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ABSTRACT

Introduction:

Modafinil is an eugeroic drug that has been examined to maintain or recover wakefulness, alertness, and cognitive per-
formance when sleep deprived. In a nonmilitary context, the use of modafinil as a nootropic or smart drug, i.e., to
improve cognitive performance without being sleep deprived, increases. Although cognitive performance is receiving
more explicit attention in a military context, research into the impact of modafinil as a smart drug in function of oper-
ationality is lacking. Therefore, the current review aimed at presenting a current state-of-the-art and research agenda
on modafinil as a smart drug. Beside the question whether modafinil has an effect or not on cognitive performance, we
examined four research questions based on the knowledge on modafinil in sleep-deprived subjects: (1) Is there a differ-
ence between the effect of modafinil as a smart drug when administered in repeated doses versus one single dose?; (2)
Is the effect of modafinil as a smart drug dose-dependent?; (3) Are there individual-related and/or task-related impact
factors?; and (4) What are the reported mental and/or somatic side effects of modafinil as a smart drug?

Method:

We conducted a systematic search of the literature in the databases PubMed, Web of Science, and Scopus, using the search
terms “Modafinil” and “Cognitive enhance*” in combination with specific terms related to the research questions. The
inclusion criteria were studies on healthy human subjects with quantifiable cognitive outcome based on cognitive tasks.

Results:

We found no literature on the impact of a repeated intake of modafinil as a smart drug, although, in users, intake occurs on
a regular basis. Moreover, although modafinil was initially said to comprise no risk for abuse, there are now indications
that modafinil works on the same neurobiological mechanisms as other addictive stimulants. There is also no thorough
research into a potential risk for overconfidence, whereas this risk was identified in sleep-deprived subjects. Furthermore,
eventual enhancing effects were beneficial only in persons with an initial lower performance level and/or performing more
difficult tasks and modafinil has an adverse effect when used under time pressure and may negatively impact physical
performance. Finally, time-on-task may interact with the dose taken.

Discussion:

The use of modafinil as a smart drug should be examined in function of different military profiles considering their
individual performance level and the task characteristics in terms of cognitive demands, physical demands, and sleep
availability. It is not yet clear to what extent an improvement in one component (e.g., cognitive performance) may
negatively affect another component (e.g., physical performance). Moreover, potential risks for abuse and overconfidence
in both regular and occasional intake should be thoroughly investigated to depict the trade-off between user benefits and
unwanted side effects. We identified that there is a current risk to the field, as this trade-off has been deemed acceptable
for sleep-deprived subjects (considering the risk of sleep deprivation to performance) but this reasoning cannot and
should not be readily transposed to non-sleep-deprived individuals. We thus conclude against the use of modafinil as a
cognitive enhancer in military contexts that do not involve sleep deprivation.
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Modafinil or 2-([diphenylmethyl]sulfinyl)acetamide, com-
mercially known as Provigil, is an eugeroic (i.e., wakefulness-
promoting) drug that was approved in 1998 by the Food and
Drug Administration and the European Medicines Agency
for the treatment of narcolepsy, excessive sleepiness during
the day due to obstructive sleep apnea, and shift work sleep
disorder (e.g.,""?). Eugeroic drugs mimic the effects of d-
amphetamines by producing high-quality wakefulness, while
said to lack the typical unwanted side effects associated with
amphetamines (e.g.,>~>). As a result, modafinil has quickly
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been used in a nonmedical context for other reasons than
the previously cited sleep disorders with an estimated 90%
off-label use in 2004°. In the meantime, these tendencies even
increased.”” Based on the Health Social Care Information
Centre (2015), Brunyé et al. reported that prescription rates
of stimulants in general in the UK rose from about 220,000 in
1998 to 1,160,000 in 2014 (on a population of 54 million peo-
ple).” The second large increase considered modafinil with a
proportional raise of 212%.” Modafinil has found its way to a
variety of users such as personnel exposed to sleep deprivation
(e.g., military personnel, nurses, and medical doctors, being
on-call jobs)*-!% or persons functioning in a highly cognitive
competitive context (e.g., students, academics, or corporate
executives).!! =13 In the former, modafinil is used to counteract
the impact of sleep deprivation on wakefulness and cognition.
In the latter, it is used as a nootropic or smart drug, i.e., a
drug that aims at improving cognitive performance in healthy
subjects in the absence of any medical indication.!'*

