately
estimate time on task kinetic and ii) because a 3-minute task is often used to evaluate cognitive fatigue.31

Study Design and Testing Conditions
This is a laboratory-based, double-blind, placebo-controlled, and crossover study, with participants randomly assigned to
either a caffeine or a placebo condition (Figure 1). The full trial protocol can be accessed by request to the corresponding
author. The assignment of participants (caffeine (CAF) or placebo (PCBO)) has been made using the order of inscription
to the study by an independent member of the staff following a random list. The randomized plan has been made in order
to have 2 subjects with caffeine and 2 subjects with placebo in each session. Participant and staff members were blind for
treatments. The in-laboratory experimental protocol included: (I) a habituation/training day (D0), (II) a baseline day
(D1), (III) a total sleep deprivation (TSD) day beginning on D1 at 23:00 until D2 at 21:00, and (IV) a recovery night
(from 21:00 until 09:00) for safety reasons so that the subjects can recover before returning to their usual life. Caffeine or
placebo was administrated at 08:30 and 14:30 on D1 and at 08:30 on D2. The psychomotor vigilance task (PVT) was
performed and the sleepiness scale (KSS) was completed at 09:15 at baseline (D1) and on the day of TSD (D2). The
executive Go-NoGo test was performed just after each PVT on D1 and D2, followed by the 2-NBack task.

Subjects were maintained in an individual temperature-controlled (22 ± 1°C) room. Restroom and bathroom facilities were
collectively available in the sleep-laboratory flat that contains a main living room (34 m2). Illumination was maintained
between 150 and 300 lux during the entire experimental period (lights off during sleep periods). Subjects were prohibited from
practicing exercise, taking tobacco, alcohol, or other psychoactive substances during the study. When not engaged in any
specific testing or meals, subjects followed a standardized activity program (reading, watching videos, and playing games). In
addition to the portable or wrist actimeters, investigators were systematically present in the laboratory with at least 1 of them
with subjects. When subjects were about to fall asleep (eyes closed, head down), they were gently and immediately woken up
(ie, no period of sleep > 30 seconds). During testing periods (morning D1 and morning D2), subjects were individually
equipped (electrophysiological measurement) and monitor by an experimenter. All subjects had a systematic habituation/
training period (D0 day) for behavioral tests in order to reduce learning or misunderstanding bias during the first set of tests.

Caffeine Administration
Caffeine (CAF) or placebo (PCBO) was administrated in decaffeinated beverage. During caffeine condition, caffeine powder
was pre-measured by the project supervisor and amounted to 2.5 mg per kg body mass for each participant, then mixed with
decaffeinated beverage. After review of literature, this amount of caffeine powder was chosen because a range from 0.2 to
5.5 mg/kg has been found to enhance response time in sleep-deprived conditions.32

Figure 1 Experimental design. It includes an habituation/training day followed by a baseline day (D0 and D1) and a total sleep deprivation (TSD) day beginning on D1 at
23:00 until D2 at 21:00. Subjects completed the Karolinska Sleepiness Scale (KSS) and then performed cognitive tests at 09:15 on D1 and D2 (26h of awakening), and EEG
was recorded during each test. (↓) 08:30 and 14:30, Placebo or caffeine (2.5 mg/kg).
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Electrophysiological Measurements
EEG Procedure
EEG was recorded at 19 scalp sites, according to the international 10–20 system (Fp1, Fp2, F7, F3, Fz, F4, F8, T7, C3,
Cz, C4, T8, P7, P3, Pz, P4, P8, O1, O2), with a Siesta 802 (Compumedics Limited, Victoria, Australia). EEG was
recorded continuously at a sampling rate of 512 Hz referenced with bridged mastoidal electrodes. Data were
re-referenced during preprocessing with a common average. Electrodes were interfaced with the scalp using EC2 gel
(Grass Technologies, Astro-Med, Inc., West Warwick, RI, USA), and impedances were kept below 10 kOhm during the
whole session. EEG was installed approximately 20–30 min before the first cognitive task (PVT), and supplemented with
EC2 gel if needed, to prevent dry electrodes during recordings.

EEG Analysis
EEG data were analyzed in MatLab (MathWorks, Natick, MA, USA) with Fieldtrip toolbox33 and custom codes. Data were
bandstop filtered between 48 and 52 Hz to remove electrical noise, high pass filtered above 0.1 Hz and locally detrended.

Blink and saccade artefacts were removed by computing an Independent Component Analysis (ICA, Fieldtrip) and visually
discarding components that had either prefrontal distribution and blink-related waveform or a fronto-temporal distribution and
a saccade-related waveform. Movement artefacts were removed by visual inspection on a 10 seconds time window basis. If the
first 3min or last 3min of each cognitive test presentedmore than 30 seconds ofmovement artifacts, the electrodewas rejected. If
during the 10 min of each cognitive test there were more than 120 seconds of cumulated artifacts, the electrode was rejected.
Finally, if more than 3 (out of 19) electrodes were removed, the subject was excluded from EEG analysis. EEG theta power (4–8
Hz) was assessed by using continuous Morlet wavelets transform during the entire period of each cognitive test (10 min each).
Regions of interest (ROI) represent the mean of grand averaged (all subjects) theta power over frontal (Fp1, Fp2, F7, F3, Fz, F4,
F8), Centro-Temporal (T7, C3, Cz, C4, T8) and Parieto-Occipital (P7, P3, Pz, P4, P8, O1, O2) regions. We assessed effects of
CAF and TOT (first 3 min vs last 3 min of test, see Time on Task (TOT) Analysis) during D2 for all cognitive tasks.

