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A B S T R A C T

The goal of cognitive enhancement is to improve mental functions using interventions including cognitive
training, brain stimulation and pharmacology. Indeed, psychostimulants, commonly used for cognitive en-
hancement purposes, while preventing sleep, have been shown to increase working memory (WM) and attention.
Sleep, however, is also important for cognitive function; thus, understanding the interaction between stimulants,
sleep and cognition may inform current approaches to cognitive enhancement. We used a double-blind, placebo
controlled, repeated measure design to investigate the effect of morning administration of a commonly used
stimulant, dextroamphetamine (DEX, 20mg), on repeated, within-day and overnight WM performance, as well
as on sleep in healthy young adults. Compared with placebo (PBO), we found no within-day benefit of DEX on
WM. After sleep, DEX performed worse than PBO and the overnight improvement in performance in the PBO
condition was absent in the DEX condition. Moreover, sleep quality was negatively affected by DEX adminis-
tration. In summary, we found no cognitive boost from psychostimulants across a day of wake and a blockade of
overnight WM increases with the stimulant, compared to PBO.

1. Introduction

As human society has gradually evolved to value mental capabilities
over physical ones, the desire to enhance mental aptitudes seems a
befitting response to the demands of the modern world. This compul-
sion to compete and outpace others is a motivation behind the pursuit
of cognitive enhancement, in which individuals seek to ‘amplify and
extend core mental abilities’ to improve performance on a range of
cognitive domains, including working memory, attention, and control
processes [1]. Many are turning to pharmacology, including readily
available stimulant drugs like caffeine and nicotine, that have been
shown to improve alertness, vigilance, and attention [2,3]. Another
growing trend in students and young professionals is the off-label use of
prescription psychostimulants to promote wakefulness and boost cog-
nitive performance. These drugs, such as methylphenidate (MPH),
dextroamphetamine (DEX), and mixed-salt amphetamine, prescribed
for the treatment of Attention-Deficit-Hyperactivity-Disorder (ADHD)
are currently being diverted into college campuses and work-places for
their perceived cognitive enhancing effects. Though, compared with
PBO, psychostimulants enhance performance in the context of sleep

deprivation [4,5], studies in healthy non-sleep deprived adults show
conflicting findings [6], with positive [7–10], negative [11,12], and
null effects [13,12,14].

Working memory (WM) is widely believed play a core role in cog-
nitive ability, and has been shown to correlate with broad measure of
cognitive ability and fluid intelligence [15,16]. Studies of psychosti-
mulant effects on WM in healthy, well-rested adults report a mix of
findings. Among the positive outcomes, a within-subject study com-
pared the impact of 10mg and 20mg of DEX to PBO on a WM digit span
task in healthy young adults. Compared with PBO, DEX showed a dose-
dependent improvement in performance [13]. Additionally, Mattay
et al. [17] investigated the effect of D-amphetamine (0.25 mg/kg body
weight) on an N-back task performance. They found that D-ampheta-
mine benefitted the more demanding 3-back vs 2-back condition [17].
On the other hand, Ilieva et al. [12] administered 10mg mixed salt
amphetamine in healthy young subjects to study the objective and
subjective effects of the drugs on a range of cognitive tasks, including
WM (digit span and object-N-back) and found no stimulant-related
benefit for WM. Accordingly, a meta-analysis found that the overall
effect of psychostimulants on cognitive enhancement is inconclusive
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[6], and that the literature is plagued by several issues that make
comparison across studies difficult, including different subject demo-
graphics, drug compounds, and dosages.

Sleep is another unconsidered factor that might help explain the
discrepant findings across studies. Sleep is usually categorized into
Non-Rapid Eye Movement (NREM) sleep and Rapid Eye Movement
(REM) sleep. Within NREM sleep, the stages of sleep (1–3) progress into
lower frequency, higher amplitude waves on the electroencephalo-
graphic (EEG) recordings. REM sleep is characterized by high fre-
quency, mostly desynchronized waves that show a similar pattern to
wake. A large body of research has demonstrated that sleep, and spe-
cifically individual sleep stages, support a wide range of cognitive
processes [18]. NREM Stage 2 and Stage 3 supports long-term memory
formation [19], whereas REM sleep has been linked with the processing
of emotions [20].

Sleep also supports WM. [21] Kuriyama et al., showed that sleep,
compared with wake, accelerates improvement in WM performance
[21]. They trained participants on an N-back task with either 10 h of
wake or nighttime sleep between retesting. Significantly greater WM
improvement was seen in the sleep group compared with the wake
group. Similarly, a recent study compared a period of wake to a period
of nocturnal sleep between WM test sessions, and showed an im-
provement in performance across the sleep session, compared to wake
in both children and adults [22]. Along the same lines, sleep depriva-
tion negatively affects WM performance. In one study, healthy young
subjects were tested on an N-back task during an extended period of
over-night wakefulness. Their task accuracy and reaction time dete-
riorated in conjunction with an increase in both subjective and objec-
tive measures of sleepiness; including brain activity in the delta
(0–4 Hz) and theta (4–8 Hz) frequency bands [23].

