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a b s t r a c t

The term neuroenhancement refers to improvement in the cognitive, emotional and motivational
functions of healthy individuals through, inter alia, the use of drugs. Of known interventions, psychophar-
macology provides readily available options, such as methylphenidate and modafinil. Both drugs are
presumed to be in widespread use as cognitive enhancers for non-medical reasons. Based on a systematic
review and meta-analysis we show that expectations regarding the effectiveness of these drugs exceed
their actual effects, as has been demonstrated in single- or double-blind randomised controlled trials. Only
studies with sufficient extractable data were included in the statistical analyses. For methylphenidate
an improvement of memory was found, but no consistent evidence for other enhancing effects was
uncovered. Modafinil on the other hand, was found to improve attention for well-rested individuals,
while maintaining wakefulness, memory and executive functions to a significantly higher degree in sleep
Cognitive performance
Sleep deprivation
Healthy young adults
Systematic review

deprived individuals than did a placebo. However, repeated doses of modafinil were unable to prevent
deterioration of cognitive performance over a longer period of sleep deprivation though maintaining
wakefulness and possibly even inducing overconfidence in a person’s own cognitive performance.
Neuroethics
© 2010 Elsevier Ltd. All rights reserved.
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. Introduction

The term neuroenhancement has been coined to denote
nterventions by which healthy people improve their cognitive,
motional and motivational functions [1,2]. If psychopharma-
eutical substances are used to achieve such improvements,
t is called pharmaceutical neuroenhancement. Apparently,
sychostimulants are popular among healthy people seeking
euroenhancement [3]. In this article, we examine possible neu-
oenhancement properties of two substances that have often
een in the spotlight of both the scientific [4,5] and popular press
3,6], namely methylphenidate (MPH) and modafinil. The first, a
timulant used to treat attention-deficit hyperactivity disorder
ADHD), is known to have been extensively misused, especially
y college students as a “study aid” [7]. The second, a wakeful-
ess promoting agent licensed for the treatment of excessive
aytime sleepiness associated with narcolepsy, sleep apnoea and
hift-work sleep disorder, is already used by military person-
el, as depicted for instance in the Memorandum of the United
tates Air Force “Modafinil and management of aircrew fatigue”
2nd December 2003), which approves the use of modafinil for

issions of great duration, and in the Internet site of the United
tates Air Force Laboratory, who conducted the relevant research
http://www.hep.afrl.af.mil/HEPF/Research/index.html, accessed
2th April 2010). It also seems to become increasingly popular,
oth in business and in academia. In an online poll conducted
y Nature magazine [8], 20% of the 1400 responding readers
eported use of MPH, modafinil or beta-blockers (drugs prescribed
or cardiac arrhythmia, that can also have an anti-anxiety effect)
or non-medical reasons: 62% of users reported taking MPH and
4% modafinil. Their main reasons for doing so were to improve
oncentration, focus for a specific task or counteract sleep deficit
r jetlag Indirect evidence for the non-medical use of MPH and
odafinil can also be gained by comparing their disproportion-

tely high prescription and sales numbers to the numbers of
atients suffering from the disorders for which these substances
re approved or used off-label [9,10].

This systematic review, which has been conducted according

o a pre-defined protocol, aims to collect and analyse the available
vidence about the effects of MPH and modafinil in healthy individ-
als. If these drugs can be shown to have positive effects in healthy

ndividuals, then this adds urgency to the question how to regulate
heir potential use for neuroenhancement purposes. If no evidence
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

of neuroenhancement effects can be found in the existing litera-
ture, then this fact should be made known to those healthy people
who are ready to accept the risk of consuming MPH or modafinil
[11,12] because of their belief in such not empirically supported
benefits.

2. Objectives

The aim of this review was to assess the effect of MPH and
modafinil on emotional, cognitive and motivational processes and
the safety of their use by healthy individuals. Although these drugs
are supposed to mainly affect cognition, the widespread neuro-
chemical systems they implicate suggest that they might also have
an impact on emotional and motivational functions [1]. MPH is
a dopamine reuptake blocker that also enhances dopamine and
norepinephrine release with pharmacologic mechanisms similar to
those of amphetamines [13]. The mechanisms of action of modafinil
are not well understood but are believed to differ from those of
methylphenidate and amphetamines. Although there is mounting
evidence that the effects on dopamine and norepinephrine are pri-
mary, effects on �-aminobutyric acid, glutamate, histamine and
orexin/hypocretin are also theorised [14–16]. Both substances are
being investigated or already in use for ameliorating the cogni-
tive impairment in several psychiatric disorders [5], but since their
effects in these diseases are not the scope of this review refer for
more details to [15,16].

3. Methods

3.1. Criteria for considering studies for this review

3.1.1. Types of studies
Included were all published single- or double-blind randomised

or quasi-randomised controlled clinical trials, including cross-over
clinical trials, which compare MPH or modafinil with placebo.

3.1.2. Types of participants
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.1.3. Types of interventions
All interventions with MPH or modafinil in all doses and dosing

chedules (single dose or repeated doses) for any duration and by
ny route of administration in comparison with placebo.

.1.4. Types of outcome measures
The primary outcomes of interest were measures for emotional,

ognitive or motivational parameters. Specifically: mood, wakeful-
ess, motivation, attention, concentration, memory, learning and
xecutive functions. The outcomes were not pre-defined any fur-
her. Secondary outcomes of interest were adverse effects and
cceptability of the medication, measured by the number of people
ropping out during the trials and post-randomisation exclusions
ue to the drugs’ effects.

.2. Search methods for identification of studies

Supported by a professional librarian an author (DR) developed
earch strategies (available upon request) including terms such
s “methylphenidate”, “modafinil”, “healthy volunteers” and their
ariants, synonyms, acronyms and the relevant medical subject
eadings (MeSH) to identify potentially relevant studies. The MED-
INE and EMBASE databases were searched using the WebSPIRS®

.12 search engine from OVID. No language restriction was applied.
he search was performed in the second week of August 2007
MEDLINE: 1950 to 2007/08-week 2, EMBASE: 1989 to 2007/07).
eference lists from relevant primary and review articles were
xamined so as to identify additional studies.

.3. Methods of the review

.3.1. Selection of studies
The studies obtained through the search strategy were screened

nd those being clearly irrelevant were discarded on the basis of
heir title and abstract. The remaining references were retrieved
n hard copy and compared against the review’s inclusion criteria.
f there was any doubt whether an article should be included or
ot, the article was assessed by one of the other authors (OL) and
isagreements were resolved by discussion.

.3.2. Quality assessment
Methodological quality and quality of reporting of each trial was

ssessed using the criteria of the three-item, five-point Oxford Scale
Jadad scale) which assigns a numerical score of 1–5 (5 being the
est score; [17]). The score in the Jadad scale was not used as cut
ff to justify inclusion in the meta-analysis or not, but rather as a
ractical tool for quality assessment by the descriptive reporting of
he studies.

.3.3. Data extraction
Four types of data were extracted from the published reports

nto a pre-tested, standardised abstraction form in a spreadsheet:
1) study characteristics, design and quality (randomisation, blind-
ng, method of randomisation and blinding, all-cause dropouts), (2)
opulation characteristics (number, age and gender of participants,
leep deprived or not), (3) study interventions (drug, dosage, fre-
uency, duration of trial, duration of sleep deprivation prior and
fter drug taking), and (4) primary outcomes: results for relevant
ests, with all their parameters, for instance both time and accuracy
n a reaction time test. For data processing, these tests were grouped
nto test clusters according to the predominant neuropsychologi-

al domain that they were assessing [18,19] and these clusters were
ggregated for further analyses into the main factors, namely out-
omes. Adverse events were used as a secondary outcome. Studies
rom which the data could not be extracted (out of tables or dia-
rams) were included in the systematic review if they fulfilled the
Research 62 (2010) 187–206 189

inclusion criteria, but their results could not be integrated in the
meta-analyses. Their findings however were taken into account in
the descriptive presentation of the results of the systematic review.
The data were extracted and summarised by two investigators (DR
and OL) not blinded to the studies’ authors.

For continuous data, the summary statistics required for each
trial and each outcome were the mean, the standard deviation and
the number of participants for each treatment group at each time
point. If available, the mean change from baseline was considered
in each group. The baseline assessment was defined as the latest
available assessment prior to randomisation, but no longer than
two months prior to it. For binary data, the number of people in
each treatment group and the number of people experiencing the
outcome of interest were sought. If only the treatment effects and
their standard errors were reported, these were extracted.

The outcomes measured in clinical trials often arise from ordinal
rating scales. Whenever the rating scales used in the trials had a
reasonably large number of categories, the data were treated as
continuous outcomes arising from a normal distribution.

3.3.4. Data analysis
Based on the means and standard deviations of each group, a

standardised effect difference, namely Cohen’s d, was calculated
for the relevant test parameters of each study. Additionally, the
variance of Cohen’s d was calculated. Cohen’s d was chosen since
it allows comparing results measured with different psychometric
scales. In order to take heterogeneity and correlation within stud-
ies into account, a linear mixed model was used for data analysis.
Based on this linear mixed model, a meta-analysis and a meta-
regression were performed. The results report the heterogeneity
variance, which measures structural variability between studies,
together with regression coefficients for fixed effects such as time.
An effect size was computed for each outcome and in all cases,
positive effect sizes give the difference in improvement between
drug and placebo adjusted for the scale and accuracy of the mea-
surements used in each study. For interpreting the results we use
the widely accepted guidelines of Cohen [20]. For research in the
behavioural sciences, he defined 0.2 as small, 0.5 as medium and
0.8 as large effects. All analyses were performed with PROC MIXED
of the statistical package SAS 9.1.

Most studies included several assessment points. For our anal-
ysis, the results from the different studies of the assessments that
were near to one another were summed up to form the results for
the first, second, etc. assessment’s time points. On the contrary, the
fine gradation of sleep deprivation as a covariate, allowed for a con-
tinuous analysis of its effects. For our analyses, a significance level
of <0.05 was applied.

