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Introduction: Currently, there are a number of pharmaceuticals avail-
able that have potential to enhance cognitive functioning, some of
which may ultimately be considered for such use in military operations.
Some drugs with potential for cognition enhancement have already been
studied for use in military operations specific to their primary effect in
sleep regulation (i.e., dextroamphetamine, modafinil, caffeine). There is
considerable information available on many of these drugs. However,
considerations for military appropriateness must be based on proficient
research (e.g., randomly controlled trial design). Methods: A meta-analysis
was conducted to summarize the current state of knowledge of these
potentially cognition-enhancing drugs. The analysis only included stud-
ies which met inclusion criteria relevant to military research. Results:
The results of the literature review reveal a gap in research of the en-
hancement properties of the drugs of interest. The results yielded three
studies (all of which studied modafinil) that met the criteria. The meta-
analysis of these three studies revealed a relatively weak pooled effect of
modafinil on some aspects of cognitive performance in normal, rested
adults. Discussion: While the results of this study support the efficacy of
modafinil, the main finding is the large literature gap evaluating the
short- and long-term effects of these drugs in healthy adults.
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HE U.S. MILITARY is constantly striving for optimal

physical and mental performance from its soldiers.
One strategy to improve cognitive performance involves
the use of pharmaceuticals. Currently, there are a num-
ber of pharmaceuticals available that have potential to
enhance cognitive functioning. Available drugs include,
but are not limited to, beta-blockers, typically prescribed
for cardiac arrhythmia; methylphenidate, prescribed for
attention-deficit disorder; modafinil, a wake-promoting
agent for those with sleep disorders; and donepezil, an
acetylcholinesterase inhibitor typically prescribed for
those with Alzheimer’s disease. All of these medications
are prescribed for a therapeutic effect not related to cog-
nition enhancement. Caffeine, on the other hand, is
available without a prescription and is frequently used
specifically for its stimulant properties which impact at-
tention. Pharmaceutical companies are also researching
more substances to be used as “smart drugs” which
could arrive on the market over the next few years.

It is important to note that while operational risk miti-
gation and soldier performance are regular consider-
ations for commanders, pharmacologic agents are not
considered optimal solutions. In fact, they are most of-
ten employed when nonpharmacologic measures (e.g.,
work hour policies, napping) have been exhausted or
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are simply not feasible. The concerns also vary depend-
ing on the population receiving the medication. For in-
stance, any performance-enhancing medication taken
by aircrew needs to be free of side effects of aeromedical
concern. For example, modafinil can cause mild side ef-
fects including dizziness, headache, and nausea, as well
as severe side effects like confusion, irregular heartbeat,
and shortness of breath. There is also the concern of
abuse potential with certain stimulant medications.

A number of ethical concerns are raised with regard to
off-label prescribing of medications (16). Despite these
concerns, drugs inevitably will be considered for use in
military operations for enhancement purposes. There is
historical precedent for the use of pharmaceuticals for
sustainment in aviation crews during combat. Some
drugs with potential for cognition enhancement have
already been studied for use in military operations and
some are already included in Army policy in terms of
their recommended use (e.g., dextroamphetamine). An
initial, cursory review of the current literature revealed
a wealth of research on the therapeutic uses of the above-
mentioned drugs. However, there was comparatively
little information available regarding their potential for
cognition enhancement. In order to understand the po-
tential risks and benefits associated with the use of these
drugs for enhancement purposes, well-designed experi-
ments using healthy, normal adults need to be con-
ducted. The goal of this study was to conduct an in-depth
review of the existing literature and conduct a meta-
analysis to determine what is currently known about the
effects of these drugs on cognitive performance under
normal conditions. The results of this study have impli-
cations for future experimental research on the effects of
cognition enhancing drugs on performance in military
operations and on the immediate suitability of these agents
for use by aviators and ground troops. Research has
shown that cognitive function is related to performance

From the U.S. Army Aeromedical Research Laboratory, Fort
Rucker, AL.

This manuscript was received for review in October 2011. It was
accepted for publication in February 2012.