Importantly, amphetamines promote wakefulness by reducing total
sleep time, sleep efficiency (total sleep time/minutes in bed), minutes in
REM and Stage 3, and increasing Stage 2 [24,25]. However, the impact
of psychostimulant sleep disruption on cognitive processes has not been
thoroughly investigated. One unexamined question is whether the de-
leterious impact of stimulants on sleep may play a role in the drug’s
impact on cognition. Most studies examining the effect of these drugs
on cognition do not measure sleep. Given the growing trend in use/
abuse of these drugs and recent understanding of the importance of
sleep for health and cognition, the goal of the present study was to
measure the impact of psychostimulants on WM and sleep. Using a
double-blind, placebo-controlled, repeated measures design, we ex-
amined the effect of dextroamphetamine (DEX, 20mg) on repeated WM
testing and overnight sleep. We administered DEX in the morning on
Day 1 and tested WM several times across the day, subjects then slept in
the lab while monitored with polysomnography and were tested on WM
in the morning. We hypothesized that DEX would promote a temporary
boost to WM compared with PBO. In addition, we predicted a sig-
nificant deterioration in nighttime sleep in the DEX group, compared
with PBO, followed by significant decreases in WM performance the
next morning.

2. Methods

A total of 46 healthy (22 female), non-smoking participants between
the ages of 18–39, with no personal history of psychological, neurolo-
gical, or chronic illness participated in the study. To control for prior
sleep, subjects were required to keep a specific sleep schedule.
Specifically, subjects went to sleep and woke up within a two-hour
bedtime and wake time window—Bedtime: 10:00PM-12:00AM; Wake
time: 6:00−8:00AM. Subjects were asked to maintain this regular sleep
schedule for 7 days prior to each experimental visit to ensure ap-
proximately 7 h of sleep each night. For the night before the study day,
the subjects had to ensure that they get at least 7 h of sleep and adjust
their sleep schedule to report to the lab the next day by 8:00am. This
schedule was confirmed via daily sleep diaries and a wrist-based

activity monitor (Philips Respironics, USA). Participants gave informed
consent to participate in the experiment, which was approved by the
Western Institutional Review Board and the University of California,
Riverside Human Research Review Board. Participants received
monetary compensation for their participation in the study.

We used a double-blind, placebo-controlled design in which all
subjects experienced both drug conditions. Each visit occurred a week
apart to allow for drug washout. Each visit corresponded to one of the
drug conditions, DEX or PBO, and drug conditions were counter-
balanced across participants. Participants were extensively screened for
their eligibility to participate in this study and were excluded if they did
not follow a regular sleep schedule or if they reported: personal history
or familial history of a mental illness, substance abuse, personal history
of head injury with a loss of consciousness greater than two minutes or
seizures, irregular sleep/wake cycles, history of parasomnias, and any
cardiac or respiratory illness that may affect cerebral metabolism.
Eligibility was determined during an in-person assessment in which
research personnel conducted a structured clinical interview for DSM-
IV psychological disorders as well as reviewed a series of self-report
health and wellness questions as approved by the study physician. In
addition, we administered the Assessment of Hyperactivity and
Attention [26] to screen for symptoms of ADHD. After the in-person
eligibility interview, participants underwent a standard health and
physical exam conducted by the study physician to certify their health
and eligibility. Participants were then required to submit to a urine
toxicology test to ensure they had not used any substances not per-
mitted by the study prior to their participation. All subjects were naïve
to or had limited contact with (< 2 lifetime uses and no use in last year)
the active medication in the study.

On each experimental day, subjects arrived to the lab at 8:00am
(Fig. 1). After confirming that the subjects followed the required sleep
schedule and adequately slept the night before, they were given
breakfast. Their subjective sleepiness of the initial morning (AM1) was
assessed with the Karolinska Sleepiness Scale (KSS) questionnaire [27].
The baseline performance for the WM task (details discussed below)
was assessed at 8:30am. At 9:00am, participants received their first
drug administration, which was either DEX or PBO. Seventy-five min-
utes later, another WM assessment was taken (Test 1), followed by a
break during which participants could watch television, eat lunch, or
work on their computer.

After drug administration, subjects’ vital signs were monitored
every hour. Subjects were allowed to leave the lab after 4 h of mon-
itoring if their: 1) systolic blood pressure was below 140 and diastolic
blood pressure was below 90, 2) resting heart rate was below 100 beats
per minute, 3) gait measurements were sufficient, and subjects did not
report experiencing a racing heart, dizziness, headache, or nausea.
Upon their departure, subjects were told to refrain from caffeine, naps,
and exercise during their time out of lab and were asked to confirm
abstention upon arrival back to the lab. Subjects returned to the lab for
another WM testing session at 9:00pm (Test 2). After completion of the
task, subjects were then attached with 32-channel electro-
encephalogram (EEG) cap to monitor their sleep throughout the night
(see below). Lights out occurred at 11:00PM and subjects were provided
10 h of time in bed. This was to ensure that the subjects had enough
sleep opportunity. Subjects were awoken the next morning at 9:00am.
After taking a KSS questionnaire (AM2), the subjects were tested on the
WM task at 10:30am (Test 3) before being permitted to leave the lab at
11:00am. Before leaving, subjects were provided a final blood pressure
reading, pulse reading, and gait assessment to ensure subjects’ safety
upon leaving the lab. For all subjects, the on-call doctor was regularly
consulted throughout the study and for any concerns about subjects’
ability to leave the lab.