The first publicly available documented use of modafinil
in a military context occurred before the approvement of the
European Medicines Agency, to counteract sleep deprivation
and fatigue during the Gulf War in 1991.! Indeed, sleep loss
is recognized to negatively impact not only attention and'>-'®
executive functioning'>~!'7 but also decision-making'® and
emotion regulation'*~?! (see Alhola and Polo-Kantola for a
review??). However, military reports on modafinil applica-
tions remain rather rare. For instance, except a recent study
by Ooi et al.*> no study on modafinil in a military context
has been published for the last 10 years certainly not outside
a context of sleep deprivation.”* Nevertheless, besides sleep
deprivation® and an overall increased operational tempo,2%-%’
mental fatigue among military personnel is becoming a press-
ing aspect of sustained operationality as well.?*=3Y Moreover,
itis now widely accepted that mental fatigue can decrease per-
formance on sustained physical tasks.?!*3? Therefore, it is not
surprising that in military personnel the interest in modafinil
as a smart drug is also present.>* This may, however, raise
questions regarding efficacy, safety, and ethics of such use.?*

Hence, knowing that there is a 10-year gap in studies on
modafinil in function of military operational performance,
that cognitive demands in military personnel are high, and
that the interest in modafinil as a smart drug is increasing,
we reviewed the literature on the use of modafinil as a smart
drug. On this backdrop, we thus aimed at presenting a state-
of-the-art and a future research agenda in function of military
operationality. To structure our research questions, we used
the existing knowledge on modafinil in sleep-deprived con-
texts and the relevant safety issues, in both military and
civilian investigations.

Investigations in Sleep-Deprived Populations

As stated by Babkoff and Krueger, studies in a military con-
text on the impact of modafinil in sleep-deprived subjects
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can be divided into two categories, that is, either studies in
a preventive (maintenance) paradigm, designed to maintain
behavior over longer periods of time; or studies in a recovery
paradigm, designed to offset the effects of sleep depriva-
tion and/or sustained performance.® In maintenance studies,
the participants receive several smaller doses of 100-200 mg
every few hours to test performance maintenance throughout
a sleep deprivation period. In recovery paradigms, the partic-
ipants receive a single larger dose (e.g., 300-400 mg) after a
period of sleep deprivation to measure restoration capacity in
comparison with initial baseline levels.®

In a military sleep deprivation context, we found three
experimental maintenance flight simulation studies. Caldwell
et al. reported attenuated flight performance decrements in 10
Air Force F-117 pilots after three doses of 100 mg modafinil
intake over 37h of sleep deprivation, whereas placebo led
to a decline of 60-100%.3® Similarly, three doses of 100 mg
modafinil at 4h intervals over 40h of sleep deprivation
enabled the maintenance of alertness, feelings of well-being,
cognitive function, judgment, risk perception, and situation
awareness, compared to placebo.>” However, the objectively
measured improvement after the first dose was not subjec-
tively experienced by the participants, which may mean a
risk for escalation and abuse. Another study by Caldwell
et al. showed that three 200 mg doses at 4-h intervals over
40h of sleep deprivation improved performance, alertness,
and mood compared to placebo; however, side-effects were
reported (i.e., vertigo, nausea, and dizziness).? In a nonmili-
tary population, however, a meta-analysis by Repantis et al.
concluded that repeated administration is successful to main-
tain wakefulness up to 4 days of sleep deprivation, but that
there is no reliable support for a beneficial impact on attention
or executive functioning.’®

There might be several reasons for the conclusion of
Repantis et al.,*® Firstly, modafinil’s efficiency may be dose
dependent. For instance, Baranski et al. showed that a
repeated intake of three doses 100 mg every 8 h over 24 h of
sleep deprivation maintained cognitive performance near to
baseline. However, this effect decreased substantially with
50mg; and the 16.7 mg dose did not show significant dif-
ferences when compared to placebo.’® Increasing doses to
300 mg and 400 mg appears to be pointless and only increases
the risk of side effects such as nervosas,*’ negative mood,*!
and—important in military operations—overconfidence.*?+*3
Secondly, dose dependency would interact with the targeted
variable of performance. For instance, working memory,
executive functioning, and attention showed less improve-
ment with 100 mg than with 150 mg'®:36-3%44: with an excep-
tion in Stivalet et al., who found a positive effect of recur-
rent 100-mg doses on attention.*’ From 200 mg onwards,
the impact of modafinil on cognitive performance in sleep-
deprived subjects is more convincing and congruent over
different cognition variables. These studies all showed a bene-
ficial effect of modafinil on executive functioning,’-36-43:46-30
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Cognitive enhance* Abuse
Records identified
PubMed n =210

Web of science n =177
Scopus n =205

Records identified
PubMed n =311

Web of science n =222
Scopus n =240

Dopamine (not rat; not mice) Dose depend* (not rat; not mice)
Records identified

PubMed n =52

Web of science n =334
Scopus n =122

Records identified
PubMed n =67

Web of science n =267
Scopus n =222

———

\ 4

1. Screening of titles, keywords, abstract on content and duplicates
2. Eligibility: Organised per research question

Studies on
single versus Repeated
repeated intake
inta ke n=1

Dose-
dependency
n=6

mgle |ntake

[ Included | [ Eligibility | [ Screening |  Identification |

Individual

Task- Time- Short-term Long-term
related difficulty pressure side effects side effects
aspects n=5 n=1 in humans in humans

n=3 n=27 n=11

FIGURE 1. Overview of the identified, screened, and selected articles based on the “Preferred Reporting Items for Systematic Reviews and Meta-Analyses™
(PRISMA) method. In the eligibility process, we performed an extra screening in function of the four assumed research questions.