4. Results

4.1. Results of the search

Our research yielded 288 relevant titles for MPH and 130 for
modafinil from MEDLINE and EMBASE databases (including some
duplicate records, where the two databases overlapped). The selec-
tion process is illustrated in Figs. 1 and 2. We retrieved 80 and
56 publications respectively for full-text evaluation together with
those found through references. From these articles, 46 about MPH
and 45 about modafinil met our inclusion criteria and their results
are considered here. In the statistical analyses however, only those

with sufficient extractable data were included. Generally, each
study looked at and provided data only for some of the outcomes at
question and therefore a different number of studies was included
in the meta-analysis of each outcome (Figs. 1 and 2). Two of the
included studies were only published as abstracts [21,22]. All the
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ig. 1. Trials identification and selection process (QUOROM Flow Chart)
or methylphenidate. Several studies examined more than one outcome
RCT = randomised controlled trial).

elevant publications were in English, except an article published
n Chinese, which, although it was indexed in a database, was
ot retrievable [23]. Through cross-references we also came across
ublished reports of military studies. The results of some of them
ere also partially presented in already found publications [24,25].

n these cases only the additional, unpublished results were con-
idered. Other reports were not published elsewhere and therefore
hey were included as such in the systematic review [26–28]. For
etailed information about the included studies and their results
efer to Tables 1–4. (Because of space limitation, studies included
n the systematic review, but not cited in the text, are not listed in
he reference list.)

.2. Description and methodological quality of included studies
Before proceeding to the statistical analyses of the results, a
hort description of all the articles, including those yielding quali-
ative, but no quantitative information follows. In order to evaluate
he results, a first crucial point is the duration of the trials, or else if
Fig. 2. Trials identification and selection process (QUOROM Flow Chart) for
modafinil. Several studies examined more than one outcome (RCT = randomised
controlled trial).

the drug was given only once (single dose trial) or more than once,
for a period of time (repeated doses trial). Furthermore, it is a known
fact that stimulants have wakefulness promoting properties [29],
and therefore several studies have tested the effect of these drugs
in sleep deprived individuals. Hence, a further a-priori subgroup
analysis was performed: trials with non-sleep deprived individu-
als and trials with sleep deprived individuals, including people that
were completely sleep deprived, those that were allowed to nap for
a few hours in the course of the study and those that were tested

in a simulated shift-workers condition.

Among the 46 studies of MPH, four were repeated dose trials
[30–33] two of which were with non-sleep deprived volunteers,
who received MPH once per day for one [33] and six weeks [32]
respectively. The third was a sleep deprivation study where MPH
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Table 1
Included studies—methylphenidate (MPH).

First author (year) Study design (Jadad score) N, sex (mean age) Dose (mg/d) (Ndrug) Domains tested Significant effects of MPH vs. placebo (p < 0.05) Remark

Aman, M.G. (1984) Crossover DB,RCT (2) 12 M + F (28.3) 0.3/kg (∼20) Mood, wakefulness,
memory, attention

Decreased commission errors in CPT (but due to
ceiling effect, no effect in omission errors or in
performance in a memory task).

Change occurred on 1 of 13 measures; a trend for
improved attention was found.

Anderer, P. (2002) Crossover DB,RCT (2) 20 M + F (28.5) 20 Mood, wakefulness Increased high spirits and reduced dizziness under
MPH.

Limited subjective effects.

Bishop, C. (1997) Crossover DB,CT (2) 9 M + F (28) 20 Mood, wakefulness,
attention

Subjective effects of decreased fatigue, sedation and
increased high, euphoria. No effect on attention.

Some stimulant-like subjective effects. Testing also
under sleep deprivation.

Booij, J. (1997) Parallel DB,RCT (3) 12 M (24) Not reported (N = 6) Mood Increased scores in the positive and general
psychopathology scales. (items: excitement,
anxiety, tension, and mannerisms and posturing.)

Behavioural effects measured by an interview
(single-photon emission computed tomography
(SPECT) study).

Brignell, C.M. (2006) Parallel DB,RCT (4) 32 M + F (23.5) 40 (N = 16) Mood No effect on fear conditioning. Study on fear conditioning using skin conductance.
No effect of MPH.

Brown, W.A. (1977) Crossover DB,CT (2) 17 M (25) 10, 20 Mood, wakefulness Increased subjective ratings of well-being/euphoria,
vigor and elation (20 mg: also for concentration).

Improved subjective mood and arousal.

Brown, W.A. (1978) Parallel DB,CT (2) 32 M + F (24.2) 10 (N = 20), 20 (N = 12) Mood, wakefulness Increased subjective ratings of well-being/euphoria
and trend for increased ratings in vigor and elation.

MPH appeared equally effective with
dextroamphetamine in eliciting euphoria.

Brumaghim, J.T. (1998) Crossover DB,RCT (2) 22 M + F (20.9) 0.3/kg (∼20) Mood, wakefulness,
memory

Increased ratings on mood, but not on
concentration, vigor. No change in a
paired-associate learning task.

Improved subjective mood. No improvement in
memory.

Bullmore, E. (2003) Crossover DB,RCT (3) 12 M + F (69.8) 20 Memory No change in an object-location learning task (same
study as in Müller, U., 2005).

No effect on spatial memory (part of an fMRI study).

Camp-Bruno, J.A. (1993) Parallel DB,RCT (3) 31 M + F (23) 20 (N = 15) Attention, memory Decreased RT in a vigilance task and improvement
in 1 out of 2 verbal memory tasks.

An improvement of attention and memory was
found.

Clark, C.R. (1986) Crossover DB,RCT (2) 10 M (24) 0.65/kg Wakefulness,
attention

Increased response rate, but no change in RT or
target discrimination in a dichotic attention task.

Some improvement in attention and in spontaneous
behaviour (talkative, etc.).

Clark, C.R. (1986) Crossover DB,RCT (3) 18 M (24) 0.65/kg Mood, wakefulness,
attention

No change in a dichotic attention task. Increased
subjective ratings of elation and alertness and
decreased lethargy, depression and concentration.

No change in divided or focused attention, but
increased subjective arousal and distractibility of
attention.

Coons, H.W. (1980) (1st) Crossover B, RCT (1) 13 M (23.8) 20 Mood, wakefulness,
attention, memory

No difference in working memory found (CPT). No difference found; maybe due to floor effect.

Coons, H.W. (1980) (2nd) Crossover B, RCT (2) 23 M (19.7) 20 Mood, wakefulness,
attention, memory

Improved performance in CRT and 2 difficult CPT
versions. Increased concentration and aggression.

Improved attention/working memory and some
subjective effects was found.

de Haes, J.I.U. (2006) Crossover SB,CT (0) 7 M + F (22) 0.25/kg Mood, wakefulness,
memory

No difference in CPT found. Oral report of increased
happiness on analogue rating scales. (PET study).

No change in attention and 11 out of 12 oral
subjective measurements.

Elliott, R. (1997) Crossover DB,CT (0) 28 M (21.3) 20 (N = 8) 40 (N = 20) Wakefulness,
attention, memory,
executive function

Increased alertness and performance in a planning
task and decreased subjective tiredness. In spatial
working memory tasks, improved performance
when the drug was taken 1st and decreased
accuracy (but also RT) when taken 2nd. Practise
effect on some CANTAB tasks did not allow for clear
results.

Some cognitive enhancing effects. Some results
supporting the hypothesis that MPH enhances
spatial memory on novel tasks, but impairs
previously established performance (induces
impulsive response before the processing of the
information).

Fitzpatrick, P. (1988) Crossover DB,CT (1) 10 M (19.7) 0.3/kg (∼20) Mood, wakefulness,
memory

No difference between the 2 groups in a Sternberg
task due to practise effect. Increased mood ratings.

Improved subjective mood.

Gilbert, J.G. (1973) Parallel DB,RCT (5) 53 M + F (>60) 5-30 (for 6w) (N = 27) Mood, wakefulness,
memory

Test after 3 and 6w: reduced fatigue. No difference
on VAS on anxiety, hostility, depression, cognitive
disturbance, carefree or friendliness. No difference
on any of the six scales of the Guild memory test.

After 3w and 6w no effect on memory was found.
Out of the 6 behavioural measures MPH reduced
fatigue, but had no other effect on mood.

Gobbi, G. (2003) Parallel DB,RCT (3) 12 M (25) 20 (for 1w) (SR)(N = 6) Mood, wakefulness Increased anxiety, but no other change in the other
subjective measures (subscales of POMS) after 7 d of
MPH treatment.

Little effect of MPH on mood, besides an increase in
anxiety (Little was reported as the focus of the paper
was on bupropion).

Hermens, D.F. (2007) Crossover DB,RCT (2) 32 M (22.3) 5/15/45 Mood, wakefulness,
attention, memory,
executive function

MPH dose-dependently reduced RT in 3 tasks and
reduced total and omission errors in 2 of them. No
effect on memory, executive function and on
subjective measures.

Improved sustained attention (MPH induced faster
and more correct responses in attentional tasks).

Hink, R.F. (1978) Crossover DB,CT (1) 12 M (23.5) 10 Attention, executive
function

No difference in a selective attentional task and a
time estimation task. Subjective effects of arousal.

No effect on selective attention.

Hink, R.F. (1978) Crossover DB,CT (2) 16 M (24) 10 Attention Performance increased in a divided attention task;
trend to increase in a focused attention task.

Improved divided (and focused) attention.

Kollins, S.H. (1999) Crossover DB,CT (3) 10 M + F (30.7) 20/40 IR/20/40 SR Mood, wakefulness,
attention

The IR formulation produced stimulant-like drug
effects in time- and dose-dependent manner, while
the SR had only transient effects.

This study showed that the abuse potential of MPH
can be reduced by slowing the rate of onset of drug
effect.

Kupietz, S.S. (1980) Crossover SB,CT (0) 9 M + F (28.7) 5, 10 Memory 5 mg: Better performance in learning a nr. of
Chinese characters simultaneously in a PAL task.

Better memory for symbols learned simultaneously
(but not progressively).
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First author (year) Study design (Jadad score) N, sex (mean age) Dose (mg/d) (Ndrug) Domains tested Significant effects of MPH vs. placebo (p < 0.05) Remark

Mehta, M.A. (2000) Crossover DB,CT (2) 10 M (34.8) 40 Mood, wakefulness,
memory

Decreased between errors, but not within errors in the
Spatial Working Memory task.

Some improvement in spatial memory. No change
in subjective measurements.

Müller, U. (2005) Crossover DB,RCT (2) 12 M + F (69.8) 20 Attention No effect on a cued or uncued choice RT. (same study
as in Bullmore, E., 2003).

No effect on attention (part of an fMRI study).

Naylor, H. (1985) Crossover DB,CT (2) 8 M (34.5) 5/10/20 Memory, attention Decreased RT for both the easy and the hard stimulus
in a Sternberg task.

Improved attention regardless of the complexity of
the stimulus.

Oken, B.S. (1995) Crossover DB,RCT (3) 23 M + F (25) 0.2/kg Mood, wakefulness,
attention

Increased subjective arousal and decreased RT in 1 out
of 3 RT tasks. No change in the Digit Span Memory
Task.