We administered 20mg of DEX, a stimulant drug that inhibits the
reuptake of catecholamines, dopamine, and noradrenaline, prepared by
MDMX Corona Pharmacy. DEX is an FDA approved drug to treat ADHD
[28]. We chose 20mg dosage as previous works by De Wit et al. [13]
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showed an improved performance in WM digit span task at this dosage.
The PBO as made of microcrystalline cellulose and contained no active
medications. DEX powder was encapsulated and visually indis-
tinguishable from the PBO capsules.

We utilized an operation span task (Fig. 1) that measured a subject’s
capacity to maintain and actively manipulate information in WM prior
to a response time. We chose the operation span task as it engages and
captures both the memory retention and online processing capacity of
WM. Participants were shown a string of letters (4–8) on a computer
screen and were asked to remember each letter in the exact order they
were presented. Between the letters, subjects were shown simple
mathematical equations (e.g. 4+ 2=6 and 6+3=5) and were
prompted to use keyboard response to determine if the presented
equations were correct or incorrect. Participants were provided three
seconds to respond to each equation. The mathematical task was uti-
lized as a distractor task to discourage online rehearsal of the letters.
After each trial, subjects were provided a short break and moved to the
next trial after a keyboard press. Subjects were required to maintain at
least 70% accuracy on the mathematical distractor for the trial to be
included in the analyses. Subjects were given practice trials at the start
of each test session. Test trials were grouped into “short” versus “long”
conditions in which short trials were defined as 4–5 to-be-remembered
letters and long trials were defined as 6–8 to-be-remembered letters.

We employed the Karolinska Sleepiness Scale (KSS), a 9-point scale
() to measure the sleepiness of the participants throughout the study
day visits. KSS was tested at the onset of the initial morning visit (AM1)
and the morning after the experimental sleep night (AM2).

2.1. Data Reduction

12 subjects did not complete both visits due to scheduling conflicts.
For these subjects, we used their behavioral and sleep data, when ap-
plicable, and degrees of freedom are reported with each analysis for
clarity.

2.2. Statistical Analysis

For prior sleep data analysis, we used paired t-tests to compare total
sleep time (TST), WASO (Wake After Sleep Onset), SE (Sleep Efficiency)
of the 7 days of sleep prior to each visit (DEX vs PBO) and the night
before each visit (DEX vs PBO). Average bed/wake times and delay
between wake time and test time are also reported. We ran 2 (DEX vs
PBO visits) X 2 (AM1 vs AM2) RM ANOVA to investigate if the KSS
score between PBO vs DEX visits and AM1 vs AM2 are comparable. To

investigate the effects of the two drug conditions on the sleep quality,
we used paired sample t-test. We examined the impact of DEX or PBO
on nighttime sleep variables via a t-test on variables of: SE, TST, WASO,
minutes in S1, S2, SWS and REM. To compare WM performance in the
two conditions (DEX vs PBO), we first examined raw performance
across each test and employed 2 (string length) X 2 (drug condition) X 3
(Performance Test) RM ANOVAs to compare the performance change
between the DEX and PBO conditions across each Testing instance (Test
1: 75 min. post drug; Test 2: 12 h post drug; Test 3: 24 h post drug). To
examine performance change, we calculated difference scores between
baseline and each test and utilized the same 2 (string length) × 2 (drug
condition) × 3 (Performance Test) RM ANOVAs. To control for dif-
ferential drug absorption rates across our subjects due to weight, we
entered weight (mean centered) as a covariate in each of these analyses.
We also considered sex as a covariate in our analysis but performance
nor sleep outcomes varied as a function of sex, so it is not included in
the presented analyses. Lastly, we employed Pearson’s correlations to
examine the relationships between sleep features and WM performance.
We consider p < 0.05 as significant and report effect sizes wherever
applicable. For paired t-tests, we used repeated measure design effect
size(dRM) calculation which takes correlation coefficient into account
[29] and for ANOVA we report partial eta squared. IBM SPSS Version
25 software was used for all statistical calculations.