Address correspondence and reprint requests to: Amanda M.
Kelley, U. S. Army Aeromedical Research Laboratory, P.O. Box 620577,
Fort Rucker, AL 36362-0577; amanda.m.kelley@us.army.mil.

Reprint & Copyright © by the Aerospace Medical Association,
Alexandria, VA.

DOI: 10.3357/ASEM.3212.2012

685



COGNITION & MODAFINIL—KELLEY ET AL.

on military tasks. Specifically, visuospatial abilities and
attention predict performance on marksmanship (9) while
spatial disorientation negatively affects working mem-
ory and mathematical processing performance (18).

The use of cognition enhancement drugs has attracted
much attention over recent years. In April of 2008, the
journal Nature published results of an informal survey
polling readers regarding use of three specific cognition
enhancement agents (13). The results indicated that ap-
proximately 20% of the respondents reported use of the
agents for nontherapeutic enhancement purposes. The
majority of the respondents (69%) agreed that healthy
adults should have the option to use cognition enhance-
ment agents. While these results are interesting and
suggest a growing favorable opinion of enhancement
drugs, the limitations of this methodology, such as selec-
tion bias, prohibit statistical inference. Rigorous scien-
tific research is needed to fully analyze the costs and
benefits.

Soldiers must perform under conditions of stress in-
cluding fatigue, thermal extremes, altitude, and nutri-
tional deprivation. The U.S. Army is continuously
working to determine techniques and countermeasures
to sustain performance under these conditions. Consid-
erable amounts of research have shown that these
stressors are decrements to both cognitive and physical
performance. Both pharmacologic and nonpharmaco-
logic interventions have been identified and approved
for use in operations to diminish these negative effects.
However, this is a continuous effort and pharmacologic
interventions to sustain and enhance cognitive perfor-
mance may be applicable for these purposes in both
aviation and ground troops.

The effectiveness of cognition-enhancing pharmaceu-
ticals is variable and dependent on factors such as base-
line performance and dosage. For example, some drugs
are shown to enhance performance for individuals who
perform at a “low” baseline level and do not enhance or
may even hinder performance for individuals who per-
form ata “high” baseline level. Also, a dose that is under
or above the manufacturer’s recommendations may al-
ter performance (4). Many of the currently available
substances with potential to enhance cognitive perfor-
mance are discussed in Army policies in terms of their
approved therapeutic use, which is highly regulated
and monitored (6). A few of the potential cognition en-
hancement agents that are currently used in military op-
erations are discussed below (11).

The U.S. Army currently approves two agents for fa-
tigue management: dextroamphetamine, a stimulant
used to treat ADHD and sleep disorders such as narco-
lepsy, and caffeine, a stimulant available over-the-counter
in various forms, including chewing gum and bever-
ages. Dextroamphetamine is a dopamine agonist and
has been shown to increase wakefulness and alertness
(1). Caffeine increases vigilance and alertness by leading
to increased cyclic adenosine monophosphate levels (5).
A third agent pending approval for fatigue management
is modafinil, a wake agent often used to treat sleep dis-
orders. At present, modafinil’s mechanism of action is
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unclear, but it promotes wakefulness and is associated
with increased extracellular dopamine levels (3).

Modafinil, dextroamphetamine, and caffeine have
been the focus of much research and have been shown
to restore and sustain cognitive performance during
sleep deprivation (19). The U. S. Army Aeromedical
Research Laboratory recently completed an assessment
of 100 mg modafinil and 5 mg dextroamphetamine
throughout 40 h of continuous wakefulness (8). Results
showed that the stimulants maintained alertness, cogni-
tive function, judgment, and risk assessment in sleep
deprived aviators better than placebo without evidence
of any side effects of aeromedical concern at that dosage
level. While this cursory review of the literature sug-
gests cognitive function may be affected by these agents,
it is important to base pharmacological treatment of sol-
diers only on well-designed and relevant research stud-
ies. Thus, a systematic and critical review of the available
literature (e.g., a meta-analysis) was undertaken. There
were two objectives of the present study: 1) to conduct a
meta-analysis to determine the pooled effect of enhance-
ment drugs on cognitive function in healthy, rested
adults relevant to aviation and ground military opera-
tions; and 2) to identify gaps in the literature and areas
for future research.