Subjective effects of arousal, but limited, non
attentional specific, effects on the objective tasks.

Peloquin, L.J. (1986) Crossover DB,CT (1) 18 M + F (11.4) 0.3/kg (∼12) Mood, memory,
attention

Decreased: errors and RT variability (but not RT) in a
memory task; errors, RT and RT variability in CPT;
dysphoria in subjective ratings.

Improved mood (without eliciting euphoria),
memory and attention in children.

Roehrs, T. (1999) Crossover DB,RCT (3) 6 M + F (25.5) 30 Mood, wakefulness,
attention

Subjective effects of decreased fatigue and increased
tension, vigor, stimulation and mental efficiency.
Decreased RT in one attentional task.

Subjective stimulating effects and some effects on
tasks of attention. Testing also under sleep
deprivation.

Roehrs, T. (2004) Crossover DB,RCT (3) 7 M + F (33) 5/10/20 Mood 5 mg: Increased stimulated, feeling friendly, anxiety,
feeling down, dysphoria. Decreased alertness.

Stimulant-like subjective effects. The effects on an
attentional task are not reported. Testing also under
sleep deprivation.

Wakefulness 10 mg: Increased liking, euphoria, stimulation, good
drug effect, alertness, anxiety, hostility.

Attention 20 mg: Increased arousal, stimulation, euphoria,
dysphoria, mental efficiency, bad drug effect, good
drug effect, liking. Both 10 and 20 mg decreased tired.

Rogers, R.D. (1999) Parallel DB,CT (2) 32 M (20.5) 40 (N = 16) Attention ID/ED task: increased errors at the ID-shift, smaller
increases in errors at the ED-shift and increased RT.

Disrupted attentional control.

Smith, R.C. (1977) Crossover DB,RCT (2) 16 M + F (28) 10, 20 Mood, wakefulness Increase in the subscales talkative, active, cheerful,
euphoric, speeding and confident. 10 mg increased
and 20 mg decreased ratings of anxiety.

MPH had an intermediate efficacy in producing
subjective effects.

Stoops, W.W. (2005) Crossover DB,CT (2) 7 M + F (24), 2: prior
use of cocaine

10/20/40 Executive function MPH dose dependently increased the % of arithmetic
problems solved and ratings at the Stimulant subscale
and of: Restless, Alert, Any Effect, Good Effects, Like
Drug, Rush, Shaky/Jittery, Stimulated,
Talkative/Friendly, Willing to pay for and to take again.

Reinforcing effects of MPH found. Participants
dose-dependently self-administrated more MPH
before performing an arithmetic task, but not before
relaxation.

Strauss, J. (1984) Crossover DB,CT (1) 22 M (19.2) 20 Mood, wakefulness,
attention, memory

Better performance in a difficult CPT version and
subjective rating on mood. No change in a PAL task.

Improved attention and mood. In a memory test, no
difference maybe due to ceiling effect.

Turner, D.C. (2002) Parallel DB,RCT (2) 60 M (61,6) 20 (N = 20), 40 (N = 20) Mood, arousal,
attention, memory,
executive function

Increased alertness with 40 mg. Decreased RT in the
ID/ED and a gambling task. No effect on the other
tasks of the CANTAB.

No cognitive enhancing effects (on working
memory, sustained attention and response
inhibition) found in elderly participants.

Unrug, A. (1997) Crossover DB,CT (1) 2 × 12 M + F (24) 20 Mood, wakefulness,
memory

Decreased deactivation. No change in activation, or
immediate and delayed verbal recall.

Increased subjective arousal, but no change in
memory found.

van Luijtelaar, G. (2002) Crossover DB,RCT (3) 12 M + F (24) 20 Mood, wakefulness No subjective effect or effect on the acoustic startle
reflex.

No effect on the acoustic startle reflex.

Volkow, N.D. (1998) Crossover SB,CT (0) 7 M + F (24) 5/10/20/40/60 Mood, wakefulness On oral report of high, rush, anxiety or restlessness on
analogue rating scales no effect found.

No subjective effects (part of a PET study).

Volkow, N.D. (1999) Crossover SB,RCT (1) 14 M + F (33) 0.025/0.1/0.25/0.5/kg Mood, wakefulness Increased restlessness. 0.25/kg, 0.5/kg: increased high
and rush. 0.5/kg: showed a trend to increase anxiety
and alertness.

Subjective effects of high and rush was found (part
of a PET study).

Volkow, N.D. (1999) Crossover SB,CT (0) 8 M + F (32) 0.025/0.1/0.25/0.5/kg Mood, wakefulness 0.25/kg, 0.5/kg: increased high and rush on oral
reports on analogue rating scales.

Subjective effects of high and rush was found (part
of a PET study).

Volkow, N.D. (2004) Crossover SB,CT (1) 16 M + F (35) 20 Motivation, executive
function

No effect on solving mathematical tasks, but increased
rating of the task as interesting, motivating, exciting
and tiresome.

A mathematical, but not a passive task (looking at
pictures) was rated as more interesting and
motivating.(PET study).

Wang, G.J. (1997) Crossover SB,RCT (1) 20 M (35.2) 0.5/kg Mood, wakefulness Increased alertness, restlessness, loss of control and
sexual desire in VAS.

A subjective effect of arousal was found.

Wang, G.J. (1999) Crossover SB,CT (0) 7 M + F (31.4) 0.5/kg Mood, wakefulness Increased anxiety, rush, stimulation, high,
restlessness, tiredness and talkativeness in VAS.

Most of the subjective measurements were
reproduced in this twofold trial (part of a PET study).

Wetzel, C.D. (1981) Crossover DB,CT (1) 12 M + F (27.5) 0.1/kg, 0.25/kg, 0.5/kg Memory High dose impaired retention (immediate and after
24 h) in 2 out of 3 memory tests when given before
learning, but not when given after.

High dose impaired facilitation of new memories,
but not of memories acquired before the drug was
given.

The studies included in the analysis of at least one domain are marked with bold. Abbreviations: B = blind, CANTAB = Cambridge Neuropsychological Test Automated Battery, CPT = continuous performance task, CRT = choice reaction time task,
CT = controlled trial, DB = double blind, F = female participants, fMRI = functional magnetic resonance imaging, ID/ED = intra- and extra-dimensional shift task, IR = immediate-release, M = male participants, MPH = methylphenidate, N = number
of participants, Ndrug = number of participants that took drug in parallel design trials, PAL = paired-associate learning task, POMS = profiles of mood states, PET = positron emission tomography, RCT = randomised controlled trial, RT = reaction
time, SB = single blind, SR = sustained-release, VAS = visual analogue scale
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Table 2
Included studies—MPH in sleep deprived individuals.

First author (year) Study design (Jadad
score)

N, sex (mean age) Dose (mg) (Ndrug) Hours of sleep deprivation Domains tested Significant effects of MPH vs.
placebo (p < 0.05)

Remark

Babkoff, H. (1992) Parallel DB,RCT (3) 24 M (20.9) 8 × 10 (every 6 h) (N = 12) 64 Mood, wakefulness,
attention, executive
function

No effect in subjective
measurements or cognitive
tests.

MPH was not effective in
reducing sleepiness neither on
the subjective nor on the
objective measures.

Bishop, C. (1997) Crossover DB,CT (2) 9 M + F (28) 2 × 10 (after 24 h) 36 Mood, wakefulness,
attention

Subjective effects of decreased
fatigue, sedation, depression
and increased vigor, high,
euphoria, mental efficiency.
Improved attention (RT).

Subjective stimulating effects.
Reversed attention to
predeprivation levels.

Bray, C.L. (2004) Parallel DB,RCT (5) 20 M + F (24.1) 20 (N = 10) 24 Memory, attention,
self-monitoring

No changes in a battery of four
cognitive tests (Digit Span,
Trail making, modified Stroop,
Hopkins Verbal learning (HVL).
In the most challenging of
them (HVL) participants
receiving MPH perceived their
verbal memory performance as
higher than it actually was.

No cognitive enhancing effects.
Higher performance estimation
in one out of four tests.

Roehrs, T. (1999) Crossover DB,RCT (3) 6 M + F (25.5) 10 (after 4 h nap) Partial sleep deprivation
32/4 h nap

Mood, wakefulness,
attention

Subjective effects of decreased
fatigue and increased tension,
vigor, stimulation, mental
efficiency. Decreased RT in one
attentional task.

Subjective stimulating effects.
Attention was more improved
in this group than in the group
without sleep deprivation.

Roehrs, T. (2004) Crossover DB,RCT (3) 7 M + F (33) 5, 10, 20 (after 4 h nap) Partial sleep deprivation
32/4 h nap

Mood, wakefulness,
attention

5 mg: Increased alertness,
stimulated, feeling friendly,
dysphoria and decreased
feeling down, anxiety. 10 mg:
Increased positive mood, vigor,
arousal, alertness, elation,
stimulation, good drug effect,
liking. Decreased anxiety,
hostility, fatigue, tired. 20 mg:
increased depression, arousal,
stimulation, mental efficiency,
euphoria, dysphoria, bad drug
effect, good drug effect, liking.
Decreased sedation, tired.

Stimulant-like subjective
effects. The effects on an
attentional task are not
reported.

The studies included in the analysis of at least one domain are marked with bold. Abbreviations: CT = controlled trial, DB = double-blind, F = female participants, M = male participants, N = number of participants, Ndrug = number
of participants that took drug in parallel design trials, RCT = randomised controlled trial, RT = reaction time.
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Table 3
Included studies–modafinil.

First author (Year) Study design (Jadad score) N, sex (mean age) Dose (mg)
(Ndrug)

Testing points Domains tested Tests Significant effects of
modafinil vs. placebo
(p < 0.05)

Remark

Baranski, J.V. (2004) Crossover DB,RCT (4) 18 M (24.2) 4/kg (∼300) Baseline, 1 1/2, 3 h Mood, motivation,
wakefulness

VAS, questionnaire,
global vigour affect scale

Improved motivation,
fatigue, RT and logical
reasoning and sustained
performance in the
vigilance task.

Cognitive enhancing effects
with ‘well calibrated’
confidence judgements of
the performance on the
various tests.

Attention CRT, Detection of
repeated numbers
vigilance task

Executive function Line-length
discrimination, mental
addition (MA), logical
reasoning

Non-significant trend
towards ‘overconfidence’
in one out of six
self-monitoring tasks of the
performance in the tests.Self-monitoring Self estimation in MA

Hou, R. (2005) Crossover DB,CT (2) 16 M (27.9) 200 Baseline 2 h Mood, anxiety VAS Reduced anxiety Comparison of modafinil
with clonidine.