3. Results

3.1. Prior sleep

We first confirmed that there were no significant differences in ac-
tigraphy for the seven days prior to the in-lab visits. Sleep features were
similar for both the week prior and the night before for PBO vs DEX
visits: TST (t28= 0.114, p= .91, dRM=0.022), SE (t28= 2.0,
p= .055, dRM=0.44), WASO (t28=−2.139, p= 0.041, dRM=0.43)
and eve of the experimental day: TST (t28=−0.62, p= .53,
dRM=0.118), SE (t28= 0.8, p= 0.42, dRM=0.146), WASO
(t28=−1.63 p= 0.1, dRM= 0.33). During the seven days prior to each
experimental visit, subjects slept an average of 7 h 53min of sleep, and
for the night before each experimental visit, subjects slept an average of
7 h 6min of sleep. For the week before each experimental visit, the
average bed and wake times were 11:57 pm and 7:47 am for PBO visit,
and 11:52pm and 7:40 am for DEX visits. The average bedtimes and
wake-up times for the eve of the experimental night’s sleep were
11:30pm and 6:48am for PBO visit and 11:22pm and 6.53 am for DEX
visit. These times indicate that subjects may have been sleepier on the

Fig. 1. Protocol and Task Figure.
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experimental morning, but that this sleepiness was similar across DEX
and PBO conditions. On the study day visits, the mean delay between
wake-up time and test-time was 102min for PBO and 97min for DEX.
Morning sleepiness assessed by the KSS in the AM on Day 1(AM1) and
Day 2(AM2) was not significantly different across drug conditions or
sessions (AM1 vs AM2). With 2× 2 RM ANOVA on KSS score (Drug
condition visit (PBO vs DEX)) X Session (AM1 vs AM2), we did not find
a significant main effect F(136)= 0.133, p= 0.717 partial eta
square= 0.004 or interaction effect, Drug X Session : (F(136)= 0.456,
p=0.504 partial eta square= 0.013). The mean KSS score were DEX:
AM1=3.43, AM2=3.6 and PBO: AM1=3.37 and AM2=3.86. In
sum, we confirmed that the prior sleep was similar for the two drug
conditions, and sleepiness did not differ between drug conditions.

3.2. Stimulant vs placebo and nighttime sleep

To examine the impact of stimulants on subsequent nighttime sleep,
we measured the effect of DEX vs PBO on seven polysomnographically-
measured variables using paired samples t-tests: TST, Stage 1, Stage 2,
SWS and REM mins, SE, and WASO using a paired samples T-tests
(Table 1). Compared with PBO, the DEX condition showed lower SE
(t33= 5.47p < 0.001), lower TST (t33= 4.68 p < 0.001), higher
WASO (t33= -3.71, p=0.001), decreased minutes in REM sleep
(t33= 4.54, p < 0.001), S2 (t33= -2.06p=0.047), and SWS
(t33= 2.41, p=0.022), whereas S1 duration was significantly longer
(t33= -3.48, p=0.001). Also, onset to REM, S2 and S3 duration was
longer for DEX (t33= 4.71, p < 0.001, t33=−2.06, p=0.001 and
t33= 3.95, p < 0.001, respectively).

3.3. Stimulant vs placebo and WM

Next, we examined the impact of DEX vs PBO on WM performance
both pre- and post-sleep. First, we confirmed that there were no dif-
ferences in baseline performance across the two experimental days with
a paired t-test. For both short trials (t33=−318 p=0.752 dRM=0.07)
and long trials (t33=−1.77 p= 0.084 dRM=0.29), no significant
differences were found. Using a 2×2 X 3 RM ANOVA (string length
(short vs long) X drug condition (DEX vs PBO) X Test Performance (Test
1, Test 2, Test 3), we found a main effect of string length
(F(1,32)= 190.437, p < 0.0001, partial eta square= 0.856), with
short strings having better performance, but no main effect of drug
(F(1,32)= 0.203, p=0.655, partial eta square= 0.006), or session
(F(2,64)=) = 0.922, p=0.403, partial eta square= 0.028). We did
find a significant string length X drug condition X test performance
interaction (F(2,64)= 4.04, p= 0.022, partial eta square= .112). Post
hoc analysis revealed a significant difference between Test 1 and 3 for
PBO (dRM=0.45, p= 0.009,) but no such difference for DEX
(dRM=0.08, p=0.72) (Fig. 2A).

Next, we calculated difference scores to examine the change in
performance from baseline to Test 1 (Day 1 AM), Test 2 (Day 1 PM) and
Test 3 (Day 2 AM). Again using a 2× 2 × 3 RM ANOVA (string length
(short vs long) X drug condition (DEX vs PBO) X Test performance
difference from baseline (at Test 1, at Test 2, at Test 3), we discovered
no main effects of string length (F(1,32)= 1.124, p=0.297, partial eta
square= 0.034), drug (F(1,32)= 1.945, p= 0.173, partial eta
square= 0.057), or session (F(2,64)=0.922, p=0.403, partial eta
square= 0.028). However, a significant string length X drug condition
X test performance interaction emerged (F(2,64)= 4.04, p=0.022,
partial eta square= 0.112) (Fig. 2B). Post hoc analysis revealed for
long trials, individuals performed better after PBO compared to DEX at
Test 3 only (post-sleep) (Δ=7.2%; p= 0.012). Additionally, for long
trials, participants showed a significant 5.1% increase in performance
from Test 1 to Test 3 in the PBO condition (p= 0.009), however no
difference from Test 1 to Test 3 was present in the DEX condition
(Δ=0.07%; p=0.72). Lastly, individuals showed more improvement
for long trials at Test 3 compared to short trials (Δ=7.0%; p=0.013).
No other significant differences across conditions or sessions were de-
tected for short trials (Δ’s < 2%; p’s > 0.86). Taken together, these
results suggest WM training may benefit from a night of sleep and that
DEX may block overnight WM performance enhancements.