39,45,47,51 18,39,45,49-52

memory, and attention. The only excep-
tion was the study by Li et al., who found mixed results with
200 mg.53 However, in this study, the interval of administra-
tion was more than 12 h, whereas it was maximum & h in other
studies.>

Hence, based on the literature in sleep-deprived subjects,
we can conclude that a single-dose modafinil intake enhances
recovery after sleep loss, but that the impact of a repeated
modafinil intake may be dependent on the interaction between
the administered dose and the targeted performance variable.
Moreover, somatic side effects may occur in higher doses and
overconfidence was reported in initial studies. Based on these
results, and taking into account the importance of individually
tailored approaches when researching fatigue-related topics in
extreme operational contexts,>*>> we selected the following
four research questions to investigate the current state of the
art: (1) Is there a difference between the effect of modafinil
as a smart drug when administered in repeated doses ver-
sus one single dose? (2) Is the effect of modafinil as a smart
drug dose-dependent? (3) Are there individual-related and/or
task-related impact factors? (4) What are the reported mental
and/or somatic side-effects of modafinil as a smart drug?

METHODS

We performed a systematic search of the literature in the
databases PubMed, Web of Science, and Scopus, using the
search terms “Modafinil” and “Cognitive enhance*”, in com-
bination with “dose depend*”, “abuse,” and “side-effects”
(based on “Preferred Reporting Items for Systematic Reviews
and Meta-Analyses”, PRISMA’®). Since “individual fac-
tors” “personality” and “task difficulty” gave no new hits,
we screened the content of the selected articles to find an
answer on research question 3 (see Fig. 1). We included
only studies on healthy human subjects with quantitative

54

cognitive outcomes. For those studies that tested other cog-
nitive enhancers than modafinil as well, only the results for
modafinil were reported. We found only one publication on
modafinil use as a nootropic within a military population,
despite the widespread use of the molecule as an accepted and
validated strategy to counteract sleep deprivation. Therefore,
all literature matching the inclusion criteria was considered
relevant, as we could not target solely military populations.

RESULTS

Research Question 1: Is There a Difference Between the
Effect of Modafinil as a Smart Drug When Administered
in Repeated Doses Versus One Single Dose.

Only two studies reported a repeated intake.’”->® However,
the first study focused on the impact on mood (3 x 400 mg)
and not on cognitive performance.’’ The second study
(2 x 200 mg) presented the results as a single intake>® and will
be discussed under the paragraph “time-pressure.” The stud-
ies on the impact of modafinil in single dose (200 mg) showed
contradictive findings.

Attention and Vigilance

Ikeda et al. found improved accuracy and reaction times in
attention tasks®” and Lees et al. reported a small improvement
in sustained attention.%° Other single-dose studies®!-%% did not
evidence an effect.

Executive Functioning

Fernandez et al. reported less mistakes on the Stroop test after
200 mg intake®® and Rattray et al. reported better reaction
times with 400 mg when taking into account time on task.%*
However, Rattray et al. observed a negative impact on phys-
ical performance in physically active participants.®* Schmidt
et al. found a positive impact of 600 mg on inhibition response
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tasks.%> Furthermore, no other single-dose study evidenced
improved executive functioning.>?-60-62.66

Memory

No effects were found for short-term, visual, or verbal mem-
ory,38:59,60.63.,65

Conclusion

We found no clear answer to the first research question.
No repeated intake studies are available, and the results of
single-dose intakes on cognitive performance are unclear and
not comparable with repeated intake. Moreover, a negative
impact of modafinil on physical performance was reported
(see Table I).

Research Question 2: Is the Effect of Modafinil as a Smart
Drug Dose-Dependent?