METHODS
Literature Search and Study Eligibility

Literature searches were conducted in mainstream
databases, including the Defense Technical Information
Center, PubMed /Medline, clinicaltrials.gov, and PsycInfo.
The literature search included “gray” (difficult to locate)
literature, which required the assistance of a profes-
sional librarian.

Eligibility: The inclusion criteria were set to be conser-
vative in order to increase homogeneity and to ensure
only well-designed and controlled experiments were
included in the analysis. The criteria were such that an
included study must have the following characteristics: 1)
randomly controlled trial design, 2) between-subjects
design, 3) healthy human subjects ages 18 to 50 yr, 4) as-
sessments of cognition-enhancement using valid and
reliable cognitive performance measures, and 5) were
published in the English language. Studies not meeting
these criteria were excluded. Details regarding key-
words used in literature searches and study inclusion/
exclusion criteria can be found in the published techni-
cal report available in the Defense Technical Information
Center (10).

Procedure

The analysis was carried out according to published
guidelines for systematic reviews and meta-analyses
(12). A summary of the literature search and review pro-
cess is presented in the following list:

449 search results

147 duplicate citations

171 citations judged irrelevant by title and abstract

131 full text retrievals
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11 judged ineligable (reviews)

120 relevant reports

91 excluded due to irrelevant populations, design,
noncognitive outcome measures, or unavailable data

16 excluded due to incomplete design

10 excluded due to incomparable outcome measures

3 included studies

The librarian first located potentially relevant studies
using specified search criteria (10). All eligible studies were
independently read and reviewed for inclusion (as de-
fined by the inclusion criteria) by the first three authors
of this report. The investigators collectively determined
which studies met our criteria and were to be included
in the analysis. Minor discrepancies were settled through
discussion and the investigators came to absolute agree-
ment. The studies which met our inclusion criteria were
then reviewed for comparability. Data for these studies
were extracted and maintained in a database for statisti-
cal analysis. The review results can be found in the pub-
lished technical report (10) as well as a complete list of
references and full descriptions of the tasks used to as-
sess cognition in the three included studies.

Statistical Analysis Approach

Effect size was calculated for each study for each de-
pendent measure using an unstandardized mean differ-
ence (standardization was not necessary since the same
cognitive tests were used across all studies). The inverse
variance weight was calculated for each study and, fi-
nally, tests for overall effectand homogeneity (Q-statistic)
were conducted.

RESULTS

The results of the literature search, eligibility assess-
ment (e.g., healthy adults under normal conditions),
and study quality (e.g., randomly controlled trial de-
sign) assessment yielded three modafinil studies for in-
clusion in the meta-analysis. Of the relevant reports
retrieved, a majority of the reports were excluded based
on outcome measures and populations irrelevant to our
objectives despite the large body of literature on sub-
stances such as caffeine and dextroamphetamine. A
summary of the test population and study design char-
acteristics for the three studies is presented in Table I.
All of the included articles (14,15,17) were published as
full publications (rather than abstract format only).

Given the similarities of the studies (two of three stud-
ies included were conducted by the same research team/
personnel) and populations tested, as well as nonsignifi-
cant Q-statistics (thus suggesting homogeneity of stud-
ies), a fixed-effects model was fit to the data. Even though
only three small sample studies were included (thus few
effect sizes based on relatively small samples used to
compute the Q-statistics), which lends to low statistical
power for rejecting homogeneity, the similarity of the
studies supported the use of a fixed-effects model. Two
sets of analyses were conducted: one comparing placebo
to a modafinil dose of 100 mg and one comparing placebo
to a modafinil dose of 200 mg. The statistically significant
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TABLE I. INCLUDED STUDY CHARACTERISTICS.