Wakefulness VAS

Hou, R. (2007) Crossover DB,CT (2) 16 M (25.3) 200 Baseline (25.3) Mood VAS n.s. Comparison of modafinil
with diphenydramine.

Arousal VAS

Liepert, J. (2004) Crossover DB,RCT (2) 10 M (26.7) 200 Baseline, 3, 24 h Attention RT, d2 test n.s. TMS study. No effect on
attention or coordination.

Coordination Pegboard test

Makris, A.P. (2007) Crossover DB,RCT (2) 11 M + F
(26.3)

1.75/kg, 3.50/kg,
3.50/kg

Baseline, 1/2, 1, 2, 3,
4, 5 h

Mood POMS POMS: increased vigor
arousal, elation, total
positive. ARCI: increased
stimulated, decreased
sedation scale. VAS:
increased high, decreased
sleepy. DSST: increased
correct trials.

Modafinil produced
subjective effects similar to
d-amp., improved
attention on one test and
sustained performance
that deteriorated across
time on a memory test.

Wakefulness ARCI
VAS

Attention DSST
Memory RA task, Sternberg

number recognition task
Executive Function temporal discrimination

task
Müller, U. (2004) Crossover DB,RCT (3) 16 M + F (24.1) 200 Baseline, 1 1/2 h Mood Befindlichkeits Scale

(BFS), STAI-SAI
DMTS: reduced error rates
in the long delay condition
and decreased RT. Numeric
task: fewer errors in the
manipulation condition

Subtle improvement (in
the difficult conditions
only) in two working
memory tasks. No
speed-accuracy trade-off.

Attention d2 Test, Trail making test
Memory DMTS, numeric working

memory task
Randall, D.C. (2003) Parallel, DB,RCT (3) 30 M + F (20.6) 100 (N = 10),

200 (N = 10)
3 h VASs: 3, 4 1/2 h Mood VAS Increased ‘somatic

anxiety and bodily
symptoms’. Greater
increases in
‘psychological anxiety’
and ‘aggressive mood’
after the stress of
cognitive testing.

No cognitive enhancing
effects on the CANTAB
(and other tests) found.
Some subjective effects
of increased anxiety
and aggression.

Wakefulness
Memory DMTS, COWAT, SOC,

logical memory test
Attention RVIP, ID/ED, Stroop CWT

Trail making test A & B
Executive Function Clock drawing task

Randall, D.C. (2004) Parallel, DB,RCT (3) 45 M + F (57) 100 (N = 15) 3 h VASs: 3, 4 1/4 h Mood VAS 200 mg: Decreased the
time of the dots colour
naming part of the Stroop
test and improved
performance in the Clock
drawing task, but
increased the number of
errors in the ID/ED.

Limited cognitive
enhancing effects in
middle aged on the
CANTAB (and other tests).
(Improvements in 2 and
impairment in 1 out of 9
tests found).

200 (N = 15) Wakefulness
Memory DMTS, COWAT, SOC,

logical memory test
Attention RVIP, ID/ED, Stroop CWT

Trail making test A & B
Executive Function Clock drawing task
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Randall, D.C. (2005) Parallel, DB,RCT (2) 60 M + F (20.5) 100 (N = 20), 200
(N = 20)

2 h VASs: 2, 4 1/2 h
(tesing occurred in
the early evening)

Mood VAS 100 mg: Improved
performance in Digit span
(forward & backward) and
PRM

Limited cognitive enhancing
effects on the CANTAB (and
other tests) found. Testing
was performed in the
evening (with the existence
presumably of ‘day fatigue’).

Wakefulness 200 mg: Decreased the time
of the dots colour naming
part of the Stroop test,
improved performance in
the RVIP and the PRM (but
slowed the response latency
in the PRM)

Memory DMTS, COWAT, SOC, PRM,
SWM, logical memory test,
Digit span

Attention RVIP, ID/ED, Stroop CWT,
CRT, RT, Digit Cancellation,
DSST, DSST-SCT, PASAT,
Trail making test A & B

Executive Function Clock drawing task

Randall, D.C. (2005) Meta-analysis of Randall,
D.(2002,2005)

89 M + F (21) Same as in Randall,
D.C.

The meta-analysis did not
reveal any more effects than
those previously reported.

IQ correlation showed that
high IQ limit detection of
modafinil’s positive effects.

(2003, 2005)

Saletu, B. (1989) Crossover, DB,RCT (2) 10 M + F (68.3) 100 Evening After a nights sleep Mood, Motivation BFS, VAS n.s. No effect found on the sleep
and morning behaviour
(mood and cognition) in
elderly volunteers.

200 Evening Wakefulness VAS
Attention RT, alphabetical cross-out
Memory numeric memory test
Coordination fine motor activity test

Saletu, B. (1989) Crossover DB,RCT (3) 10 M + F (29.8) 100 Evening After a nights sleep Mood, Motivation BFS, VAS n.s. No effect found on the sleep
and morning behaviour
(mood and cognition) in
young volunteers.

200 Evening Wakefulness VAS
Attention RT, alphabetical cross-out
Memory numeric memory test
Coordination fine motor activity test

Samuels, E. (2006) Crossover DB,CT (2) 16 M (20.9) 200 Baseline 2 h Mood VAS n.s. Comparison of modafinil
with pramipexole

Wakefulness VAS

Smith, D. (2004) Crossover DB,RCT (2) 6 M (27.2) 2 × 100
Eveningmorning

3 h post morning
dose

Attention CRT, Simple RT, Stroop
CWT

n.s. No effect found on
participants in euglycaemic
status.

Coordination Tapping task

Stoops, W.W. (2005) Crossover DB,CT (1) 6 M + F (24), 1 with
prior use of amp.,
cocaine

100, 200, 400 Baseline, 1, 2, 3, 4,
5, 6 h

Wakefulness Drug Effects Questionnaire All doses increased rating on
Active/Alert/
Energetic, Rush, Any Effect,
Good Effects, Like Drug,
Shaky/Jittery, Stimulated and
the Stimulant Adjectives
subscale.

Reinforcing effects found.
Participants
dose-dependently
self-administrated more
modafinil before performing
a task, but not before
relaxation.

Adjective rating scale
Executive Function Arithmetic Performance

Task

Taneja, I. (2007) Crossover DB,RCT (2) 12 M + F (30) 400/d for 3 d Baseline, 1, 2, 3 d Mood Positive and Negative Affect
Scale, Bipolar adjective
ratings

Increased positive and
negative affect. Higher score
on ‘energised’, ‘overalert’,
‘concentrated’, ‘quick-witted’
and lower on ‘calm’.

General mood-elevating
effects, but with increased
negative affect (anxiety).

Wakefulness
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was given every 6 h for a total of 64 h without sleep [30] while in
the fourth the drug was given twice after a night of either normal
sleep or no sleep [31]. Regarding the studies on the effect of MPH
in sleep deprived individuals, five studies were found. In addition
to the two repeated dose studies mentioned above, the other three
single dose studies were one 24 h sleep deprivation study [34] and
two studies on partial sleep deprivation, where the drug was given
after 4 h of sleep [35,36].

For modafinil the following was found: of the 45 studies there
were 17 on non-sleep deprived individuals that were adminis-
trated 100–400 mg of modafinil. In only two of those modafinil
was given more than once, in one case twice, in the evening and
in the morning before the testing [37] and in the other case in
a dose of 400 mg/d for three consecutive days [38]. There were
28 studies with sleep deprived individuals and in 17 of them the
drug was given more than once with or without napping between
the doses. In general, one of two different protocols had been
used. In the recovery paradigm the volunteers were administered
a (typically large) dose of 200–400 mg of modafinil after they
had become extremely fatigued by sleep deprivation to determine
if, and to what extend the drug could restore cognitive perfor-
mance to baseline levels. In the maintenance studies (preventive
paradigm), participants were given smaller (16.7–300 mg), more
frequent doses in an attempt to maintain cognitive performance
at, or near, baseline levels throughout a period of sleep depriva-
tion [39,40]. Exact doses can be found in Tables 3 and 4. One of
the studies examined the effects of armodafinil, the levorotatory R-
enantiomer of modafinil, which is a racemic compound containing
equal amounts of R-modafinil and S-modafinil [41].

4.3. Outcomes

In order to evaluate the neuroenhancing effects of MPH and
modafinil, we focused in this review on relevant objective and
subjective ratings and neuropsychological tests. A common limi-
tation in neuropsychological research is that performance in most
tests is influenced by more than one cognitive process. Details of
the cognitive processes intervening in the performance of neu-
ropsychological tests are not completely known, since cognitive
functions are not isolated compartments, but related to each other
[42]. Thus, different tests were categorised into several cogni-
tive domains by clustering those tests that putatively tap similar
cognitive functions. This was done mainly according to a stan-
dard textbook of neuropsychology [19]. In total, the assessments
were grouped into (a) mood, (b) motivation, (c) wakefulness, (d)
attention and vigilance, (e) memory and learning, and (f) execu-
tive functions and information processing. This categorisation was
based also, to some extent, on previous research on the surrogate
markers for the effects of drugs in healthy people [18] and was used
in a similar systematic review on the effects of antidepressants in
healthy individuals as well [43]. A brief description of the domains
and the most commonly applied tests follows.

4.3.1. Mood
One of the primary outcomes in our research question was the

change in mood after drug administration. Several instruments
have been applied to measure mood. A first major distinction
should be made between objective ratings (observer-rated instru-
ments applied by a mental health care professional) and subjective
self-ratings. The former were applied only occasionally, whereas
the latter were used in the majority of the cases. Nevertheless,

before inclusion in the trial, in almost all of the studies the partici-
pants were screened by a health care expert such as a psychiatrist
or a psychologist for past or current psychiatric disorders. The
standard testing procedure was a self-reporting instrument used
at baseline and after drug or placebo application. Then the mean
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Table 4
Included studies—modafinil in sleep deprived individuals.

First author (year) Study design (Jadad
score)

N, sex (mean age) Dose (mg) (Ndrug) Hours of sleep deprivation Domains tested Significant effects of drug vs.
placebo (p < 0.05)

Remark

Baranski, J.V. (1997) Parallel DB,CT (2) 27 M + F (33) 3 × 300 (N = 14) 64 h, Doses at 18, 48, 58 h Executive function,
self-monitoring

Performance in a visual
perception comparison task and
a mental addition task was
sustained after the first two
doses. In a retrospective (but not
in a prospective) estimation of
the actual cognitive performance
an overestimation of the
performance was found. Part of
the study of Pigeau et al. [56].