Attention and Vigilance

Cope et al. found no difference between 200 and 400 mg.%’
Both doses increased attention on a continuous performance
task without providing other cognitive advantages. Dose
dependency was however observed by Makris et al. when
taking into account the posttreatment interval.®® The authors
examined the course of the impact of a single dose on attention
and memory 30 min after drug administration and at hourly
intervals for 5 hours. The used doses were either 1.75 mg/kg
(low), 3.5 mg/kg (medium), or 7 mg/kg (high) (equivalent to
130, 262, and 525 mg). The results showed dose by post-
treatment interval interaction effects for sustained attention.
Medium and higher doses were related with better perfor-
mances over time compared to lower ones.®

Executive Functioning

Turner et al. found a dose-response effect in an inhibition
stop-signal paradigm but not in other variables.®” They con-
cluded that modafinil is a reducer of impulsive response
tendencies and that only a response inhibition effect might
be dose-dependent. The abovementioned improved response
inhibition with 600 mg in Schmidt et al. might support this
hypothesis.®> However, no further dose dependency benefits
were found in other studies.®”-’~73 On the contrary, some
authors reported participants made more errors with higher
doses.”?

Memory

Based on a range of studies, Randall and colleagues con-
cluded against dose dependency when using modafinil as
a smart drug.”®7""73 No significant cognitive improvements
were found (100/200 mg) in students,’® healthy middle-aged
volunteers,”? or young volunteers.”! Moreover, in the event of
a small benefit, the participants showed slower response laten-
cies,’? certainly with 200 mg intake.®® Makris et al. found an
improvement on working memory in the three modafinil doses
but no dose dependency.®
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Conclusion

No study showed a clear dose—response effect for modafinil.
Moreover, in cases of improved alertness, accuracy was not
guaranteed, and more errors occurred, suggesting a speed-
accuracy trade-off effect. However, it may be that time-on-
task interacts with dose administration. The fact that the
effects in Makris et al. occurred in function of the duration
of the posttreatment intervals may be the expression of a
vigilance effect, i.e., to sustain attention and/or performance
over time. Hence, this may raise the question whether fatigue
related to time-on-task may play a moderating role. Besides,
modafinil as a smart drug may be beneficial in inhibition tasks
(see Table II).

Research Question 3: Are there individual-related and/or
task-related impact factors?

Attention and Vigilance
Task difficulty

Marchant et al. reported an improvement of rapid attention
switching only in the most difficult switching tasks.”* How-
ever, other studies did not evidence this improvement.75’76

Executive Functioning and Memory
Task difficulty

An impact of 200 mg on executive functioning such as plan-
ning and decision-making was present, but only for the most
difficult tasks in Miiller et al.”> Winder-Rhodes et al. found
a beneficial effect of 300 mg of modafinil on spatial plan-
ning accuracy and working memory, again only at the most
difficult task level.”” A study by Esposito et al.”® showed
that a beneficial impact of 100 mg modafinil on the Raven’s
Advanced Progressive Matrices II was only significant for the
medium difficulty level. However, when inspecting raw data,
a ceiling effect might have been present. The baseline lev-
els were very low, which may indicate that the medium level
was the limit of the participants’ capacities in IQ and thus,
possibly, the highest level that still allowed for improvement.
Finally, both Makris et al. and Miiller et al. found a positive
impact in delayed and possibly more difficult conditions of
test designs.®87°

Time pressure

In Franke et al., modafinil significantly decreased the number
of victorious games by chess players when playing under time
pressure, due to an increased response latency. However, an
enhancement occurred when no time pressure was present.’®

Individual ability and personality aspects

Randall et al. conducted a meta-analysis on their former stud-
ies, dividing their participants in a low- and high-performing
IQ group.”! The results showed that previously reported
improvements only appeared in the lower IQ group. A small
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TABLE I. Summary of Studies Assessing the Use of Modafinil as a Smart Drug for Cognitive Enhancement in a Single Dose Vs.
Repeated Intake

and one of three stimulants
(caffeine, methylphenidate,
and modafinil)

84 M

~27 years (21-36)

Modafinil intake

Study Design and sample size protocol Evaluated cognitive domain Results

Single dose

Mohamed et al. 2014%  Parallel 200 mg Hayling Sentence Completion Test. No impact of modafinil
31M33F compared to placebo.
~25 years (19-36)

Fernandez et al. 2015%  Crossover 200 mg Battery of cognitive tests: Impact on Stroop: improve-
52M 76 F e Stroop Test: selective attention ment in congruent
~21 years e Forward and Backward Digit Span  conditions and decreased

(short-term memory) latency in incongruent
e Biber Cognitive Estimation Test conditions.

No advantage of Modafinil
over placebo for short-term
memory or other executive
function.

Bellebaum et al. 2016°'  Parallel 200 mg Alertness task: tonic and phasic No effect of Modafinil on
40M alertness. alertness.

Feedback learning task: tests the
choice of previously rewarded or
punished (approach/avoidance)
behavior.

Ikeda et al. 2017%° Crossover 200 mg Attention network test task: measures Impact on attention tasks:
14MO9F three distinct attentional networks, Significantly faster reaction
~29.5 years i.e., alerting, orienting, and executive times in flanker tasks in

attention. modafinil vs. placebo.