Randall Randall  Turner
Characteristics etal. (14) etal. (15) etal. (17)
Drug: modafinil Y (yes) Y Y
Doses: 100 mg, 200 mg, Y Y Y
placebo
Double-blind assignment Y Y Y
Random Assignment Y Y Y
Sample Size 30 (10 per 60 (20 per 60 (20 per
group) group) group)
Age Range 20-22 19-22 20-29
Gender 19 male, 29 male, 31 All male
11 female female
Healthy Y Y Y
Cogpnitive Tests:
Trail Making Test A Y Y
Rapid Visual Y Y Y
Information Processing*
Digit Span Y Y
Spatial Working Memory* Y Y
Logical Memory Y Y
Trail Making Test B Y Y
Stockings of Cambridge* Y Y
Stroop Y Y
Clock Drawing Y Y
Controlled Oral Word Y Y
Association Test
Association Test
Intra/extra Dimensional Y Y Y
Set Shift*
Delayed Matching to Y Y
Sample*

*Subtest from Cambridge Neuropsychological Test Automated Battery.
The included studies did not indicate whether the authors controlled
for factors influencing metabolism (e.g., dose to bodyweight). They did,
however, prohibit caffeine and alcohol use prior to testing.

results of the first and second sets of analyses are dis-
played in Forest plots as Fig. 1 and 2, respectively.

In the first set of analyses comparing the efficacy of a
modafinil dose of 100 mg to enhance cognition to that of
placebo, there was a significant overall effect for the
rapid visual information processing test (Z = —9358.17,
CI = 95%, P < 0.05), backward digit span test (Z = 49.42,
CI = 95%, P < 0.05), Stockings of Cambridge task (Z =
13.33, CI = 95%, P < 0.05), and clock drawing test
(Z = —2.49, CI = 95%, P < 0.05). All tests for overall
effect favored treatment (100 mg of modafinil) over con-
trol (placebo). These cognitive tests measure sustained
attention, working memory, spatial planning, and exec-
utive function.

In the second set of analyses comparing the efficacy of a
modafinil dose of 200 mg to enhance cognition to that of
placebo, there was a significant overall effect for backward
digit span test (Z = 17.06, CI = 95%, P < 0.05), Stockings of
Cambridge (Z = 942, CI = 95%, P < 0.05), Stroop (Z =
28,864.92, CI = 95%, P < 0.05), and clock drawing test
(Z = —17.46,CI = 95%, P < 0.05). The test for overall effect
that favored treatment (200 mg dose of modafinil) over
control (placebo) was the clock drawing test. All other tests
for overall effect favored control (placebo) over treatment
(200 mg dose of modafinil). These cognitive tests measure
working memory, attentional interference, spatial plan-
ning, and executive function. It should be noted that one
study (14) reported significant effects only for the 100 mg
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Treatment N
Mean (SD)

Cognitive Test N

Control Mean (SD)

95% Confidence
Interval (CI)

Effect Size (unstandardized
mean difference)

Weight

RVIP (mean latency (ms))
Randall et al., 2005 20
Turner et al., 2003 20

0.95(0.89) 20
0.84(048) 20

Subtotal (95% CI) 40 40
Test for heterogeneity:

Q(1)=10.498, p>.05

Test for overall effect:

Z=-9358.166, p < .05

Digit Span (backwards score)
Randall et al., 2005 20 9.6 (2.24) 20
Turner et al., 2003 20 10.7 (1.87) 20
Subtotal (95% CI) 40 40
Test for heterogeneity:
Q(1)=10.393, p>.05
Test for overall effect:
Z2=49.420,p < .05

SOC (problems solved in min.
moves)
Randall et al., 2005 20 9.4(2.24) 20
Randall et al., 2003 10 9.6 (2.21) 10
Subtotal (95% CI) 30 30
Test for heterogeneity:
Q(1)=10.000, p >.05
Test for overall effect:
Z=13.326,p<.05

Clock Drawing (score)
Randall et al., 2005 20 8.9 (1.34) 20
Randall et al., 2003 10 9.4(1.26) 10
Subtotal (95% CI) 30 30
Test for heterogeneity:
Q(1)=1.190, p >.05
Test for overall effect:
Z=-2.488,p<.05

0.9 (0.04) n
0.945 (0.07) [

25.198
84.998
[-891.658, -
891.284]

Favors Favors Control

Treatment

8.2(2.68) u 1.639
8.65 (2.41) ] 2.149

[24.382,26.396]

Favors Favors Control

Treatment

8.8 (1.79) n 2433
9.0 (2.21) n 1.024

[6.113,8.222]

Favors Favors Control

Treatment

9.1 (0.89) 7.729
8.8 (1.58) = 2.449

[-1.394, -0.165]

Favors Favors Control

Treatment

Fig. 1. Forest plot displaying significant results for analysis of modafinil (100 mg). The black squares represent the effect size for each individual

study and the diamond represents the overall effect.

dose of modafinil (low dose) and no significant effects for
the 200 mg dose of modafinil (high dose), which is incon-
sistent with results reported by another study (15), which
showed significant effects of both doses.