3.4. Sleep and WM correlations

Lastly, to determine if WM improvement was correlated with
nighttime sleep variables, we correlated sleep features with perfor-
mance change (Test 3 - baseline WM performance) and at Test 3. We
did not find significant correlations amongst any of the variables (all p
values > 0.5) for both short and long trials.

4. Discussion

The present study examined the immediate and delayed impact of a
psychostimulant on WM and sleep in well-rested, healthy adults. We
found that stimulants administered in the morning significantly dis-
rupted nighttime sleep. Importantly, contrary to our hypothesis, no
significant difference in WM performance between DEX and PBO was
present at either the 75-min or 12-hr post-drug delay. However, after a
night of sleep (24+hrs post-drug administration), the DEX condition
performed significantly worse than the PBO condition. Even more, in
the PBO condition, performance after sleep showed significant WM
improvement compared to Test 1, but no such improvement was pre-
sent in the DEX condition. These results suggest good sleep may be
important to WM training and that sleep impairment, in this case in-
duced by stimulant administration, may block WM performance gains.

One caveat to our findings is that subjects’ night time sleep before
the experiment was curtailed due to the early experimental start time
(8AM), and this may have elevated levels of sleepiness and sleep inertia
at the start of the study. However, this restriction pertained for both
PBO and DEX conditions, and no differences in total sleep time was
found for the week prior or the eve of the experimental day, suggesting
that poor prior sleep could not completely explain the drug differences
on performance. Also, with a mean delay time between wake-up and
test time of more than 1.5 h for the both visit days, our participant
would have typically recovered from sleep inertia [30–32]. This is also
supported by average low score on the KSS at AM1, which did not differ
across drug conditions.

Few studies have investigated the cost of off-label prescription
psychostimulant use for sleep and cognitive performance in healthy,
well-rested adults. This is surprising given that sleep is important for
proper cognitive function, and the primary outcome of stimulants is
increased wakefulness. In the present study, we noted that DEX im-
paired sleep quality, with lower sleep efficiency, increased WASO, and
decreased SWS, as well as dampening sleep-dependent enhancement of
WM performance. Thus, even a morning administration of DEX

Table 1
Sleep Variables Analysis.

Placebo Dextroamphetamine

TST (min) 537 ± 44 488 ± 69 *
SE(%) 92 ± 5 84 ± 9 *
WASO(min) 30 ± 26 52 ± 34 *
Stage 1 (min) 13 ± 8 20 ± 10 *
Stage 2 (min) 285 ± 50 267 ± 53 *
SWS (min) 108 ± 38 97 ± 33 *
REM (min) 130 ± 32 102 ± 36 *
Stage 2 Onset(min) 10.37 ± 1.41 22.43 ± 3.57 *
REM Onset(min) 56.03 ± 9.755 65.79 ± 11.45 *
Stage 3 Onset(min) 20.63 ± 1.69 33.96 ± 3.90 *
Stage 1 (%) 2.59 ± 1.60 4.357 ± 2.3 *
Stage 2 (%) 52.99 ± 8.21 55.48 ± 8.34 *
SWS (%) 20.27 ± 7.26 22.44 ± 14.7
REM (%) 24.129 ± 5.192 20.739 ± 5.89 *
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deteriorated nighttime sleep and post-sleep WM performance.
Contrary to our expectations, we did not find increased WM ability

after stimulants at either the 75-min or 12-hr delay. Previous studies
have also failed to find an acute impact of stimulants on cognitive
performance. For example, Ilieva et al. [12] found no evidence of
cognitive enhancement 75min. after 20mg dose of mixed-ampheta-
mine salt in an N-back WM task. However, other studies reported a
significant benefit of stimulants for WM performance [13,17]. One
potential reason for our null results relates to the inverted U-shape
theory of baseline WM capacity [33] and optimal arousal theory [34],
which posits that beneficial effects of stimulants would be maximum for
individuals with low baseline performance, and minimal benefits would
occur for individuals at moderately high baseline performance [35].
Our subject pool of healthy, young adults are likely at the peak of their
working memory capacity [36], and in the context of this argument,
positioned at the peak of inverted U. As such, they may not have been
able to reap as much benefit from stimulants as individuals at lower
performance capacities. Consistent with this idea, a study using me-
thylphenidate showed that baseline performance was negatively cor-
related with errors made on a spatial working memory (SWM) task. The
investigators noted that the lower the baseline performance, the more
the stimulant group showed improvement in error reduction [17]. Fu-
ture studies might examine this by comparing samples with lower and
higher performance capacities.

Given the growing trend in off-label stimulant drug usage in
healthy, well-rested adults [6], these findings have implications for
public health, with a specific impact on the debate of stimulant use for
cognitive enhancement. Along with the known adverse side effects from
these drugs including addiction, psychosis, cardiovascular disease and
sudden death [37], disruption of sleep and impairment of sleep-de-
pendent cognition should be taken into consideration. An effective al-
ternative approach of sleep hygiene education and napping interven-
tions may better support a wide range of cognitive and health functions.