Statistical Analysis
Data has been collected in the French armed forces biomedical institute (IRBA) in Brétigny sur Orge. All data in text, tables and
figures are presented as mean ± standard error of the mean (SEM). Statistical analyses were performed using Statistica 10.0
(StatSoft R). All value’s distributions were tested for their normality (Kolmogorov–Smirnov, Shapiro–Wilk and Lilliefors tests).
The primary objective was to investigate the efficacy of caffeine (CAF) compared to placebo (PCBO) for improving sustained
attention during a total sleep deprivation (TSD) protocol in healthy subjects, using the psychomotor vigilance test (PVT). In the
literature, the 09:15 hour corresponds to the highest decrease of sustained attention during total sleep deprivation, due to
a continuous awakening period (sleep pressure) and the nadir of circadian rhythm.34 Secondary objectives were to assess efficacy
of CAF on executive functionswith Go-NoGo and 2N-Back performances and interaction between CAF and time on task (TOT).
With 24 subjects, the study has at least 80% power to detect a significant difference in the primary endpoint when comparisons
are made at the unadjusted 2-sided 5% level. Powering was made assuming an effect size equal to 1.3 and a true within subject
standard error of 37.9 ms in response time in the PVT, as reported for placebo treatment in our laboratory.34 When the value’s
distribution was normal (at least two negative tests), a two-way repeated measures ANOVAs were conducted in order to test 1)
treatment condition (CAF or PCBO), TSD effect and their interaction and 2) treatment condition (CAF or PCBO), Time-On-Task
(TOT) effect and their interaction. When value’s distribution was not normal, we used a one way non-parametric ANOVA test
with repeated measures (ANOVA of Friedman andWilcoxon test for post hoc comparison: W) to identify differences inside and
between each factor (ie, treatment condition and TOT).

Results
We measured mean response time (RT) and number of lapses during PVT, RT and percentage of errors during Go-NoGo
and RT and percentage of correct responses during 2N-Back tasks while performing EEG measurements for each test.
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Effect of TSD and CAF on Subjective Sleepiness: Karolinska Sleepiness Scale (KSS)
We observed global day and treatment effects on KSS score that resulted in a significant increase of KSS score after TSD
(D2) compared to Baseline (D1) for both PCBO and CAF conditions (Table 2). We did not observe any significant
difference between PCBO and CAF at D1 and D2 (respectively p>0.11 and p>0.24).

Effects of TSD, CAF and TOT on PVT Lapses
Concerning the number of lapses accumulated during 10 min of PVT, we observed a global day and/or treatment effect
(Table 2). Post hoc analyses showed a significant increase in the number of lapses at D2 compared to D1 both in PCBO
and CAF conditions (Table 2). We also observed significantly lower lapses in CAF compared to PCBO at D2 (Table 2).
Since the number of lapses was affected by TSD in both PCBO and CAF conditions, we looked at Time-On-Task (TOT)
and treatment effects and their interaction. To differentiate TSD effects from a mixture of TSD and TOT on the number
of lapses, we compared the first 3 min (0–3 min, TSD effect) of PVT with the last 3 min (7–10 min, TSD + TOT effects)
(Figure 2A, shaded areas). There was a significant TSD effect (D2 vs D1) during the first 3 min of test in both PBCO and
CAF conditions (p<0.001 for PCBO and p=0.015 for CAF condition). Significant TOT and treatment effects were
observed on the number of lapses. More precisely at D2, the number of lapses per minute was significantly higher at the
last 3 min (7–10min) compared to the first 3 min (0–3min) for both PCBO and CAF conditions (Table 3, Figure 2B). In
contrast, we observed that the number of lapses is significantly lower at D2 in the CAF compared to PCBO condition for
both the first 3 and the last 3 min of PVT (Figure 2B). We approximately estimated the kinetic of TOT by computing the
difference of the number of lapses between 0–3 min and 7–10 min (Delta [7–10 min] – [0–3 min]), and found no
significant difference between PCBO and CAF at D2 (p = 1.0; Figure 2C).