Higher accuracy in modafinil
vs. placebo.

Modafinil decreased the
orienting effect.

No difference in executive
control effect between
modafinil and placebo.

Lees et al. 20170 Parallel 200 mg MATRICS Consensus Cognitive No clear impact: only
15M 13 F (healthy Battery. improvement on rapid visual

volunteers) CANTAB Schizophrenia Battery. processing task (sustained
~25 years attention).

Schmidt et al. 20179 Crossover 600 mg Go/no-go functional magnetic reso- High-dose impact on inhi-
21M nance imaging paradigm: measures; bition task: modafinil
24-39 years execution/inhibition of a motor significantly improved

response after a visual stimulus. inhibition performance.

Rattray et al. 2019%* Crossover 400 mg AX-Continuous Performance Task Improved incongruent Stroop
13M (AX-CPT): cognitive control task with time on task.
~23.5 years examining context processing and (Remark: negative impact on

goal maintenance. physical performance).

Incongruent Stroop 90 min.

Brunel mood scale.

Situational motivation scale.

National Aeronautics and Space
Administration Task Load Index
(NASA-TLX) fatigue scale.

Physical performance electronically
braked cycle ergometer.

Repantis et al. 20212 Three-arms study: placebo 200 mg Battery of cognitive tests: No effective impact of

e Declarative memory
e Logical reasoning
e Working memory
e Speed of information processing
e Implicit and explicit verbal
memory
Creativity and divergent thinking.
Sustained attention: Psychomotor
Vigilance Test (PVT).

modafinil on cognitive tasks.
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TABLE I. (Continued)

Modafinil intake
Study Design and sample size protocol Evaluated cognitive domain Results
Repeated intake
Franke et al. 20178 Crossover 2 x 200 mg but See Table III “time pressure”.
39M not analyzed as
~37 years repeated intake

Abbreviations: M = male; F =female.

TABLE Il. Summary of Studies Assessing the Usage of Modafinil as a Smart Drug for Cognitive Enhancement to Test Dose Dependency

Single oral dose

Modafinil intake
Study Design and sample size protocol Evaluated cognitive domain Results
Turner et al. 2003 Parallel Placebo vs. Battery of cognitive tests: No clear dose dependency:
60M 100 mg vs. e Visual memory except in the stop-signal
~25 years 200 mg e Working memory and paradigm (i.e., better per-
Single oral dose planning formance with 200-mg
e Executive functioning: stop dose).
signal
Vigilance.
Randall et al. 20037° Parallel Placebo vs. Battery of cognitive tests: No dose dependency and no
I9M 11F 100 mg vs. e Visual memory effect of modafinil on any of
19-23 years 200 mg e Mental flexibility the cognitive tests.
Single oral dose e Spatial planning
e Vigilance/sustained attention
e Verbal memory
Test response inhibition.
Randall et al. 200473 Parallel Placebo vs. Battery of cognitive tests: No clear dose dependency and
20M 25F 100 mg vs. e Visual memory no effect of modafinil on most
50-67 years 200 mg e Mental flexibility of the cognitive tests.
Single oral dose e Spatial planning 200 mg group was faster in
e Vigilance/sustained attention the color naming of dots and
e Verbal memory showed better constructional
Test response inhibition. ability.
They made more errors in the
shift task.
Randall et al. 2005a’"  Parallel Placebo vs. Battery of cognitive tests: No clear dose dependency and
29M 31F 100 mg vs. e Visual memory no effect of modafinil in some
19-22 years 200 mg e Mental flexibility tests.
Single oral dose e Spatial planning 200 mg group performed better
e Vigilance/sustained attention in simple color naming of dots
e Verbal memory and in the vigilance task.
Test response inhibition. 100 mg group performed better
in digit span test.
Makris et al. 200768 Cross-over Placebo vs. Battery of cognitive tests: Subjective indications of dose
SM6F modafinil e Working memory dependency: Visual Analogue
21-35 years (1.75 mg/kg vs. e Psychomotor activity Scale (VAS) scores of stim-
3.50 mg/kg vs. e [earning efficiency ulations were increased in a
7.00 mg/kg) vs. Temporal discrimination. dose-related manner.
d-amphetamine Objectively: increased correct
(0.035 mg/kg vs. responses working memory;
0.070 mg/kg vs. dose x time effect for psy-
0.140 mg/kg) chomotor activity and learning
Single oral dose efficiency.
Cope et al. 2017%7 Parallel Placebo vs. Five-choice continuous No dose dependency.
26 M 36 F 200 mg vs. performance task
400 mg Wisconsin Card Sort Task.
modafinil