DISCUSSION

There were two main objectives of this study: to conduct
a meta-analysis of cognition enhancement pharmaceuti-
cals in healthy volunteers and to review the literature to
identify research gaps for future study. The results of this
meta-analysis suggest that modafinil may have limited
cognition enhancing properties (particularly limited to
sustained attention, attentional interference, working
memory, spatial planning, and executive function) in
healthy young adults under normal conditions. (Note that
this analysis does not have implications for cognition en-
hancement under conditions of operational stress.) The
two studies conducted by the same research team reported
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slightly different results, which may be attributed to the
increased sample size and statistical power in the latter of
the two studies. The results also suggest differences in the
effectiveness of a low dose (100 mg) versus a high dose
(200 mg) of modafinil such that a low dose promotes cog-
nition to a greater extent than a high dose. This finding is
likely driven by one study employing a 200-mg dose of
modafinil not reporting any significant effects on cognitive
performance, which is inconsistent with the other two
studies. Largely, modafinil research focuses on restoring
performance or attenuating performance deficits under
conditions of fatigue and sleep deprivation; such studies
were excluded from this analysis. Under sleep deprivation
conditions, modafinil is effective at maintaining an accept-
able level of performance in both cognitive and aviator
performance (2,20). Thus, the results of this meta-analysis
suggest lower dosages of modafinil may enhance and re-
store or maintain cognitive function.
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Treatment N
Mean (SD)

Cognitive Test N

Mean (SD)

95% Confidence
Interval (CI)

Effect Size (unstandardized
mean difference)

Control Weight

Digit Span (backwards score)
Randall et al., 2005 20 8.5(2.24) 20
Turner et al., 2003 20 9.9 (2.34) 20
Subtotal (95% CI) 40 40
Test for heterogeneity:
Q(1)=0.769, p> .05
Test for overall effect:
Z=17.062,p < .05

SOC (problems solved in min.
moves)
Randall et al., 2005 20 8.9 (2.68) 20
Randall et al., 2003 10 10.3 (1.90) 10
Subtotal (95% CI) 30 30
Test for heterogeneity:
Q(1)=1.052, p > .05
Test for overall effect:
Z=9418,p<.05

Stroop (interference index)
Randall et al., 2005 20 1.9 (0.45) 20
Randall et al., 2003 10 2.0 (0.32) 10

30 30

Subtotal (95% CI)

Test for heterogeneity:

Q(1)=0.0,p>.05

Test for overall effect:

7 =28864.924, p < .05

Clock Drawing (score)
Randall et al., 2005 20 9.0 (1.34) 20
Randall et al., 2003 10 8.9 (1.90) 10
Subtotal (95% CT) 30 30
Test for heterogeneity:
Q(1)=0.054,p>.05
Test for overall effect:
Z=-17461,p<.05

8.2 (2.68) L
8.65 (2.41)

8.8 (1.79) [
9.0 (2.21) m

1.7 (0.31)
1.8 (0.32)

9.1 (0.89)
8.8 (1.58)

1.639
- 1.772

>

[8.176, 10.298]

Favors
Control

Favors
Treatment

1.926
1.177
[4.234, 6.459]

<>

Favors
Control

Favors
Treatment

66.979
48.828
[2682.08,
2682.451]

Favors
Control

Favors
Treatment

7.729
1.638
[-6.346, -5.065]

Favors
Control

Favors
Treatment

Fig. 2. Forest plot displaying significant results for analysis of modafinil (200 mg). The black squares represent the effect size for each individual

study and the diamond represents the overall effect.