Effects of TSD, CAF and TOT on No-Go Errors
We observed a global day and/or treatment effect for the rate of No-Go errors over the 10 minutes of test (Table 2). More
precisely, a significant increase in the rate of No-Go errors was observed at D2 compared to D1 both for PCBO and CAF
conditions with no statistical difference between the two conditions (Table 2). We then looked at the influence of TOT
and treatment factors and their interaction. Interestingly, we observed no significant increase in the rate of No-Go errors
in the first 3 min at D2 compared to D1 for both PBCO and CAF groups (p=0.47 for PCBO and p=0.17 for CAF). At D2
(after TSD), we observed a significant increase of No-Go errors between the first and the last 3 min of the task
(Figure 3A, shaded areas) for both PCBO and CAF conditions (Table 3, Figure 3B) but with no statistical difference
in the estimated kinetic of TOT between the two conditions (p = 0.98; Figure 3C) even if there was a significantly higher
rate of No-Go errors in the first 3 min for CAF compared to PCBO condition (Figure 3B).

Effects of TSD, CAF and TOT on 2N-Back Correct Responses
We observed a global day and/or treatment effect for the percentage of correct answers in 2N condition (Table 2) in PCBO
and CAF conditions. A significant decrease of the percentage of correct responses (% CR) at D2 compared to D1 for CAF
condition was observed but not for PCBO condition, with a significant difference between PCBO and CAF conditions at D2
(Table 2). We then looked at the influence of TOT and treatment factors and their interaction. We observed no significant
increase in the 2N-Back correct responses in the first 3 min at D2 compared to D1 for both PBCO and CAF groups (p=0.261
for PCBO and p=0.215 for CAF). At D2 (after TSD), a significant effect of TOT and/or treatment was noticed (Table 3;
Figure 4A). More precisely, a significant decrease of the % of CR in the last 3 min of the task compared to the first 3 min
occurred in both PCBO and CAF conditions (Figure 4A and B) but with no significant difference between PCBO and CAF
conditions during the first and the last 3 minutes (respectively p>0.10 and p>0.08; Figure 4B). Finally, with the approximated
kinetic of TOT, we observed no statistical difference between PCBO and CAF at D2 (p = 0.48; Figure 4C).
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Table 2 Global Effects of Total Sleep Deprivation (Day Effect, D2 vs D1) and Treatment (CAF vs PCBO) on Cognitive Performances

Test Treatment Day 1 (D1) Day 2 (D2) Day Treatment Interaction

KSS Chi² (N=24, df=3) = 47.9c Coeff. Of Concordance = 0.69, Aver. Rank r =0.65
PCBO 3.2±0.3 5.6±0.4 ***

CAF 2.7±0.2 5.0±0.4 ***

PVT (Lapses/min) Chi² (N=24, df=3) = 50.05c Coeff. Of Concordance = 0.69, Aver. Rank r =0.68
PCBO 0.4±0.2 9.8±1.7 ***

###

CAF 0.1±0.09 5.5±1.2 ***

PVT (RT ms) F(1,23)=172.71c F(1,23)=10.92b F(1,23)=2.33

PCBO 260±5 310±6

CAF 252±5 295±6

PVT (RT 10% Slow ms) F(1,23)=173.15c F(1,23)=4.714a F(1,23)=0.48

PCBO 354±8 430±7

CAF 341±9 411±8

PVT (RT 10% Fast ms) F(1,23)=51.03c F(1,23)=2.1 F(1,23)=0.32

PCBO 202±4 222±5

CAF 198±3 215±4

Go/noGo (Error rate %) Chi² (N=24, df=3) = 20.9c Coeff. Of Concordance = 0.69, Aver. Rank r =0.26
PCBO 3.0±0.5 5.7±0.9 **

CAF 3.8±0.5 8.0±1.3 ***

Go/noGo (RT ms) F(1,23)=12.95b F(1,23)=0.19 F(1,23)=0.26

PCBO 301±7 334±9

CAF 302±7 329±11

2N-Back (Corr resp %) Chi² (N=24, df=3) = 15.6b Coeff. Of Concordance = 0.21, Aver. Rank r =0.19
PCBO 92.0±0.7 90.2±0.8