Abbreviations: M = male; F = female.
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TABLE lll. Summary of Studies Assessing the Usage of Modafinil as a Smart Drug for Cognitive Enhancement regarding Task-related

Modafinil and Military Operationality

and Individual-related Factors

Modafinil intake
Study Design and sample size protocol Evaluated cognitive domain Results
Task difficulty
Miiller et al. 200476 Crossover Placebo vs. Working memory. Task difficulty appears to be
10M6F 200 mg Maintenance processes. a moderator: Modafinil did
20-29 years Single oral dose Attention. not affect attention.
Different difficulty levels Improved maintenance pro-
were included. cesses and challenging
working memory.
Marchant et al. 200974 Parallel Placebo vs. Task requiring rapid switch- Type of attentional shifting
TM17F 200 mg ing of attention vs. task appears to be a modera-
~22 years Single oral dose requiring rapid switching tor: Modafinil improved
of attention + working accuracy in both types of
memory vs. task requiring cognitive tasks, but only in
prospective memory. the most challenging trials.
No effect on prospective
memory.
Winder-Rhodes et al. 201077 Crossover Placebo vs. Battery of cognitive Task difficulty appears to be
12M 300 mg tests different difficulties: a moderator:
18-39 years modafinil vs. o Working memory Modafinil improved planning
3 mg prazosin e Pattern recognition and working memory at the
vs. 300 mg memory most difficult levels.
modafinil+3mg e Rapid visual information
prazosin processing
Single oral dose e Response inhibition
Miiller et al. 20137 Parallel Placebo vs. Battery of cognitive Task difficulty appears to
31M33F 200 mg tests—different difficulties be a moderator: Modafinil
~25 years Single oral dose e Working memory improved spatial working
e Planning and decision memory, planning, and
making decision-making at the
e Visuospatial declarative most difficult levels.
memory
Nonverbal creative problem
solving.
Esposito et al. (2013)78 Parallel Placebo vs. Fluid intelligence and Task difficulty appears to
26 M 100 mg abstract reasoning be a moderator: Modafinil
25-35 years Single oral dose with different levels of improved fluid intelligence
difficulty. in those subjects that were
low performing at base-
line and only in items of a
medium difficulty level.
Time pressure
Franke et al. 2017°8 Crossover 2 x 200 mg but Chess match against Fritz Significant decrease of win-
40M not analyzed as chess computer. ning chess games/events
~37 years repeated intake Sustained attention (PVT). under time pressure due to

Battery of cognitive tests:

e Visual attention,
psychomotor speed
Working memory

e Selective attention, cog-
nitive flexibility and
processing speed

e Set-shifting

Risk-taking behavior.
Problem-solving capacity.

a response latency.

When not under time
pressure, there was an
enhancement.

No further improvements in
other cognitive domains.
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TABLE lll. (Continued)

Study Design and sample size protocol

Modafinil intake

Evaluated cognitive domain Results

Individual-related factors

Low-IQ group (<110) vs.
high-IQ group
(>111)

mg vs. 200 mg e Attention

Randall et al. 2005b72 Parallel Placebo vs. 100
4TM 42F
19-23 years Single oral dose

Battery of cognitive tests: 1Q level appears to be a mod-
erator: Modafinil-related
improvements were greater
in the low-1Q group.

Modafinil improved vigi-

lance and response time,

Mental flexibility
Vigilance
Working memory
Verbal memory

Based on NARTII e Spatial planning but the overall pattern of
Response inhibition. cognitive improvement was
difficult to classify.
Finke et al. 20107° Crossover Placebo vs. e Visual perceptual Baseline performance

9I9MOIF 400 mg processing speed appears to be a moderator:

20-35 years modafinil e Visual short-term memory Modafinil both enhanced

Low performers vs. high vs. 40 mg storage capacity perceptual processing
performers methylphenidate speed and short-term mem-

Based on baseline Single oral dose ory storage capacity in low
performance performers.

Abbreviations: M = male; F = female; PVT = Psychomotor vigilance test; NART = National Adult Reading Test-I1.

benefit in the high IQ group was only present when tak-
ing 200mg and not with 100 mg. Hence, low IQ profiles
benefited already from 100mg and higher IQ profiles only
from 200 mg onwards, but this benefit was rather small. A
study by Finke et al. supported these results.”” They showed
that 400-mg modafinil enhanced perceptual processing speed
and short-term memory in low-performing participants only.
Finally, Mohamed et al. showed that only low-scoring persons
on convergent thinking benefited afterward from 200-mg
modafinil.®* We did not encounter any study on personality
aspects as a potential moderator.