Conflicts of interest

None

Grants

Office of Naval Research N00014-14-1-0513 (S.M.) and DoD Young
Investigator Prize (S.M.)

References

[1] N. Bostrom, A. Sandberg, Cognitive enhancement: methods, ethics, regulatory
challenges, Sci. Eng. Ethics 15 (3) (2009) 311–341, https://doi.org/10.1007/
s11948-009-9142-5.

[2] Z. Tieges, K.R. Richard, J. Snel, A. Kok, Caffeine strengthens action monitoring:
evidence from the error-related negativity, Cogn. Brain Res. 21 (1) (2004) 87–93,
https://doi.org/10.1016/j.cogbraines.2004.06.001.

[3] P. Newhouse, A. Potter, A. Singh, Effects of nicotinic stimulation on cognitive
performance, Curr. Opin. Pharmacol. 4 (1) (2004) 36–46, https://doi.org/10.1016/
j.coph.2003.11.001.

[4] M. Gill, P. Haerich, K. Westcott, K.L. Godenick, J.A. Tucker, Cognitive performance
following modafinil versus placebo in sleep-deprived emergency physicians: a
double-blind randomized crossover study, Acad. Emerg. Med. 13 (2) (2006)

158–165, https://doi.org/10.1111/j.1553-2712.2006.tb01665.x.
[5] D. Repantis, P. Schlattmann, O. Laisney, I. Heuser, Modafinil and methylphenidate

for neuroenhancement in healthy individuals: a systematic review, Pharmacol. Res.
62 (3) (2010) 187–206, https://doi.org/10.1016/j.phrs.2010.04.002.

[6] M.E. Smith, M.J. Farah, Are prescription stimulants “smart pills”? The epidemiology
and cognitive neuroscience of prescription stimulant use by normal healthy in-
dividuals, Psychol. Bull. 137 (5) (2011) 717–741, https://doi.org/10.1037/
a0023825.

[7] M.E. Ballard, D.A. Gallo, H. de Wit, Pre-encoding administration of amphetamine or
THC preferentially modulates emotional memory in humans, Psychopharmacology
226 (3) (2012) 515–529, https://doi.org/10.1007/s00213-012-2924-5.

[8] A.M. Linssen, E.F. Vuurman, A. Sambeth, W.J. Riedel, Methylphenidate produces
selective enhancement of declarative memory consolidation in healthy volunteers,
Psychopharmacology 221 (4) (2012) 611–619, https://doi.org/10.1007/s00213-
011-2605-9.

[9] E. Soetens, R. Dhooge, J. Hueting, Amphetamine enhances human-memory con-
solidation, Neurosci. Lett. 161 (1) (1993) 9–12, https://doi.org/10.1016/0304-
3940(93)90127-7.

[10] E. Soetens, J.E. Hueting, S. Casaer, R. Dhooge, Effect of amphetamine on long-term
retention of verbal material, Psychopharmacology 119 (2) (1995) 155–162, https://
doi.org/10.1007/bf02246156.

[11] R. Elliott, B.J. Sahakian, K. Matthews, A. Bannerjea, J. Rimmer, T.W. Robbins,
Effects of methylphenidate on spatial working memory and planning in healthy
young adults, Psychopharmacology 131 (2) (1997) 196–206, https://doi.org/10.
1007/s002130050284.

[12] I. Ilieva, J. Boland, M.J. Farah, Objective and subjective cognitive enhancing effects
of mixed amphetamine salts in healthy people, Neuropharmacology 64 (2013)
496–505, https://doi.org/10.1016/j.neuropharm.2012.07.021.

[13] H. De Wit, J.L. Enggasser, J.B. Richards, Acute administration of d-Amphetamine
decreases impulsivity in healthy volunteers, Neuropsychopharmacology 27 (5)
(2002) 813–825, https://doi.org/10.1016/s0893-133x(02)00343-3.

[14] J.L. Mommaerts, G. Beerens, L. Van den Block, E. Soetens, S. Schol, E. Van De
Vijver, D. Devroey, Influence of methylphenidate treatment assumptions on cog-
nitive function in healthy young adults in a double-blind, placebo-controlled trial,
Psychol. Res. Behav. Manag. 6 (2013) 65–74, https://doi.org/10.2147/PRBM.
S47526.

[15] M.K. Johnson, R.P. McMahon, B.M. Robinson, A.N. Harvey, B. Hahn, C.J. Leonard,
et al., The relationship between working memory capacity and broad measures of
cognitive ability in healthy adults and people with schizophrenia, Neuropsychology
27 (2) (2013) 220–229, https://doi.org/10.1037/a0032060.

[16] K. Fukuda, E. Vogel, U. Mayr, E. Awh, Quantity, not quality: the relationship be-
tween fluid intelligence and working memory capacity, Psychon. Bull. Rev. 17 (5)
(2010) 673–679, https://doi.org/10.3758/17.5.673.