#

CAF 91.2±0.9 86.1±1.0 **

2N-Back (RT ms) F(1,23)=4.55a F(1,23)=2.99 F(1,23)=0.25

PCBO 614±24 667±30

CAF 652±31 687±33

Notes: A Friedman’s ANOVA analysis was performed for KSS, PVT Lapses, Go-NoGo Error Rate, 2-NBack Correct Responses, and global (ie all ROIs) EEG during the 10 min of each
test respectively. A 2-WayANOVA analysis was performed for Response Time (RT) during the three cognitive tasks (PVT, Go-NoGo and 2N-Back) with a looking atDay, Treatment and
interaction effects. Data are expressed as means ± sem. Note that Post hoc analysis have been made when there was a global effect on Friedman’s ANOVA, or main effects with
interaction on the 2-way ANOVA. Anova p-values a p<0.05, b p<0.01, c p<0.001. D2 vs D1 post-hoc: **p<0.01, ***p<0.001. CAF vs PCBO post-hoc (at
the same day): #p <0.05, ### p<0.001.
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Effects of TSD, CAF and TOT on Response Time (RT) During PVT, Go-NoGo and
2N-Back
Significant main day effects and/or treatment effects on mean RT for these three cognitive tasks and also for the 10%
fastest and the 10% slowest RT (just below lapses time period) for PVT were noticed (Table 2). More precisely, we
showed that mean RT increased at D2 compared to D1 both for PCBO and CAF conditions during the three tasks
(Table 2). We also observed a significant treatment main effect but only for mean RT and the 10% slowest RT for PVT,
without any interaction (Table 2). Since all these behavioral parameters were affected by TSD, we looked at TOT and
treatment effects and their interaction. We observed significant increase for PVT in the first 3 min at D2 compared to D1
for both PBCO and CAF groups (p<0.001 for PCBO and CAF respectively) and for Go-NoGo (p=0.015 for PCBO and
p=0.048 for CAF respectively), and no significance for 2N-Back (p=0.628 for PCBO and p=0.876 for CAF). We
observed a TOT effect on mean RT for both PVT and Go-NoGo but not for 2N-Back (Table 3). We also saw
a significant treatment effect on mean RT but only for PVT and with any interaction with day (Table 2) or TOT
(Table 3). More precisely, we showed at D2 that mean RT (ms) increased with TOT both for PCBO and CAF conditions

Table 3 Effects of Time on Task (TOT, First 3 Min vs Last 3 Min) and Treatment (CAF vs PCBO) on Cognitive Performances at D2 Day
(After Total Sleep Deprivation)

Test Treatment Time On Task Interaction

PVT (RT ms) F(1,23)=11.20b F(1,23)=32.2c F(1,23)=0.42 (p=0.7)

Go/noGo (RT ms) F(1,23)=0.19 (p=0.7) F(1,23)=8.41c F(1,23)=0.11 (p=0.9)

2N-Back (RT ms) F(1,23)=2.98 (p=0.1) F(1,23)=0.32 (p=0.73) F(1,23)=1.32 (p=0.3)

PVT (Lapses/min) Chi2 (N=24, df=3) = 25.6c Coeff. Of Concordance = 0.35, Aver. Rank r =0.32

Go/noGo (Error rate %) Chi2 (N=24, df=3) = 78.6c Coeff. Of Concordance = 0.30, Aver. Rank r =0.28

2N-Back (Corr resp %) Chi2 (N=24, df=3) = 19.6c Coeff. Of Concordance = 0.27, Aver. Rank r =0.24

Notes: A Friedman’s ANOVA analysis was performed for PVT Lapses, Go-NoGo Error Rate and 2-NBack Correct Responses, assessing a global effect of treatment and
TOT. A 2-way ANOVA analysis of Reaction Times was performed for the three cognitive tasks (PVT, Go-NoGo and 2N-Back) with a looking at TOT, treatment and
interaction effects. b p<0.01, c p<0.001.

Figure 2 Caffeine reduces TSD-related sustained attention deficits without any effects on TOT (A) Kinetic of the number of lapses min−1 as a function of time during the
psychomotor vigilance task (PVT) at D2 (after total sleep deprivation (TSD)) for both placebo (PCBO, black) and caffeine (CAF, red) conditions, fitted with a linear
regression. Shaded areas show time points of interest further analyzed: the first 3 min (0–3 min) and the last 3 min (7–10 min) of test. (B) Number of lapses min−1 during the
first and the last 3 min of PVT at D2 for PCBO and CAF conditions. Error bars show s.e.m. *Significant difference between 0–3 min and 7–10 min of the test (*p<0.05;
**p<0.01). #Significant difference between PCBO and CAF conditions (#p<0.05). (C) Algebraic difference in the number of lapses min−1 between 0–3 min and 7–10 min of
the task for both PCBO and CAF conditions.
Abbreviations: N.S, no significant difference.
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during PVT (PCBO-D20-3min=301±7 vs PCBO-D27-10min=316±6; CAF-D20-3min=278±6 vs CAF-D27-10min=306±7) and
Go-NoGo (PCBO-D20-3min=333±9 vs PCBO-D27-10min=335±9; CAF-D20-3min=328±11 vs CAF-D27-10min=330±12) but
with a significant global decrease of PVT mean RT with caffeine (PCBO-D20-3min/7-10min=308±5 vs CAF-D20-3min/7-10min
=292±5).

Effects of TSD, CAF and TOT on 0N-Back Correct Responses and RT
We observed a day effect for the percentage of % CR in 0N condition (Chi2(24,3)=26.5, p=1.3*10−5, Concordance Coeff.
= 0.37, Aver. Rank = 0.34) in PCBO and CAF conditions. There was a significant decrease of correct responses at D2
compared to D1 for both PCBO (PCBO-D2=96.3±0.7% vs PCBO-D1=98.8±0.2%, p=1.9*10−3) and CAF conditions
(CAF-D2=95.5±0.7% vs CAF-D1=98.3±0.4%, p=2.6*10−4), with no significant difference between conditions at D2

Figure 3 Lack of alleviating effects of caffeine on inhibition impairments related to TSD and TOT. (A) Kinetic of rate of No-Go errors (response on « No-Go » trials) during
the Go/No-Go task at D2 (after TSD) for both placebo (PCBO, black) and caffeine (CAF, red) conditions, fitted with a linear regression. Shaded areas show the first 3 min
(0–3 min) and the last 3 min (7–10 min) of test. (B) Rate of No-Go errors during the first and the last 3 min of test at D2 for both PCBO and CAF. Error bars show s.e.m.
*Significant difference between 0–3 min and 7–10 min of the test (**p<0.01; ***p<0.001). #Significant difference between PCBO and CAF conditions (#p<0.05). (C) Algebraic
difference in the rate of No-Go errors between the first and the last 3 min for both PCBO and CAF conditions.
Abbreviations: N.S, no significant difference.