Cognitive performance was
sustained, but modafinil had a
disruptive effect on
self-monitoring.
(“overconfidence” effect).

Baranski, J.V. (1998) Crossover DB,RCT
(3)

6 M (22) 6 × 16.7, 6 × 50,
6 × 100

64 h, Dose every 8 h
(after the 12th hour)

Mood In a dose finding study,
modafinil dose-related
improved subjective measures
of fatigue, motivation,
subjective performance,
alertness following 4 min with
eyes closed and objective
measures of serial RT, complex
mental addition, and
short-term memory.

300 mg/d maintained
performance at or near baseline
levels, 150 mg/d provided some
maintenance of performance,
and 50 mg/d had no difference
to placeboMotivation

Wakefulness
Attention
Memory
Executive Function

Baranski, J.V. (2002) Crossover DB,RCT
(3) (in 30 ◦C climate
chamber)

6 M (24.7) 7 × 100 40 h, Dose every 6 h
(one less at 2nd day)

Mood Sustained performance in a
logical reasoning task, an
attentional task, serial RT and
subjective measures of
motivation and mental fatigue,
but not in a memory task,
mental addition, a visual
perception comparison task
and measures of mood and
fatigue. The actual cognitive
performance was not under- or
overestimated.

Cognitive performance
deteriorated from sleep
deprivation in a warm
environment was largely but
not completely restored by
modafinil. No effect on
self-monitoring was found.

Motivation
Wakefulness
Attention
Executive Function
Self-monitoring

Bard, E.G. (1996) Parallel DB,CT (2) 27 M + F (33) 3 × 300 (N = 14) 64 h, Doses at 18, 48, 58 h Executive function Spontaneous dialogue in
reproducing a map over radio
was studied. Participants on
modafinil produced less speech
per dialogue and over time
became less accurate. Part of the
study of Pigeau et al. [56].

Performance declined to a less
precise communication type. The
placebo and amp groups
compensated for that with more
speech.

Batéjat, D.M. (1999) Crossover DB,RCT (2) 8 M (37.3) 1 × 200 (6 h sleep
between drug and
placebo)

27 h, 1 dose at 18 h Attention Improved short-term memory
(Sternberg memory task),
divided attention and tracking
performance, but no change in
performance in complex RT,
mathematical processing, spatial
processing and grammatical
reasoning.

The design does not allow a head
to head placebo-modafinil
comparison. Modafinil was
effective especially after the 6 h
nap.

Memory
Executive Function

Batéjat, D.M. (2006) Crossover DB,RCT
(2)

8 M (30.4) 1 × 200 18 h, dose at 9 h Mood Sustained ratings in subjective
measures of sedation
(alertness, clearheaded, etc.)
and performance in attentional
tasks (Complex RT, Divided
attention task, DSST, Stroop)
and memory tasks (Sternberg
test).

Cognitive performance and
alertness was maintained
throughout 18 h of sleep
deprivation.

Wakefulness
Attention
Memory
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Table 4 (Continued )

First author (year) Study design (Jadad
score)

N, sex (mean age) Dose (mg) (Ndrug) Hours of sleep deprivation Domains tested Significant effects of drug vs.
placebo (p < 0.05)

Remark

Bensimon, G. (1991) Crossover DB,CT (2) 12 M (24) 1 × 200 36 h, dose at 14 h Wakefulness Modafinil attenuated for 6 h
after dose the sleep deprivation
deficits on arousal, attention
(RT) and short-term memory,
but not on long-term memory.
18 h after administration, only
an effect on arousal was found.

A single 200 mg dose was
effective in sustaining
performance for 6 h, but not for
18 h.

Attention
Memory

Brun, J. (1998) Crossover DB,RCT
(3)

8 M (21.5) 2 × 300 36 h, Doses at 15,
25 h

Attention Performance (RT) in a
grammatical reasoning task
was worst under placebo and
there was a trend for increased
errors. No difference in a RT
task was found.

Mental performance (but not
attention) was sustained after
one night of sleep deprivation.

Executive Function
Caldwell, J.A. (2000)
[also USAARL Report
99-17]

Crossover DB,CT (3) 8 M (37,3) 3 × 200 40 h Doses at 16, 20,
24 h

Mood In a helicopter simulator, the
effects of sleep deprivation on 4
of 6 flight maneuvers were
attenuated. Decrements in RT
and tracking performance and
self-reported mood, vigour,
energy, sleepiness, confidence
and talkativeness, were
diminished.

Improved flight simulation,
performance in some of the tests
and subjective measures of mood
in helicopter pilots.

Wakefulness
Attention
Executive Function

Caldwell, J.A. (2004)
[also Report
AFRL-HE-BR-TR-
2004-0003]

Crossover SB,CT (0)
(data from a
no-treatment study
as “placebo”)

10 M (36.6) (5 pilots
took only drug)

3 × 100 37 h, Doses at 17, 22,
27 h

Mood In an F-117 flight simulator,
decrement of performance on 6
of 8 maneuvers was attenuated.
Improved RT, tracking
performance and subjective
measures of vigor, alertness,
energy and confidence and
decreased ratings of depression
and anger. No effect on a
mathematical processing task.

Improved flight simulation,
performance in some cognitive
tests and subjective measures of
mood in pilots.

Wakefulness
Attention
Executive Function

Dagan, Y. (2006) Crossover DB,RCT
(3)

25 M (28) 1 × 200 29 h, dose at 16 h Mood In a flight simulator, decrement
of performance on 2 of 3
measures was attenuated.
Subject-estimated sleepiness
(SSS) and ratings on exhaustion
were reduced and ratings on
vigilance were increased.

Improved flight simulation, and
some subjective measures and
ratings of sedation.

Wakefulness
Executive Function

Dinges, F. (2006) Parallel DB,RCT (5) 107 M (26.9) 200, Armodafinil,
100,150, 200, 300
(N = 18 × 5)

28 h, dose at 12 1/2 h Sedation All doses of armodafinil and
modafinil improved wakefulness
(MWT) and sustained attention
(PVT). No effect on
subject-estimated sleepiness was
found (KSS)

Armodafinil (the R-enantiomer of
modafinil) improved
wakefulness and sustained
attention for a longer period
post-dose.

Attention
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Eddy, D. (2005)
(report)

Crossover, DB,CT (2) 17 M
(31.3)

1 × 200, 1 × 400 ∼24 h, dose at ∼12 h Mood Sustained performance in two
attentional (PVT, CRT) a memory
and a tapping task, without
induced “overconfidence”.
Subject-estimated sleepiness
(SSS) and ratings of fatigue and
drowsiness were reduced.
400 mg increased ratings of
nervousness.

Cognitive performance was
positively affected, and still
correctly self-estimated.

Wakefulness
Attention
Self-monitoring

Gill, M. (2006) Crossover DB,RCT
(5)

27 M + F (30) 1 × 200 ∼24 h after night
shift

Wakefulness Improved performance in some
of the aspects of two attentional
tests (DSST, CPT) and subjective
ratings of the ability to attend
post-night shifts didactic
sessions in sleep deprived
physicians.

Improved attention and
subjective measures after night
shift in emergency physicians.

Attention
Memory

Hart, C.L. (2005) Crossover DB,CT (3) 11 M + F (25.2) 3 × 200-day Simula-ted day and night shifts Mood In the 3 night-shifts, improved
performance in 2 memory tests,
3 attentional tests and ratings of
alertness. In the 3 day-shifts, the
effect was analogues but with
less significant effects and the
large dose produced also mood
disruption effects (e.g., anxiety)

Modafinil attenuated in a dose
related manner most of the
night-shift impairments, with a
less robust effect on the day-shift.

3 × 200-night Wakefulness
3 × 400-day Attention
3 × 400-night Memory

Killgore, W.D. (2006) Parallel DB,RCT (3) 25 M + F (23.5) 1 × 400 (N = 11) 66 h, dose at 44 h Wakefulness Improved attention (PVT) and
visual (but not verbal) humor
appreciation. Trend for decreased
subject-estimated sleepiness
(SSS).

Appreciation of humor in
cartoons (but not of verbal
humor) was improved.

Attention
Executive Function

Lagarde, D (1995) Crossover DB,RCT
(4)

8 M (27) 6 × 200 60 h, dose every 8 h (after the 15th) Attention Sustained performance in logical
reasoning, an arithmetic task, a
spatial processing task, a tracking
task, attention tasks (Complex
RT, Divided attention) and a
short-term memory task.

Performance was sustained at
pre sleep deprivation levels for
44 h and was still better than
placebo until the 60th h.

Memory
Executive Function

Lagarde, D (1995) Crossover DB,RCT
(4)

8 M (27) 6 × 200 60 h, dose every 8 h (after the 15th) Mood As part of a bigger study (Lagarde,
D., 1995) subjective rating of
mood anxiety and vigilance were
sustained in the pre sleep
deprivation levels. Sleep latency
(MSLT) was significantly longer
than after placebo.

Vigilance was maintained as seen
in both subjective ratings and
objective measures.

Wakefulness
Li, Y.F. (2003)
[abstract: article in
Chinese]

Crossover B,CT (?) 6 M 3 × 200 48 h, Doses at 17, 33,
41 h

Wakefulness Reduced subjective fatigue and
sleepiness levels (SSS) and
increased arousal in the Critical
Flicker Fusion Frequency test
(CFF). No effect on two tests of
attention.

Reduced subjective fatigue and
sleepiness levels, but no effect on
attention.

Attention
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Table 4 (Continued )

First author (year) Study design (Jadad
score)

N, sex (mean age) Dose (mg) (Ndrug) Hours of sleep deprivation Domains tested Significant effects of drug vs.
placebo (p < 0.05)

Remark

Pigeau, R. (1995) Parallel
DB,CT (2)

27 M + F (33) 3 × 300 (N = 14) 64 h, Doses at 18, 48,
58 h

Mood Consistent pattern of results in
favour of modafinil for positive
and negative mood, fatigue,
sleepiness as well as performance
in serial RT, logical reasoning and
short-term memory tasks (for
the latter, the Digit Span task,
only a trend was found).

Mood, arousal and performance
were sustained during the 1st
and were better than placebo
during the 2nd night of sleep
deprivation.

Wakefulness
Attention
Memory
Executive Function

Rogers, N.L. (2004)
[abstract]

Parallel DB,RCT (?) 24 M + F 200/d (N = 11) ∼88 h (with 2 h
nap/d)

Wakefulness Reduced impairment in
sustained attention and working
memory tests for up to 14 h
post-drug and improved
subjective ratings of vigour.