[17] V.S. Mattay, J.H. Callicott, A. Bertolino, I. Heaton, J.A. Frank, R. Coppola,
K.F. Berman, T.E. Goldberg, D.R. Weinberger, Effects of Dextroamphetamine on
cognitive performance and cortical activation, NeuroImage 12 (3) (2000) 268–275,
https://doi.org/10.1006/nimg.2000.0610.

[18] S. Diekelmann, Sleep for cognitive enhancement, Front. Syst. Neurosci. 8 (2014),
https://doi.org/10.3389/fnsys.2014.00046.

[19] B. Rasch, J. Born, About sleeps role in memory, Physiol. Rev. 93 (2) (2013)
681–766, https://doi.org/10.1152/physrev.00032.2012.

[20] M.P. Walker, E.V. Helm, Overnight therapy? The role of sleep in emotional brain
processing, Psychol. Bull. 135 (5) (2009) 731–748, https://doi.org/10.1037/
a0016570.

[21] K. Kuriyama, K. Mishima, H. Suzuki, S. Aritake, M. Uchiyama, Sleep accelerates the
improvement in working memory performance, J. Neurosci. 28 (40) (2008)
10145–10150, https://doi.org/10.1523/jneurosci.2039-08.2008.

[22] K. Zinke, H. Noack, J. Born, Sleep augments training-induced improvement in
working memory in children and adults, Neurobiol. Learn. Mem. 147 (2018) 46–53,
https://doi.org/10.1016/j.nlm.2017.11.009.

[23] M.E. Smith, L.K. Mcevoy, A. Gevins, The impact of moderate sleep loss on neuro-
physiologic signals during working-memory task performance, Sleep 25 (7) (2002)
56–66, https://doi.org/10.1093/sleep/25.7.56.

[24] A. Rechtschaffen, L. Maron, The effect of amphetamine on the sleep cycle,
Electroencephalogr. Clin. Neurophysiol. 16 (5) (1964) 438–445, https://doi.org/
10.1016/0013-4694(64)90086-0.

[25] M.J. Barbanoj, J. Riba, S. Clos, S. Giménez, E. Grasa, S. Romero, Daytime
Ayahuasca administration modulates REM and slow-wave sleep in healthy volun-
teers, Psychopharmacology 196 (2) (2007) 315–326, https://doi.org/10.1007/
s00213-007-0963-0.

[26] A.M. Mehringer, K. Downey, L.M. Schuh, C. Pomerleau, S.M. Snedecor,

Fig. 2. Stimulants disrupted normal task
improvement. A. Working memory perfor-
mance at various time points (after 75min,
12 h and 24 h). *Signifies over-all interaction
effect. B. Working memory performance im-
provement at various time points (after 75min,
12 h and 24 h) from the baseline. *Differences
between PBO and DEX at various Test session
and improvement.

T. Tselha, et al. Behavioural Brain Research 370 (2019) 111940

5

https://doi.org/10.1007/s11948-009-9142-5
https://doi.org/10.1007/s11948-009-9142-5
https://doi.org/10.1016/j.cogbraines.2004.06.001
https://doi.org/10.1016/j.coph.2003.11.001
https://doi.org/10.1016/j.coph.2003.11.001
https://doi.org/10.1111/j.1553-2712.2006.tb01665.x
https://doi.org/10.1016/j.phrs.2010.04.002
https://doi.org/10.1037/a0023825
https://doi.org/10.1037/a0023825
https://doi.org/10.1007/s00213-012-2924-5
https://doi.org/10.1007/s00213-011-2605-9
https://doi.org/10.1007/s00213-011-2605-9
https://doi.org/10.1016/0304-3940(93)90127-7
https://doi.org/10.1016/0304-3940(93)90127-7
https://doi.org/10.1007/bf02246156
https://doi.org/10.1007/bf02246156
https://doi.org/10.1007/s002130050284
https://doi.org/10.1007/s002130050284
https://doi.org/10.1016/j.neuropharm.2012.07.021
https://doi.org/10.1016/s0893-133x(02)00343-3
https://doi.org/10.2147/PRBM.S47526
https://doi.org/10.2147/PRBM.S47526
https://doi.org/10.1037/a0032060
https://doi.org/10.3758/17.5.673
https://doi.org/10.1006/nimg.2000.0610
https://doi.org/10.3389/fnsys.2014.00046
https://doi.org/10.1152/physrev.00032.2012
https://doi.org/10.1037/a0016570
https://doi.org/10.1037/a0016570
https://doi.org/10.1523/jneurosci.2039-08.2008
https://doi.org/10.1016/j.nlm.2017.11.009
https://doi.org/10.1093/sleep/25.7.56
https://doi.org/10.1016/0013-4694(64)90086-0
https://doi.org/10.1016/0013-4694(64)90086-0
https://doi.org/10.1007/s00213-007-0963-0
https://doi.org/10.1007/s00213-007-0963-0


H. Schubiner, The Assessment of Hyperactivity and Attention: development and
preliminary validation of a brief self- assessment of adult ADHD, J. Atten. Disord. 5
(4) (2001) 223–231, https://doi.org/10.1177/108705470100500404.