Figure 4 No beneficial effects of caffeine on working memory decrement after TSD and TOT (A) Kinetic of percentage of correct answers for the 2N-Back conditions at
D2 (after TSD) for both placebo (PCBO, black) and caffeine (CAF, red) conditions, fitted with a linear regression. Shaded areas show the first 3 min (0–3 min) and the last 3
min (7–10 min) of test. (B) Percentage of correct answers during the first and last 3 min of test at D2 for both PCBO and CAF conditions. Error bars show s.e.m. *Significant
difference between 0–3 min of 7–10 min (*p<0.05; **p<0.01). (C) Algebraic difference of rate of correct answers between the first 3 min and the last 3 min for PCBO and
CAF conditions.
Abbreviations: N.S, no significant difference.
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(PCBO-D2=96.3±0.7% vs CAF-D2=95.5±0.7%, p>0.20). At D2, no significant effect of TOT and treatment on the
percentage of % CR was seen (Chi2(24,3)=5.0, p>0.17, Concordance Coeff.=0.07, Aver. Rank=0.03). Concerning mean
RT, a significant day effect (F(1,23)=22,13; p=1.10−4) with no significant treatment effect (F(1,23)=0.905; p>0.35) and no
interaction (F(1,23)=1,31; p>0.26) were noticed. More precisely, we showed that mean RT increased at D2 both for PCBO
and CAF conditions (PCBOD2=465±18 vs PCBOD1=409±14, p<1.10−4; CAFD2=453±15 vs CAFD1=409±12, p<1.10−4).

Effects of TSD, TOT and CAF on EEG Theta Power
A global effect of day and/or treatment over the 10 min of the 3 tests was observed for EEG theta power in the 3 ROIs
(Parieto-Occipital (PO), Centro-Temporal (CT) and Frontal (F)) (Table 4). Additional statistical effects of day and
treatment on Alpha and Beta power are shown in the Supplementary Table S1.

During the PVT Task
The theta power increase significantly in the 3 ROIs during PVT in the PCBO condition and only in the F brain area in
the CAF condition (Table 4). At D2 (after TSD), a significant difference between PCBO and CAF is observed in the PO
brain region. We then look at influence of TOT and treatment factors and their interaction among the three scalp ROI at
D2 (Figure 5). Concerning PO brain region, we observed a TOT effect (F(1,20)=4,55; p <0.05), with no treatment
(caffeine) effect (F(1,20)=3,62; p=0.07) and no interaction (F(1,20)=0,18; p=0.67). Concerning CT and F brain regions, we
observed no effect of TOT (respectively, F(1,20)=1,46; p=0.24; F(1,20)=3,94; p=0.06) or treatment (caffeine) (respectively,
F(1,20)=3,46; p=0.07; F(1,20)=1,18; p=0.29), and not interaction (respectively, F(1,20)=0,76; p>0.39; F(1,20)=0,15; p>0.70)
(Figure 5A and D).

During the Go-NoGo Task
The theta power increase significantly in the PO and CT brain regions during Go-NoGo in the PCBO condition, and
a significant difference between PCBO and CAF is observed in the two regions at D2 (after TSD) (Table 4). We then look
at influence of TOT and treatment factors and their interaction among the three scalp ROI at D2 (Figure 5). Concerning
PO, CT and F brain ROIs, we observed a TOT effect (respectively, F(1,20)=8,16; p <0.01; F(1,20)=11,94; p <0.01 and F(1,20)
=5,29; p<0.05), with no treatment (caffeine) effect (respectively, F(1,20)=2,87; p>0.10; F(1,20)=2,94; p>0.10 and F(1,20)
=0,97; p>0.33) and no interaction (respectively, F(1,20)=0,32; p>0.58; F(1,20)=0,83; p>0.37 and F(1,20)=0,19; p>0.66)
(Figure 5B and E).

During the 2N-Back Task
The theta power increase significantly in the PO and CT brain regions during 2N-Back in the PCBO condition and in the
F region in the CAF condition (Table 4). A significant difference between PCBO and CAF is observed in the CT region
at D2 (after TSD). We then look at influence of TOT and treatment factors and their interaction among the three scalp
ROI at D2 (Figure 5). Concerning CT brain region, we observed a treatment (caffeine) effect (F(1,20)=7,98; p<0.05), with
no TOT effect (F(1,20)=3,87; p>0.06) and no interaction (F(1,20)=1,61; p>0.22). Concerning F brain region, we observed
no treatment (caffeine) effect (F(1,20)=1,16; p>0.29), but a TOT effect (F(1,20)=6,14; p<0.05) and no interaction
(F(1,20)=0,01; p>0.91). Concerning PO brain region, we observed neither treatment (caffeine) effect (F(1,20)=0,19;
p>0.66) nor TOT effect (F(1,20)=0.001; p>0.97) and no interaction (F(1,20)=1,11; p>0.30) (Figure 5C and F).