As the primary goal of this review is to provide interpre-
tation of the appropriateness of cognition-enhancing phar-
maceuticals in military contexts, careful consideration
must be given to ethical concerns. It should be noted that
although the results of this study show promise for
modafinil as a cognition-enhancing agent, its use in this ca-
pacity for otherwise healthy, well-rested individuals is not
approved by the Food and Drug Administration (FDA).
Current indications include narcolepsy, obstructive sleep
apnea/hypopnea syndrome, and shift work sleep disorder
(3). Medication prescription or use for an indication other
than that approved by the FDA is considered “off-label.”
This practice is common and legal. Whether it is safe or ap-
propriate depends on its judicious application.

The position of prescribing drugs for “enhancement”
for an individual in a non-pathological condition is up
for debate. Perhaps a perspective from the discipline of
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aerospace medicine is appropriate whereby health pro-
motion, disease prevention, and even treatment often
entails a normal patient operating in a very abnormal
environment—hypobaria, hypoxia, acceleration, radia-
tion, and others. On the contrary, traditional medicine
most often addresses a patient’s pathological condition
in a normal environment.

Russo (16) frames the ethical considerations regard-
ing such use citing issues of individual choice, safety,
and necessity. He provides a logical, compelling argu-
ment for ethical application of cognition enhancement
within the military with the following provisos: 1) the
decision to use a performance-enhancing/sustaining
medication rests freely with the individual; 2) the use
of the drug is safe within the context in which it is
used; 3) the manner of the substance’s use remains con-
sistent with its dosage and pharmacologic function;
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and 4) in general, the military employs medication options
only after exhausting nonpharmacologic alternatives.

The literature search indicated that there is limited re-
search conducted on cognition enhancement in healthy,
young adults and even less under conditions of opera-
tional stress with the exception of sleep deprivation. One
drug of particular interest for cognition enhancement is
methylphenidate. Despite the growing popularity of this
drug in civilian populations [e.g., a survey study at the
University of Kentucky in which 34% of undergraduate
students reported taking ADHD stimulants without a pre-
scription (7)], the efficacy of this drug in a healthy popula-
tion has not been adequately studied nor has it been
studied under conditions of sleep deprivation (or other op-
erational stressors). Given the popularity and social accep-
tance of pharmaceutical cognition enhancement, it is rather
alarming that this large gap in the literature exists.

One limitation of this study is the relatively small num-
ber of studies that met the conservative inclusion criteria
for the meta-analysis. The authors chose to adopt a con-
servative approach for two reasons: 1) to ensure the pro-
ficiency of the studies included in the analysis, and 2) to
minimize the degree of heterogeneity between studies.
There is much controversy in the literature regarding
whether a more inclusive, liberal approach or a less inclu-
sive, conservative approach is ideal for conducting a
meta-analysis. While the authors recognize that a more
liberal approach would have allowed for the inclusion of
more studies, the results of this analysis have implica-
tions for pharmaceutical use in military populations,
which is a sensitive topic that deserves and requires a
high level of scrutiny. A second limitation is that the study
was restricted to only some drugs/drug classes. Subse-
quently, potential cognition enhancing drugs/stimulants
were excluded (e.g., dextroamphetamine). Therefore, this
meta-analysis cannot be considered comprehensive in
terms of drugs included. Finally, the authors chose to
limit included research designs to between-subjects de-
signs given that it is not advisable to combine effect sizes
from both designs (within- and between- subjects).

The fact remains that much is asked of soldiers—
dangerous missions under very difficult circumstances
and extreme environments. The use of cognitive en-
hancing agents in a manner that is voluntary, safe, scien-
tifically valid, controlled, and part of a comprehensive
plan does have a role. The findings of this analysis sug-
gest that modafinil (at both low and high doses) shows
promise as an enhancement agent; however, further re-
search on its efficacy in healthy individuals under nor-
mal conditions is needed. Likewise, much research is
needed on other pharmaceuticals that show promise of
cognition enhancement in healthy adults under normal
and operational stress conditions. Finally, a systematic
review of the excluded studies from this meta-analysis
would be a beneficial addition to the literature.
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