Conclusion

Individual ability, task difficulty, and time pressure appear
to play a role in mitigating the effect of modafinil. Per-
sons with an initial lower test performance benefit more from
modafinil than those with higher levels and the latter show
dose-dependent results. Higher task difficulty was related
with a more consistent positive impact of modafinil. However,
modafinil may have detrimental outcomes for tasks under time
pressure (see Table III).

Research Question 4: What are the Reported Mental
and/or Somatic Side Effects of Modafinil as a Smart Drug?

Short-term Effects

Baranski et al.*? reported a trend toward mild overconfi-
dence in task-level estimates in non-sleep-deprived persons
using modafinil and thus advised further investigation with
a higher number of participants. Franke et al.’® evidenced
a significant decreased “fear of failure” scale. A series of
studies reported somatic anxiety after 100mg’’, 400 mg,”’
and 600mg,?' sometimes documented by increased amyg-
dala activity.! Hence, anxiety occurs—certainly in higher

MILITARY MEDICINE, Vol. 187, January/February 2022

doses®”—and the negative effects of modafinil may outweigh
the cognitive benefit.”

On a somatic level, the largest part of the reviewed stud-
ies did not investigate side effects,*>-8-74.77.79,80.83.84 ox cept
for Qoi et al.,”* who examined side effects of 100 mg in
military aviators. Ooi et al. followed 243 aircrew mem-
bers (Republic of Singapore Air Force) for 7years from
2011 to 2018 but only reported short-term effects.”* In their
study, only 2.5% of the exposed population reported side
effects during ground testing (headache, anxiety, diarrhea,
and insomnia), which was considered a counterindication for
operational use. In other studies, side effects were reported
to be absent®®7%:78 (100/200 mg) or minimal.®*> Two stud-
ies®”> reported headaches, three studies mentioned prob-
lems falling asleep,’®:%2:%* and an investigation in students
described flushes, headaches, thirstiness, reduced appetite,
and sleep problems as reported complaints.®> In Repantis
et al., the impact of 200mg on heart rate and blood pres-
sure remained within normal ranges.®”> However, in Taneja
et al., the intake of three doses of 400mg over 3days
induced a heightened sympathetic outflow, characterized by
increased heart rate (+9.2 bpm), systolic (4+7.3 mm Hg) and
diastolic (+5.3 mm Hg) blood pressure, and excretion of uri-
nary catecholamines (increase of 33% norepinephrine and
81% epinephrine).?® The authors concluded that modafinil
substantially altered autonomic cardiovascular regulation.

Long-term Effects

A psychophysiological long-term effect that should be con-
sidered is the risk for abuse. A drug has a potential for
abuse when it acts on the dopaminergic system, inducing
dopamine release in the mesoaccumbens.®” Due to dopamin-
ergic mesoaccumbens, plasticity, sensitization, effects of
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reinforcement incentive salience, and craving are experi-
enced by the user.8-3° Although sensitization is a long-term
process, in laboratories, it can be induced and exam-
ined by short-term protocols as well.”® Initially, modafinil
was considered to have low abuse potential, suggesting
that it was acting on non-dopaminergic systems’!? or by
a different interaction®® than other performance-enhancing
drugs. However, recent indications point to an activation of
dopamine networks t00.9%-4-% Wuo-Silva et al.”>-* showed
that modafinil impacted a rapid-onset sensitization in mice
within a few hours from drug administration. A fast neuro-
plastic change was evidenced in these studies, which may
pave the way for later drug abuse.”>”® Nevertheless, in
mice, some studies®”*® argued against a dopamine-dependent
mechanism. In healthy humans, based on a positron
emission tomography investigation, dopaminergic affinity of
modafinil was shown to be close to that of methylphenidate,
indicating that both are comparable in relation to abuse
liability related to dopaminergic transmission.”” More-
over, imagery showed involvement of the nucleus accum-
bens.!0-101 T clinical literature, case studies of modafinil
dependence in patients with a previous drug abuse his-
tory are reported,'?>~'%7 which supports the observations that
200 mg of modafinil, but not placebo, induced a significant
bias toward approach behavior®' and induced reinforcement
effects.!%®

Conclusion

There is no research into long-term effects of regular
modafinil use. However, there are indications that modafinil
does work on the same neurobiological mechanisms as other
addictive stimulants. Hence, the risk for abuse should be
investigated, not only on a neurobiological level but also on
the level of the subjective user. Both abuse and escalation
may lead to higher intakes, likely to induce short-term side
effects on top. Regarding short-term effects, on a somatic
level, higher doses induce sympathetic arousal and on a men-
tal level, the risk for overconfidence should be systematically
examined in future studies.