[27] K. Kaida, M. Takahashi, T. Åkerstedt, A. Nakata, Y. Otsuka, T. Haratani,
K. Fukasawa, Validation of the Karolinska sleepiness scale against performance and
EEG variables, Clin. Neurophysiol. 117 (7) (2006) 1574–1581, https://doi.org/10.
1016/j.clinph.2006.03.011.

[28] J.M. Daughton, C.J. Kratochvil, Review of ADHD pharmacotherapies: advantages,
disadvantages, and clinical pearls, J. Am. Acad. Child Adolesc. Psychiatry 48 (3)
(2009) 240–248, https://doi.org/10.1097/chi.0b013e318197748f.

[29] S.B. Morris, R.P. Deshon, Combining effect size estimates in meta-analysis with
repeated measures and independent-groups designs, Psychol. Methods 7 (1) (2002)
105–125, https://doi.org/10.1037//1082-989x.7.1.105.

[30] M. Ferrara, et al., Time-course of sleep inertia upon awakening from nighttime sleep
with different sleep homeostasis conditions, Aviat. Space Environ. Med. 71 (3)
(2000) 225–229.

[31] M.E. Jewett, J.K. Wyatt, A.R. Cecco, S.B. Khalsa, D. Dijk, C.A. Czeisler, Time course
of sleep inertia dissipation in human performance and alertness, J. Sleep Res. 8 (1)
(1999) 1–8, https://doi.org/10.1111/j.1365-2869.1999.00128.x.

[32] P. Tassi, A. Muzet, Sleep inertia, Sleep Med. Rev. 4 (4) (2000) 341–353, https://doi.
org/10.1053/smrv.2000.0098.

[33] R. Cools, M. Desposito, Inverted-U–Shaped dopamine actions on human working
memory and cognitive control, Biol. Psychiatry 69 (12) (2011), https://doi.org/10.
1016/j.biopsych.2011.03.028.

[34] R.M. Yerkes, J.D. Dodson, The relation of strength of stimulus to rapidity of habit-
formation, J. Comp. Neurol. Psychol. 18 (5) (1908) 459–482, https://doi.org/10.
1002/cne.920180503.

[35] D.D. Garrett, I.E. Nagel, C. Preuschhof, A.Z. Burzynska, J. Marchner, S. Wiegert,
U. Lindenberger, Amphetamine modulates brain signal variability and working
memory in younger and older adults, Proc. Natl. Acad. Sci. 112 (24) (2015)
7593–7598, https://doi.org/10.1073/pnas.1504090112.

[36] S. Cansino, F. Torres-Trejo, C. Estrada-Manilla, J.G. Martínez-Galindo,
E. Hernández-Ramos, M. Ayala-Hernández, S. Ruiz-Velasco, Factors that positively
or negatively mediate the effects of age on working memory across the adult life
span, GeroScience 40 (3) (2018) 293–303, https://doi.org/10.1007/s11357-018-
0031-1.

[37] L.L. Greenhill, S. Pliszka, M.K. Dulcan, W. Bernet, V. Arnold, J. Beitchman, et al.,
Summary of the practice parameter for the use of stimulant medications in the
treatment of children, adolescents, and adults, J. Am. Acad. Child Adolesc.
Psychiatry 40 (11) (2001) 1352–1355, https://doi.org/10.1097/00004583-
200111000-00020.

T. Tselha, et al. Behavioural Brain Research 370 (2019) 111940

6

https://doi.org/10.1177/108705470100500404
https://doi.org/10.1016/j.clinph.2006.03.011
https://doi.org/10.1016/j.clinph.2006.03.011
https://doi.org/10.1097/chi.0b013e318197748f
https://doi.org/10.1037//1082-989x.7.1.105
http://refhub.elsevier.com/S0166-4328(18)31553-5/sbref0150
http://refhub.elsevier.com/S0166-4328(18)31553-5/sbref0150
http://refhub.elsevier.com/S0166-4328(18)31553-5/sbref0150
https://doi.org/10.1111/j.1365-2869.1999.00128.x
https://doi.org/10.1053/smrv.2000.0098
https://doi.org/10.1053/smrv.2000.0098
https://doi.org/10.1016/j.biopsych.2011.03.028
https://doi.org/10.1016/j.biopsych.2011.03.028
https://doi.org/10.1002/cne.920180503
https://doi.org/10.1002/cne.920180503
https://doi.org/10.1073/pnas.1504090112
https://doi.org/10.1007/s11357-018-0031-1
https://doi.org/10.1007/s11357-018-0031-1
https://doi.org/10.1097/00004583-200111000-00020
https://doi.org/10.1097/00004583-200111000-00020

	Morning stimulant administration reduces sleep and overnight working memory improvement
	Introduction
	Methods
	Data Reduction
	Statistical Analysis

	Results
	Prior sleep
	Stimulant vs placebo and nighttime sleep
	Stimulant vs placebo and WM
	Sleep and WM correlations

	Discussion
	Conflicts of interest
	Grants
	References