Performance decrement was
attenuated. Modest effects on
subjective ratings found.

Attention
Memory

Stivalet, P. (1998) Crossover DB,RCT
(2)

6 M (25) 7 × 100 60 h, dose every 8 h Attention Error rates and RT of serial (but
not parallel) process in a visual
search task were sustained
during 60 h of sleep deprivation.

Positive effect on attention with
maintenance of performance.

Executive Function
Walsh, J.K. (2004) Parallel DB,RCT (3) 32 M + F (29.7) 4 × 200 (N = 16) “Night shift” (dose at 22:00) Wakefulness Attention (PVT), wakefulness

(MWT) and performance in 3
executive function tests were
sustained. No effect on a memory
test, an attentional test (DSST), 4
executive function tests and
subject-estimated sleepiness
(SSS, KSS).

In a simulated night-shift,
alertness and performance in
some executive function tests
was sustained.

Attention
Memory
Executive Function

Wesensten, N.J. (2002) Parallel DB,CT (2) 40 M + F (22.4) 100, 200, 400 (N = 10 × 3) 54 1/2 h, dose at 41
1/2 h

Mood 200 mg and 400 mg improved
attention (PVT, CRT, SRT) and
decreased subject-estimated
sleepiness (SSS). 400 mg also
improved wakefulness (MWT)

Improved alertness and attention
from a dose during the 2nd night
of sleep deprivation.

Wakefulness
Attention Memory

Wesensten, N.J.
(2005)

Parallel
DB,CT (2)

24 M + F
(25.1)

1 × 400
(N = 12)

85 h, dose at 64 h Mood, wakefulness Improved attention (PVT) and
cognitive estimation, increased
subjective excitation. Trend for
decreased subject-estimated
sleepiness (SSS) and improved
wakefulness (MWT).

Sustained executive function (1
of 2 tests) and attention (1 of 2
tests) but not memory.

Attention
Memory
Executive Function



D. Repantis et al. / Pharmacological

W
es

n
es

,K
.A

.(
20

04
)

[a
bs

tr
ac

t]
C

ro
ss

ov
er

D
B

,R
C

T
(?

)
36

M
(2

9)
1

×
20

0
(N

=
18

)
28

h
,1

d
os

e
at

∼1
1

h
A

tt
en

ti
on

In
at

te
n

ti
on

al
ta

sk
s,

R
T

w
as

d
ec

re
as

ed
.C

or
re

ct
re

sp
on

se
s

in
cr

ea
se

d
,w

h
il

e
in

co
rr

ec
t

re
sp

on
se

s
d

ec
re

as
ed

.

Pe
rf

or
m

an
ce

w
as

su
st

ai
n

ed
fo

r
24

h
in

3
at

te
n

ti
on

al
an

d
1

m
em

or
y

te
st

s
an

d
re

m
ai

n
ed

be
tt

er
th

an
p

la
ce

bo
fo

r
28

h
.

M
em

or
y

W
h

it
m

o
re

,J
.(

20
04

)
(r

ep
o

rt
)

Pa
ra

ll
el

D
B

,R
C

T
(4

)
20

M
(2

6)
6

×
10

0
65

h
(w

it
h

2
2

h
n

ap
s)

W
ak

ef
u

ln
es

s
Im

p
ro

ve
m

en
t

in
ar

it
h

m
et

ic
ta

sk
,

an
d

tr
en

d
fo

r
im

p
ro

ve
m

en
t

in
lo

gi
ca

lr
ea

so
n

in
g

an
d

C
R

T.
N

o
ef

fe
ct

(d
u

e
to

ce
il

in
g

ef
fe

ct
)

on
C

PT
.S

u
bj

ec
t-

es
ti

m
at

ed
sl

ee
p

in
es

s
(S

SS
)

w
as

re
d

u
ce

d

A
tr

en
d

fo
r

at
te

n
u

at
ed

sl
ee

p
d

ep
ri

va
ti

on
p

er
fo

rm
an

ce
d

ec
re

m
en

ts
w

as
fo

u
n

d
in

a
m

il
it

ar
y,

fi
el

d
en

vi
ro

n
m

en
ts

tu
d

y.

A
tt

en
ti

on
Ex

ec
u

ti
ve

Fu
n

ct
io

n
B

at
éj

at
,D

.M
.(

20
06

)
C

ro
ss

ov
er

D
B

,R
C

T
(4

)
12

M
(3

0.
5)

5
×

10
0

an
d

2
×

20
0

(h
ig

h
d

os
e

at
m

id
n

ig
h

t)

72
h

,d
os

e
ev

er
y

7
1/

2
h

W
ak

ef
u

ln
es

s
Im

p
ro

ve
m

en
t

in
ar

it
h

m
et

ic
ta

sk
an

d
su

bj
ec

ti
ve

ra
ti

n
gs

of
vi

go
r.

N
o

ef
fe

ct
on

gr
am

m
at

ic
al

re
as

on
in

g,
at

te
n

ti
on

(P
V

T)
,

su
bj

ec
t-

es
ti

m
at

ed
sl

ee
p

in
es

s
(S

SS
)

or
ot

h
er

su
bj

ec
ti

ve
ra

ti
n

gs
.

Sl
ee

p
d

ep
ri

va
ti

on
p

er
fo

rm
an

ce
d

ec
re

m
en

ts
w

er
e

on
ly

p
ar

ti
al

ly
at

te
n

u
at

ed
in

a
m

il
it

ar
y,

fi
el

d
en

vi
ro

n
m

en
t

st
u

d
y.

A
tt

en
ti

on
Ex

ec
u

ti
ve

Fu
n

ct
io

n

Th
e

st
u

d
ie

s
in

cl
u

d
ed

in
th

e
an

al
ys

is
of

at
le

as
t

on
e

d
om

ai
n

ar
e

m
ar

ke
d

w
it

h
bo

ld
.A

bb
re

vi
at

io
ns

:a
m

p
=

am
p

h
et

am
in

e,
B

=
bl

in
d

,C
PT

=
co

n
ti

n
u

ou
s

p
er

fo
rm

an
ce

ta
sk

,C
R

T
=

ch
oi

ce
re

ac
ti

on
ti

m
e

te
st

,C
T

=
co

n
tr

ol
le

d
tr

ia
l,

D
B

=
d

ou
bl

e-
bl

in
d

,D
SS

T
=

D
ig

it
Sy

m
bo

lS
u

bs
ti

tu
ti

on
Ta

sk
,F

=
fe

m
al

e
p

ar
ti

ci
p

an
ts

,K
SS

=
K

ar
ol

in
sk

a
Sl

ee
p

in
es

s
Sc

al
e,

M
=

m
al

e
p

ar
ti

ci
p

an
ts

,M
SL

T
=

M
u

lt
ip

le
Sl

ee
p

La
te

n
cy

Te
st

,M
W

T
=

M
ai

n
te

n
an

ce
of

W
ak

ef
u

ln
es

s
Te

st
,N

=
n

u
m

be
ro

fp
ar

ti
ci

p
an

ts
,

N
d

ru
g

=
n

u
m

be
r

of
p

ar
ti

ci
p

an
ts

th
at

to
ok

d
ru

g
in

p
ar

al
le

ld
es

ig
n

tr
ia

ls
,P

V
T

=
Ps

yc
h

om
ot

or
V

ig
il

an
ce

Ta
sk

,R
C

T
=

ra
n

d
om

is
ed

co
n

tr
ol

le
d

tr
ia

l,
R

T
=

re
ac

ti
on

ti
m

e,
SR

T
=

fo
u

r-
ch

oi
ce

se
ri

al
re

ac
ti

on
ti

m
e

te
st

,S
SS

=
St

an
fo

rd
Sl

ee
p

in
es

s
Sc

al
e.
Research 62 (2010) 187–206 201

change from baseline for all participants under medication and
placebo was measured and compared. In some cases there was
no baseline assessment and the mean value after drug intake was
compared with the mean value after placebo intake. The most
commonly used instrument was a visual analogue scale (VAS) (or
a derived factor of several VAS or scales of ascending numbers),
on which participants reported their current state of mood. Most
individual scales corresponded to (the individual VAS lines of) the
sub-scale “contentment” proposed by Norris and validated for cen-
tral nervous system drug evaluation by Bond and Lader [18]. These
included instruments such as the von Zerssen Befindlichkeits Scale,
scales from the Profile Of Mood States (POMS) and the Positive And
Negative Affect Scale (PANAS). Specific mood states were measured
by similar instruments. For example, anxiety was measured by
scales such as the Spielberger State Trait Anxiety Inventory (STAI)
and the POMS Anxiety scale. All of them corresponded to the sub-
scale “calmness” of Bond and Lader [18] Aggression was mostly
assessed by the Buss-Durkee Hostility Inventory (BDHI), but also
by other subjective ratings such as VAS and the POMS sub-scales
on irritability, assertiveness, hostility and anger.

4.3.2. Motivation
Motivation refers to the initiation, direction, intensity and per-

sistence of human behaviour [44]. In the context of neuroenhance-
ment it could be desirable to improve one’s motivation, probably
through enhancing primarily the persistence of behaviour. Unfor-
tunately, the methods of measuring motivation by the simple
means that are typically used in pharmacological studies are lim-
ited and in the studies included in our systematic review consisted
mainly of a VAS assessing the interest or motivation of performing a
particular task after drug or placebo intake. Moreover these testing
procedures existed in only a few studies.

4.3.3. Wakefulness
One of the main effects of stimulants, and one of the most

desirable when it comes to modafinil, is wakefulness, since
they are known to have wake promoting properties. The several
assessments of wakefulness were usually done by means of VAS
measuring arousal (and equivalents, e.g., alertness) or the oppo-
site, namely sedation (and equivalents, e.g., drowsiness), or else
with corresponding parts of subjective ratings, such as the POMS
fatigue, vigor scales, or the energy sub-scale of the Befindlichkeits
Scale. Especially in studies where sleep deprivation was applied
there has also been extensive use of equivalent sleepiness scales,
such as the Stanford and the Karolinska Sleepiness Scales (SSS and
KSS respectively) and tests that measure the ability of a person to
stay awake, such as the Maintenance of Wakefulness Test (MWT)
or the Multiple Sleep Latency Test (MSLT). In these tests the person
sits in a comfortable position in a dark, quite room for a period of
several minutes and is instructed to close his or her eyes but try to
stay awake. The time to first 10 s of sleep and the time to unequivo-
cal sleep latency, i.e., minutes to three consecutive epochs of stage
1 or one epoch of stages 2, 3, 4 or rapid eye movement sleep) are
scored and serve as a measure of the effect of the drug on arousal
during sleep deprivation [41].