DISCUSSION

Whereas many studies to date report significant effects
of modafinil on mental performance, the current review
intended to answer four specific research questions, aiming
to formulate a current state-of-the-art for a military con-
text. We examined potential moderating factors in the impact
of modafinil as a nootropic in non-sleep-deprived subjects,
such as the dose—response effect, individual-related and task-
related characteristics, repeated or single dose administration,
and the prevalence of short-term and long-term mental and
somatic side effects.

Firstly, it is salient that until now, no study has investigated
the impact of modafinil as a smart drug in a military context.
The studies we encountered were all laboratory experimental
studies in a nonmilitary context except for Ooi et al.,>> who
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investigated side effects in military aviators flying in their
circadian trough; hence still in the context of sleep depri-
vation. Knowing that pressure on military personnel is ever
increasing®®—3"—also in terms of cognitive load?!-**—and
that there is interest to use the drug among military person-
nel,>? research in function of the demands of military opera-
tionality is highly recommended before the use of modafinil
can be deemed acceptable as a cognitive enhancer outside of
a sleep deprivation context.

Regarding our research questions, the first one remained
unanswered. There is no research on the impact of a repeated
intake of modafinil as a smart drug on cognitive or opera-
tional performance. Nevertheless, when considering how a
smart drug is used in nonmilitary contexts, this should be one
of the first tracks to follow. People who use, use frequently.
A recent international survey'® reported that 20% of the
modafinil users took the drug on a daily base and about 66%
of them at least three times a week. These statistics teach us
that, by the time there is sufficient research available to make
evidence-based decisions on the topic, our target audience
may very well have performed their own personal trial-and-
error investigations regarding dose, side effects, and protocol
with online-purchased molecules. This brings us immedi-
ately to the last research question, namely that side effects
are insufficiently examined and/or reported so far. More-
over, in contradiction to what has been claimed before,>~>
there are mounting indications that modafinil comprises a
risk for abuse.”>?%-19% Furthermore, objective improvements
of modafinil do not always correspond with the subjective
perceptional awareness, which may interact with abuse or
escalation risk.>® Hence, although it remains unclear to what
extent this risk for abuse poses a problem in function of oper-
ational use, until this uncertainty is lifted, caution is strongly
advised. This issue is especially relevant for the use as a
cognitive enhancer. Whereas the use of a eugeroic drug will
be dictated by the circumstances of sleep deprivation, hence
being de facto constrained to a certain time and place; the
use of a cognitive enhancer leaves a much broader scope for
application and thus potential for abuse.

Besides abuse, to preserve military safety, future research
should investigate the risk for overconfidence in a much more
rigorous manner. A significant increase in overconfidence was
previously reported in a sleep-deprived population*? and a
tendency towards overconfidence in non-sleep-deprived sub-
jects.*> Until now—considering the risk of sleep depriva-
tion to performance—a trade-off between user-benefits and
unwanted side effects has been deemed acceptable for sleep-
deprived subjects, but this cost—benefit analysis cannot and
should not be readily transposed to non-sleep-deprived indi-
viduals without any ethical consideration. It has already
been reported how people tend to choose medicalized solu-
tions to meet professional requirements, rather than change
behaviors, or in operational context, leadership decisions.!!”
The responses on research questions 2 and 3 showed that
there are several indications that low-performance persons on
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baseline tasks benefit more from modafinil than initial high
performers—certainly on difficult tasks.”>~’® Hence, stretch-
ing the argument without ethical considerations to a military
context, one could fear that—considering the current recruit-
ment issues of military all over the world—a “wonder drug”
may trigger the acceptance of a “quantity-over-quality” gap in
recruitment procedures, losing track of the long-term conse-
quences on the required operationality of military personnel.
Lastly, an issue receiving very little attention in the scientific
literature, yet of paramount importance for our population,
is the effect of modafinil on exercise tolerance. The reported
sympathetic effects do not bode well in this regard. As sug-
gested by an operationally relevant investigation,* a gain in
executive functioning due to modafinil was at the cost of phys-
ical endurance. Hence, the interaction between the impact of
modafinil on cognitive and physical performance should be
examined before using in a military context, certainly outside
of sleep deprivation issues.

Final Conclusion: Current Position Statement and
Research Agenda

Despite the usefulness of modafinil in operational sleep-
deprived contexts, its use as a smart drug (i.e., outside of an
occasional sleep deprivation constraint) should be banned in
military contexts considering the current gaps in knowledge
and the existing cost—benefit profile.

Further research on modafinil in function of military pro-
files is needed. Individual abilities, cognitive and physical
task demands, and sleep availability may all contribute to the
impact of modafinil intake. Moreover, it is not yet clear to
what extent an improvement on one component (e.g., cog-
nitive performance) may have a negative effect on another
component (e.g., physical performance). Finally, a poten-
tial risk for abuse and overconfidence in both regular and
occasional intake should be thoroughly investigated.
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