Discussion
Aims of our study were to determine the contribution of both TSD (Total Sleep Deprivation) and TOT (Time-On-Task)
on sustained attention and executive processes (ie, inhibition and working memory) using caffeine and the contribution of
EEG theta activity in such modifications. In this double-blind counter-balanced (PCBO placebo and CAF caffeine -
2.5 mg/kg) study, we demonstrate for the first-time differential effects of TSD and TOT on deficits of sustained attention
and of two executive processes (inhibition and working memory). These cognitive capabilities were impaired by TSD
and TOT when expressed in number of lapses (PVT), rate of errors (NoGo) and percentage of correct responses
(2N-Back) tasks. More precisely, at the D2 day compared to the D1 day (corresponding to 26 hours of prolonged
wakefulness), we observed a significant increase in the number of PVT lapses, the rate of No-Go errors and a decrease in
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Table 4 Global Effects of Total Sleep Deprivation (Day Effect, D2 vs D1), Treatment (CAF vs PCBO) and Region of Interest (ROIs: Parieto-Occipital, Centro-Temporal, Frontal) on
EEG Theta Power During the 3 Cognitive Tasks

Treatment PCBO CAF

ROI Parieto-Occipital Centro-Temporal Frontal Parieto-Occipital Centro-Temporal Frontal

Day D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2

PVT (x105 µV2) χ2 df p

Mean Theta ± S.E.

M

56.3 11 <.001 8.76 ±

1.15

12.2 ±
1.57***

6.18 ±

0.63

9.25 ±
1.04***

7.83 ±

1.14

9.01 ±
1.06***

8.57 ±

0.97

9.74 ±

1.01#
6.23 ±

0.74

7.70 ±

0.94

6.48 ±

0.68

8.11 ±
1.01*

Go/noGo
(x105 µV2)

χ2 df p

Mean Theta ± S.E.

M

59.1 11 <.001 9.30 ±

1.12

12.4 ±
1.6**

6.41 ±

0.6

9.00 ±
0.85***

8.40 ±

1.21

9.16 ± 1.10 9.06 ±

1.00

9.79 ±

1.13#
6.32 ±

0.74

7.63 ±

0.91#
6.76 ±

0.71

8.13 ±

1.13

2n-Back
(x105 µV2)

χ2 df p

Mean Theta ± S.E.

M

53.2 11 <.001 8.79 ±

1.14

11.4 ±
1.44**

6.02 ±

0.58

8.73 ±
0.92**

7.82 ±

1.12

8.62 ± 0.99 8.42 ±

0.94

9.94 ±

1.45

5.74 ±

0.63

6.96 ±

0.72#
6.17 ±

0.6

7.69 ±
1.03*

Notes: A Friedman’s ANOVA analysis was performed for EEG theta power during PVT, Go-NoGo and 2-NBack, assessing a global effect of total sleep deprivation, treatment and ROIs. Post hoc analysis has been made when there was
a global effect on Friedman’s ANOVA. D2 vs D1 post-hoc: *p <0.05, **p<0.01, ***p<0.001. CAF vs PCBO post-hoc (at the same day): #p <0.05 CAF. Bold numbers underline a total sleep deprivation effect.
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the percentage of 2N-Back correct responses (only significant in the caffeine condition). In addition, we found a TSD
per-se effect (D2 compared to D1 on the first three minutes of test) and a TOT effect (last vs first three minutes of the 10-
min testing) in placebo and caffeine condition but differently regarding the three cognitive tasks. More precisely, the
deleterious effect of TSD per-se was only observed for the increase in the number of Lapses (PVT) whereas the
deleterious effect of TOT was observed for all the three cognitive tasks parameters (number of lapses, rate of No-Go
errors and percentage of correct responses). This TOT effect is confirmed by the significant increase of theta power in at
least one of the three brain regions of interest (ROI) during the three cognitive tasks and in the three ROIs during the
Go-NoGo task, as previously shown in subjects engaged in sustained attention and executive tasks and fatigued with
TOT.15,16 When we looked at response time, subjects under TSD presented a TOT effect only during PVT and Go-NoGo
tasks.