4.3.4. Attention and vigilance
Improving one’s attention is a key ability in several fields of

human life. As these drugs might enhance the attention span, the
interest in taking them is not surprising [7]. Attention is defined
as the appropriate allocation of processing resources to relevant

stimuli [45] and several tests have been developed to evaluate the
effect of drugs on this cognitive process. Most of them demand
a rapid but simple motor response to a stimulus, usually a light.
Scoring is done by measuring the reaction time (RT), which can
be separated into two components: the recognition reaction time
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or the time taken to spot the stimulus and move the finger from a
tarting position) and the motor reaction time (the time taken from
ifting the finger to pressing the appropriate response button that
xtinguishes the stimulus) [46]. Simple reaction time tests (SRT)
easure the response to one sensory cue, while in choice reaction

ime tests (CRT) the person is required to extinguish one of sev-
ral equidistant lights, illuminated at random. Selective attention
giving attentional priority to a relevant stimulus while ignoring
istracting or competing irrelevant information) can also be tested
y asking the person to only respond to one stimulus out of many
e.g., Stroop Colour Word Test) or to a specific cue combination
e.g., red light and high tone). Often a RT task is combined with a
racking task in order to assess divided attention, which is the abil-
ty to respond simultaneously to two or more different stimuli. In
his case, one must, for instance, keep a joystick-controlled cursor
n line with a moving target, while responding to a random stimu-
us, such as a light. Both the RT and the tracking error are recorded
Compensatory Tracking Task—CTT, Divided Attention Task—DAT).

oreover, vigilance or sustained attention (the ability to maintain
consistent behavioural response to a particular stimulus during

ontinuous and repetitive activity over a prolonged period of time)
as usually measured with the Mackworth Clock Test, a 45-min

ong task. In this test there is a circular arrangement of 60 dots
imulating the second marks on a clock and they are briefly illu-
inated in clockwise rotation proceeding with a 6 dots jump. At

are irregular intervals the target proceeds with a 12 dots jump by
kipping one of the dots in the normal sequence and this jump has
o be detected.

The above-mentioned attention-measuring tasks were classi-
ed under this domain although many of them, such as the RT
asks, were more broadly defined as measuring “psychomotor per-
ormance” in the original studies. Under this term, the researchers
ried to encapsulate the co-ordination of sensory and motor sys-
ems through the integrative and organizational processes of the
entral nervous system. The distinction between cognitive and
sychomotor functions is artificial, but nevertheless the relevant
ognitive components of the psychometric tests have been classi-
ed here (e.g., recognition RT). However, there were also a number
f commonly used standardised psychometric tests, which mostly
elied on coordination and had a predominant motor component.
hese included tracking tasks, but also covered a broad spectrum
f tasks such as tapping tests, for which the person was required
o tap his or her finger as fast as possible. These tests are irrelevant
o the objectives of this review and therefore their results are not

entioned here.

.3.5. Memory and learning
Even without a manifest loss of memory there is a tremendous

nterest for memory enhancement [47]. The effects of MPH and
odafinil have been investigated with a number of memory tests.

hey were all classified in this category although they varied con-
iderably in terms of information types, temporal characteristics
nd specific processes that were targeted. List learning tests were
ften used and typically consisted of one or more acquisition trials
n which the items were presented, followed by recall and recogni-
ion trials to assess retrieval and storage respectively. Varying the
ime interval between presentation and assessment allowed for a
ifferentiation between short- and long-term memory functioning
48]. Besides these assessments, this outcome comprised tests that

easure changes in visual memory, spatial memory and learning
apacities, and tests measuring working memory.
.3.6. Executive functions and information processing
Finally, there is the domain of tests assessing information pro-

essing and executive functions. Obviously several of the memory-
r attention-measuring tests are also capturing to some extent
Research 62 (2010) 187–206

cognitive flexibility and the information processing capacities.
However, some more complex test procedures have been assessed
the results of which do not rely merely on memory or attention.
These tests examine executive functions, which refers to abilities
that enable flexible, task-appropriate responses in the face of irrele-
vant competing inputs or more habitual but inappropriate response
patterns [49]. They extend from calculation tasks and logical rea-
soning tests to maneuvers in flight simulators. Other examples are
gambling and probabilistic learning tasks, tests on verbal fluency
and humour appreciation and perceptual tasks such as tests where
the relative length of a line or a tone has to be judged. The major-
ity of these tests, especially the most complicated ones such as
the flight simulators, were applied in military research in order
to evaluate the use of the drugs in question (usually modafinil) in
operational settings.

5. Results of the analyses

5.1. Methylphenidate

5.1.1. Single drug administration
Through our analyses we found that a single dose of MPH had a

distinguishable effect in one outcome, namely memory: a large pos-
itive effect was shown, with 1.4 (standard error, SE = 0.48, p < 0.007)
at the first assessment time point and 1.37 (SE = 0.6, p < 0.03) at the
second. No statistically significant effect was found in the outcomes
attention, mood and executive functions, while for wakefulness, the
lack of baseline measurements did not allow for a statistical anal-
ysis. Only one study examined the effects of MPH on motivational
parameters [50] and therefore no further analysis was performed.
In this study, the authors reported that a single dose of MPH signif-
icantly increased subjective ratings of a mathematical task as being
interesting, exciting, motivating and less tiresome, while such an
effect was not found in ratings of a passive task (looking at pictures).

5.1.2. Repeated drug administration studies
With only two studies performing repeated dose trials, statisti-

cal analyses of the results were not possible [32,33]. On these two
repeated drug administration studies the following results were
reported: Gobbi et al. [33] reported that one week of MPH signifi-
cantly increased subjective feelings of energy, but did not have any
other effects on the POMS. Unfortunately, since the focus of this
study was on another drug (bupropion) and MPH was only used
as psychoactive control, little was reported on the exact effects of
MPH. In an other study with a cohort of 27 elderly healthy vol-
unteers, after 6 weeks of daily intake, MPH significantly reduced
ratings on a VAS on fatigue, but had no effect on five other VAS and
no difference on a memory test could be measured [32].

5.1.3. Methylphenidate in sleep deprived individuals
From the five studies testing people in sleep deprivation

[30,31,34–36] two were on partial sleep deprivation (with 4 h nap
before the drug administration) [35,36] and two on repeated drug
administration [30,31]. The differences between the studies did not
allow for an aggregation of their results and hence no further analy-
sis was performed. Again, for the sake of completeness, the results
of these studies are reported: a single dose after a night of sleep
deprivation did not have cognitive enhancing effects and in con-
trast a negative effect on self-monitoring was observed, with people
estimating their performance in a task as better than it actually was
[34]. Repeated intake of MPH during a sustained sleep deprivation

period of 64 h [30] did not effectively reduce sleepiness, while in a
study with 36 h of sleep deprivation [31] and in two partial sleep
deprivation studies with only 4 h of sleep [35,36], subjective stim-
ulating effects and only a mediocre improvement of attention was
found.
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.2. Modafinil

.2.1. Single drug administration studies
In the meta-analyses, following effects on the outcomes atten-

ion and wakefulness were found after a single dose of modafinil in
on-sleep deprived individuals: with regard to attention, a moder-
te, positive effect was found at the latter of two assessment points
0.56, SE = 0.27, p < 0.05). Wakefulness was analysed for four assess-

ent points at the third of which a negative impact of modafinil was
bserved (−0.88, SE = 0.41, p < 0.05). The outcomes mood, mem-
ry and motivation remained without any significant systematic
hanges whatsoever. Statistical analysis on the effects on execu-
ive functions could not be performed due to the lack of numerical
ata for baseline measurements.

.2.2. Repeated drug administration studies
Only two studies with repeated administration have been per-

ormed and hence a statistical analysis was not feasible [37,38]. In
he shorter of the two, no effect of an evening and a morning dose
f 100 mg on attentional tasks was found [37]. In the other study,
hich focused on mood, modafinil was given in a 400 mg dose per
ay for three consecutive days and increased the scores in both the
ositive and Negative Affect Scales [38], results which speak for a
eneral mood elevating effect, but with simultaneous increase of
egative affect, namely anxiety.

.2.3. Modafinil in sleep deprived individuals

.2.3.1. Single drug administration studies. Modafinil in sleep
eprived individuals had in the meta-analyses distinctive effects
fter a single drug administration. The impact on executive function
as very strong and persistent over time. The analysis yielded large
ositive effects at all five time points. The effect was smallest at the
rst and second assessment points (1.95, SE = 0.31, p < 0.0001 and
.4, SE = 0.4, p < 0.0001 respectively), had a peak with 3.3 (SE = 0.45,
< 0.0001) at the third, and then lessened slightly at the fourth

2.25, SE = 0.54, p < 0.0003) and fifth (2.3, SE = 0.54, p < 0.0003).
On memory, a significant positive effect became apparent in

oth of the assessment points of the meta-analysis. At the first time
oint a large effect of 1.22 (SE = 0.41, p < 0.009) was found, which
eclined somewhat (0.89, SE = 0.42, p < 0.05) at the second time
oint. The strength of the drug effect was continuously reduced
he longer the sleep deprivation lasted. This effect tended towards
ignificance without quite reaching it (p = 0.0583).

Wakefulness was significantly and strongly improved by one
ingle dose of modafinil in sleep deprived individuals through-
ut five of the six analysed time points. The effect was very
arge at the first three time points: 2.12 (SE = 0.30, p < 0.0001), 2.6
SE = 0.54, p < 0.0001) and 2.08 (SE = 0.52, p < 0.0003) respectively.
t the fourth (1.89, SE = 0.52, p < 0.0006) and fifth (1.34, SE = 0.51,
< 0.02) time points the effect remained quite large and at the sixth

ime point there was a trend towards a similarly large, positive
ffect (1.01, SE = 0.51, p = 0.0528). With prolongation of sleep depri-
ation the effect of modafinil became continuously stronger: an
ncrease of effect strength by 0.046 per hour of sleep deprivation

as clearly significant (SE = 0.02, p < 0.009).
The analysis showed no significant effects in the outcomes

ttention and mood and none of the studies examined the effects
n motivation.