Figure 5 Caffeine and TOTeffects on theta activity during the three cognitive tasks after TSD. On the left panel (A–C), topographical EEG representation of Time-On-Task
(TOT) and caffeine significant (black in bold) or not significant (grey) effects at D2 (after TSD), and on the right panel (D–F), bar histograms of raw theta power in the 3
regions of interest (ROI) of the first 3 min and of the last 3 min, for PVT (upper), Go-NoGo (middle) and 2N-Back (lower). Anova p-values; ap<0.05, bp<0.01.
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Caffeine consumption significantly reduced sustained attention deficits (number of Lapses) related to TSD and the
corresponding EEG theta spectral power without any reduction due to TOT (the last minus the first three minutes).
Indeed, the linear downward shift of the number of lapses in the caffeine condition as shown in Figure 2A) and no
caffeine effect on kinetics (slopes of regression lines that tend to be similar) suggested that under caffeine a subject that
has not slept will degrade at the same rate but starting from a lower level, so caffeine delays the onset of sustained
attention deficits due to TOT. The caffeine alleviating effect on the median and the 10% slowest RT (just below lapses
time period) confirmed the delayed effect of caffeine on sustained attention deficits with also a significant decrease of
theta power (during PVT) on the whole scalp. No such beneficial effect of caffeine was observed 1) on executive
(inhibition and working memory) deficits related to TOT under TSD associated with just a global decrease of the EEG
theta power on the whole scalp and 2) on the increase of subjective sleepiness.

All these results are in accordance with previous ones showing that a continuous period of wakefulness (upper than
24 hours) is associated with deficits of sustained attention and executive capacities (ie, inhibition and working memory)
with higher sleepiness ratings9,10,15,35,36 (for review see8). We added the information that TOT contributes to sustained
attention and executive processes deficits related to TSD as previously evidenced with studies using a 10-min PVT
task.34–37 Even if post-hoc analysis showed that working memory capabilities were not significantly affected by TSD in
the placebo condition as previously described,38,39 our results revealed a TOT effect under TSD. In agreement with
Frenda and Fenn (2016), we argue that TSD impairs cognitive processes by primarily inhibiting the ability of individuals
to be alert and to sustain their attention and allows other higher executive functions under compensatory mechanisms,
explaining why working memory deficits observed in this study are mainly related to TOT (under TSD).40 This
differential effect of caffeine on cognitive processes under TSD with a benefit for sustained attention deficits and not
for two executive ones (inhibition and working memory) are also in accordance with our previous studies showing that
countermeasures such as sleep extension and regular physical activity are ineffective to limit such executive deficits
related to TSD.9,10,41 Lack of beneficial effect of caffeine on executive deficits and corresponding EEG theta power
related to TSD and also on sleepiness could be due to the lower dose used (175 mg compared to 200–600 mg in other
studies42,43) (for review see25). In any case, caffeine was found to be rarely or not at all effective in counteracting
executive deficits related to TSD42 (for review see25). In contrast, previous studies have reported, as for us with RT
during PVT, an improvement of response time for both simple and choice reaction time task related to TSD with
caffeine.44

Sleep pressure that increases with TSD (for review see7) exert a deleterious effect on the capacity of subjects to stay
awake, to be alert and thus to sustain their attention. With sustained attention, while waiting for the occurrence of a stimulus,
subjects will be more easily distracted by their internal thoughts.45 Indeed, sleepy subjects that are often unaware of their own
environment have a higher frequency of self-reported mind-wandering, an experience of thoughts both stimulus-independent
and task-unrelated that seems to frequently co-occur with sleepiness.46 Interestingly, the brain default mode network
(DMN) – a brain network whose activity is high when the mind is not engaged in specific behavioral tasks and low during
focused attention on the external environment47 – is both associated with mind-wandering state47,48 and anti-correlated with
a fronto-parietal network (central executive network: CEN) associated with cognitive control,49 especially in TSD
situations.45,50 As we found a specific caffeine alleviating effect on the number of lapses related to TSD, we can make the
assumption that under TSD, caffeine may help the brain of sleepy subjects to less often switch from a goal-directed to a goal-
irrelevant brain function (ie, DMN) and to be less often mind wandered. This hypothesis is reinforced by our observation that
caffeine alleviates TSD increases on i) the mean RT, ii) the 10% slowest RTon PVT, a behavioural parameter which has been
linked to an activation of DMN30 and iii) the theta power of the subject’s brain during PVT (D2 vs D1). The increase of theta
power during PVT following TSD has already been observed in sleepy subjects accompanied with sustained attention
decrements15,51 or in a state of mind-wandering.52 Furthermore, a recent study demonstrated that taking a 200 mg caffeine
pill increases brain entropy nearly in the entire cerebral cortex with higher effects in DMN and sensorimotor networks.53

These authors suggested that such pharmacological effects of caffeine on the human brain may result in an improvement of
vigilance, attention and others functions which are mainly sub-served by the aforementioned brain regions.