.2.3.2. Repeated drug administration studies. The effect of
odafinil on healthy people undergoing sleep deprivation
fter repeated drug administration could be analysed only for the
utcomes executive functions, attention and wakefulness, since
nly for these outcomes enough studies yielded extractable data.
rom these three outcomes, only wakefulness was significantly
hanged by modafinil. Six out of seven assessment time points
Research 62 (2010) 187–206 203

showed very large positive effects: 2.35 (SE = 0.91, p < 0.02) at the
first, 2.36 (SE = 0.91, p < 0.02) at the second, 2.44 (SE = 0.91, p < 0.02)
at the third, 2.27 (SE = 0.91, p < 0.02) at the fourth, 2.34 (SE = 0.91,
p < 0.02) at the fifth and a maximum of 4.86 (SE = 1.47, p < 0.003) at
the sixth time point, though at the seventh and last time point the
effect was not significant. For the outcomes attention and executive
functions the analyses showed no statistically significant effects.
No analyses were performed for memory, mood or motivation.

5.3. Adverse effects of MPH or modafinil

Since most of the included papers reported small experimen-
tal studies (see Tables 1–4) and not large scale clinical trials, in
the majority of the cases, no standardised method of assessing
adverse reactions and reporting drop-outs due to adverse effects
was used. In a number of studies (26 for MPH and 26 for modafinil)
no comment on side effects was made, which leaves us to assume
that no severe adverse effects appeared that would deserve a com-
ment in the limited space of a publication. Therefore no further
analysis was performed and the results are presented here in a
descriptive manner. In the majority of the trials, the drugs were
well tolerated. There were some side effects reported, but these
were normally benign and only in few cases lead to drop-outs.
For modafinil [24–26,28,41,51–57], adverse reactions were primar-
ily headache, dizziness, gastrointestinal complains (e.g., nausea,
abdominal pain, dry mouth), increased diuresis, tachycardia and
palpitations, nervousness, restlessness, and sleep disturbances and
especially in studies with non-sleep deprived individuals, insom-
nia. For MPH a frequently reported side effect (reported in 13 out of
14 trials reporting side effects [34,58–69]) was slightly increased
heart rate, while increase in blood pressure was not consistently
found. Besides these, typical complains were headache, anxiety,
nervousness, dizziness, drowsiness and insomnia. In total, these
drugs seem to be well tolerated even by this population where
the trade-off between side effects and improvement may be less
clear. Finally, since the majority of the studies that have been per-
formed were short term and single dose studies, no comment can
be made on the reinforcing effects, dependence development, and
drug tolerance (and tachyphylaxis) of MPH or modafinil in healthy
individuals.

6. Discussion

This systematic review focused on studies of MPH and modafinil
in healthy individuals. A first finding was that some studies did
not report their raw data and therefore, although included in the
systematic review, their results could not be used for the meta-
analyses. This is a well-known weakness in reporting controlled
trials [70,71], especially those failing to find any significant result.
However, for the general conclusions discussed here, the findings
of all studies included in the systematic review were consid-
ered.

Regarding the use of MPH by healthy individuals, the available
data and the analyses performed do not allow for a firm conclu-
sion to be drawn. A major drawback in the analyses was the lack of
information on baseline measurements. For some outcomes, such
as wakefulness, there was no measurement at all available, mak-
ing any further analysis impossible. For other outcomes, the few
existing measurements that were used as reference values had
a strong impact on the results, such as for mood and executive

functions where only one baseline measurement was available.
Therefore, through these analyses only cautious conclusions can
be drawn.

The analyses of the existing studies provide no consistent evi-
dence for neuroenhancement effects of MPH, though evidence for
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positive effect on memory of healthy individuals was found. The
ost prominent positive effect was on spatial working memory,
hich was also found in studies that could not be included in the

nalysis [72]. However, the popular opinion that MPH enhances
ttention was not verified through the meta-analysis. This result is
n concordance with most of the individual studies, which reported
ither no effects [73], or even negative effects, such as a disrup-
ion of attentional control [64]. The positive, albeit solitary result
or memory enhancement seems at first insufficient to explain the
eported high prevalence of use of MPH for non-medical reasons
7]. One can speculate that there are other motives besides gen-
ine neuroenhancement that propel this illicit use [74], such as
ubjective enhancing effects and recreation, which were not cap-
ured neither here nor in the original data. Furthermore, studies
n repeated doses are scarce and the few studies in sleep depri-
ation reported only subjective positive effects. Finally, in most of
he studies mainly doses of 10–20 mg of MPH were used and this

ight also be a reason why no consistent effects or side effects were
ound. MPH, like other stimulants, may follow an inverted U-shape
unction, whereby too much or too little of the drug may impair
erformance and a moderate dose may be optimal. Unfortunately,
ot enough studies with a range of different doses have been con-
ucted, so we could not test this hypothesis or include dose as a
ovariate in our analyses. The exact doses used in the individual
tudies can be found in Tables 1 and 2. There it can also be seen
hat only two studies [33,75] reported explicitly on the effects of
xtended or controlled release formulations of MPH, which leaves
t to believe that all other studies were conducted with immedi-
te release formulations. This could be of relevance considering the
ifferent effects of the two types of formulations, by producing a
ulsatile or a slow-dose effect on dopamine and norepinephrine
elease and thereby being associated with distinct effects.

For modafinil, evidence of enhancing effects could be found.
odafinil had some positive, though moderate, enhancing effects

n individuals who were not sleep deprived, namely on attention.
o effect was found on memory, mood or motivation. Contrary to
ur expectations, a negative effect on wakefulness was seen at a late
ime point after drug administration. However, post hoc inspection
f the original data revealed that this result is not valid, because it is
erived from only one study [76]. In sleep deprived individuals the
ffects were more global: there was a positive effect of a single dose
n wakefulness, executive functions and memory. No evidence of
ffects on mood was found.

Also, during sustained sleep deprivation over several days,
epeated intake of modafinil was shown to maintain wakefulness in
igher levels than placebo and this effect lasted for up to four days.
owever, attention and executive functions were not sustained
ith repeated doses.

Another issue deserves special notice, namely the effect of
odafinil on self-monitoring. In well rested individuals, Baranski

nd colleagues reported a trend towards overconfidence in one of
ix tasks [39]. Yet, in individuals who had been sleep deprived for
4 h they found an actual “overconfidence” effect [51]. The par-
icipants had to estimate their performance in a number of tests,
efore and after the task. Modafinil led to an overrating of the
ctual cognitive performance, although this was found only in the
etrospective and not in the prospective estimations. In contrast,
n a further study of 40 h of sleep deprivation [77] and a military
tudy of 24 h of sleep deprivation [26] no such effect was found.
evertheless, it remains a question of great importance whether
odafinil, besides its cognitive enhancing effect, interferes with
ne’s ability to accurately self-assess one’s own cognitive perfor-
ance.
To sum up, a single dose of modafinil seems to have a cognitive

nhancing effect in cases of moderate sleep deprivation. In repeated
oses it does not seem to boost cognitive performance over a longer
Research 62 (2010) 187–206

period of sleep deprivation, but only maintains wakefulness. This,
together with a possible effect of overconfidence on one’s cogni-
tive performance, makes it questionable whether repeated doses
of modafinil in long lasting sleep deprivation could be of help in
a practical way for someone who wants to stay alert and preserve
performance at pre-sleep deprivation level.

As to MPH, the existing research summarised in this system-
atic review provides insufficient evidence for or against any effect
of MPH in healthy people. This applies not only to the results of
our meta-analysis, but also to the findings of the studies that, due
to inadequate result reporting were not included in our meta-
analyses. Therefore, the question whether MPH has a potential to
enhance the performance of healthy people can only be answered
by further studies. These future studies need to report results
in greater detail, e.g., provide numerical data and state precisely
dosage and rate and extent of adverse effects.

As to modafinil, the effects were not unequivocal for people in a
normal state of wakefulness; therefore, more studies are also nec-
essary. There is evidence that the effect of modafinil depends to
some extent on the individual baseline performance, e.g., Randall
et al. [78] found that it was correlated with the IQ of the volunteers.
It would be of great interest in future studies to look specifically
for such interactions or interactions to particular characteristics of
each individual such as genetic profile. This could also provide fur-
ther useful information on the neuropharmacological basis of the
effects in healthy individuals. Studies in sleep deprived individuals
showed a clear neuroenhancing effect after one dose of modafinil
and moderate sleep deprivation. Repeated dose administration,
especially after a prolonged sleep deprivation, had a positive effect
only on wakefulness. It is therefore necessary to examine whether
the ability to stay awake beyond the normal limits is contradicting
with the ability to maintain normal cognitive performance. Fur-
thermore, since the majority of these trials had military personnel
as participants, further research that would reproduce these results
in the general population is needed. If mentally competent adults
are to be able to engage in neuroenhancement using drugs, their
decision to do so should be based on the known effects of the drugs
[79]. For that we need conclusive data on the risks and benefits,
knowledge which can only be derived from research.

7. Reviewers’ conclusion

In an April fools’ prank, Jonathan Eisen, evolutionary biologist
at the University of California, Davis faked a press release of the
National Institute of Health (NIH) announcing the creation of the
World Anti-Brain Doping Authority. This hoax might not be too
far from reality though; only one month later, the Academy of
Medical Sciences in the UK, after thorough consideration of the
issue, recommended the establishment of regulating authorities
for cognitive enhancers [80]. Whether such regulating bodies are
actually necessary at this point in time depends to some extent on
whether “brain doping” is currently feasible. Just recently a number
of experts called for an evidence-based approach to the evaluation
of the risks and benefits of cognitive enhancement [81]. Our sys-
tematic review contributes to this quest by analysing data for two
of the most cited neuroenhancement drugs. With regard to MPH,
we were not able to provide sufficient evidence of positive effects
in healthy individuals from objective tests. This is in contrast to
a number of reports on the misuse of MPH for non-medical pur-
poses particular in US Colleges [7,74], but one has to keep in mind
that it is the subjective effects that motivate people to take a cer-

tain drug, not the seemingly objective results of neuropsychological
assessments. Neuroenhancement is but one kind of non-medical
use of MPH. People who use it for recreational purposes may not be
impressed by the fact that MPH does not seem to be an efficient neu-
roenhancement drug. Yet, the lack of positive objective effects of
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PH found in this review should be propagated so as to discourage
eople who consider using it to achieve an enhancement of cogni-
ive capacities. Regarding the other candidate drug – modafinil –
he aggregated results show a clear enhancing effect, especially on
eople undergoing sleep deprivation. With this in mind, it is not
urprising that modafinil is increasingly gaining popularity. Fur-
her research on questions about the equity, the ethics and the
ocial aspects of modafinil use is urgently needed. The demand for
drug like modafinil has to be understood against the backdrop of
growing pressure on people in modern societies to live and work,
ften continuously disregarding their biological rhythms. Besides
he question of whether and how we are to regulate their use
79,82], we should engage in public debate on the social factors
reating the need for such drugs.
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