In our study, the benefit of a low dose of caffeine (175 mg), a well-known antagonist of adenosine receptors, on the
number of lapses, response time (mean and 10% slower) and theta power of subjects engaged in a PVT highlights the
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involvement of adenosinergic systems in sustained attention deficits related to TSD per-se.54 Executive deficits observed with
this TSD protocol were mainly revealed with TOT. It thus seems that TSD per-se and TOT differentially contribute to
cognitive deficits related to TSD. These results are in accordance with studies showing that TOT is responsible for inducing
a mental fatigue state of subjects engaged in an executive task55–57 (for review see1). Furthermore, it has been observed that
35 hours of continuous wakefulness are associated with an increase of cerebral responses within parieto-frontal networks and
with better working memory performance at most difficult load in a verbal learning or in logical reasoning.35,58,59 The frontal
increase of theta power on the scalp related to TOT for both executive tasks is also in accordance with studies showing an
increase of theta power of subjects engaged in an executive task and fatigued with TOT.14 The lack of beneficial effects of
caffeine on such cognitive deficits (ie, executive) and on theta power related to TSD suggests that the neurobiological
mechanisms implicated would be different and/or less sensitive to the subsequent increase of extracellular adenosine
classically related to sustained attention deficits.25,54 Nevertheless, since working memory deficits related to TSD were
worsen under caffeine consumption we can exclude the implication of adenosine on such executive process. Indeed, in
a previous study with healthy subjects, caffeine administration (6 mg/kg) lowered the increase of perceived exertion (RPE)
and amplitude of motor-related cortical potential observed in the second half compared with the first half of a 15-min sub-
maximal intermittent isometric knee-extension exercise protocol (ie, as a TOT effect in a physical task).60 In the herein
presented study, we can at least suggest that TOTeffects themselves do not depend directly on the adenosinergic mechanisms.
It would be interesting in future studies to look at potential benefit of higher doses of caffeine (> 3 mg per kg of body mass) to
counteract cognitive deficits of totally sleep-deprived subjects related to TOT. With respect to sustained attention, sleep
pressure (ie, TSD) may thus be considered as a threshold modulator of TOT mechanisms. Longer duration tasks (60 min) are
generally used to reveal a cognitive fatigue when subjects are not submitted to TSD.61 In our conditions, a task of 10 minutes
is sufficient to elicit TOT effect after TSD, suggesting that sleep pressure may trigger TOT earlier by an additive modulation
of an input-output linear relationship (for instance, the number of lapses per min as a function of time).

Some limitations in the present study must be taken into consideration when interpreting our results. Indeed, the
sample size is small and may have masked subtle results on the effects of caffeine on cognitive performance related to the
TOT effect for example. In addition, there is variability in daily caffeine consumption that cannot be accounted for with
the creation of subgroups given the sample size.

This study demonstrated that cognitive deficits (sustained attention and executive processes) related to TSD are under the
influence not only of the lack of sleep itself (TSD) but also of Time-On-Task (TOT). A low dose of caffeine (2.5 mg/kg) is
only beneficial for sustained attention deficits related to TSD per-se, by slowing down the trigger due to the TOT factor. Such
dose of caffeine was neither efficient to counteract sustained attention deficits related to TOT nor executive processes deficits
that seem mainly affected by TOT and thus less dependent to the wakefulness instability state due to an increase of the
homeostatic sleep pressure. Finally, the increase of global EEG theta power during TSD and increase in three brain regions
during TOT highlighted the implication of brain theta rhythm in revealing a mental/cognitive fatigue state.

Conclusion
Our results demonstrated, to our knowledge for the first time, that cognitive deficits related to a continuous wakefulness
of 26 hours are not only due to a lack of sleep itself but also to a time on task (TOT) effect putting forward the idea 1) to
look more carefully at the commitment time of a subject under sleep debt that is engaged in a cognitive task and 2) to
question for a common psychophysiological substrate of a mental/cognitive fatigue state. Our results also pointed out
a differential benefit of a low dose of caffeine (175 mg) that only slows down the triggering of sustained attention deficits
related to TOT. They reinforce the idea that caffeine effectiveness in counteracting sleepiness and sustained attention
deficits related to TSD would rely on the adenosinergic mechanism whereas TOT effect observed for both sustained
attention and executive would not.

Abbreviations
BMI, body mass index; CAF, caffeine; EFs, executive functions; KSS, Karolinska sleepiness scale; PCBO, placebo;
PSQI, Pittsburgh Sleep Quality Index; PVT, psychomotor vigilance test; ROI, region of interest; TSD, total sleep
deprivation; TOT, time-on-task.
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Clinical Trials Details
Clinical Trials Brief Title: Protocol PERCAF 2018. Clinical Trials Number: NCT03859882. Clinical Trials, First
submission date: 25/02/2019.

Statement of Significance
It is widely admitted that total sleep deprivation (TSD) is responsible for a large range of cognitive deficits in healthy
adults. However, the contribution of sleep debt per se, time on task and benefit of caffeine on cognitive deficits have
received little investigation. Here we showed that the contribution of sleep debt per se, time on task and caffeine were not
equivalent depending on the cognitive process engaged (ie, sustained attention versus executive processes). These results
suggest that cognitive fatigue 1) would be differently supplied by sleep debt and time on task and 2) would not rely on
the same neurophysiological changes according to the process involved. They would also open discussion upon concepts
of cognitive fatigue and fatigability.
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The authors do not intend to share individual data from de-identified participants, and no study documents will be made
available.
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