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In the context of military aviation, aircrew members are required to perform a range 
of complex and cognitively demanding tasks under a variety of conditions, including 
irregular work schedules, insuffi  cient rest periods, and disrupted circadian rhythms. This 
study investigates the impact of sleep deprivation on fl ight performance in a controlled 
simulator environment and examines whether the pharmacological agents modafi nil 
and galantamine can restore fl ight performance to baseline levels following 27 hours 
of wakefulness. 

A group of 12 male volunteers, with a mean age of 24 ± 2.5 years, was tested in three 
separate sessions during which the participants were randomly assigned to receive 
either 100 mg of modafi nil, 10 mg of galantamine, or a placebo. During the continuous 
wakefulness period, the participants completed three tests in a fl ight simulator involving 
a simple fl ight control task performed under varied conditions (fl ight over land and sea).

Galantamine showed signifi cant diff erences across fl ight conditions, with improved 
performance in maintaining altitude under the land and sea conditions (p<0.001). Under 
the same fl ight conditions, galantamine had a signifi cant eff ect on speed, resulting in 
slower speeds compared to placebo. Additionally, it demonstrated a signifi cant impro-
vement in maintaining a stable heading under sea conditions. Across all parameters, the 
stimulants did not restore fl ight accuracy to baseline levels under control conditions.

The eff ects of both modafi nil and galantamine on sleep deprivation-induced fatigue 
and fl ight performance were minimal, with results comparable to those of the placebo 
in most scenarios. Neither agent was able to restore baseline performance after a single 
dose administered following 27 hours of wakefulness. However, due to several limitations 
of the study, further research is warranted, with a focus on physiological assessments 
to strengthen the evidence base for anti-fatigue guidelines.
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INTRODUCTION

Fatigue is a signifi cant and persistent challenge 
in the fi eld of aviation, particularly for pilots op-
erating under demanding schedules and in high-
stakes environments. It is defi ned as a state of 
mental and physical exhaustion that diminishes 
an individual’s ability to perform eff ectively. Fa-
tigue has been shown to impair cognitive and 
psychomotor functions essential for safe piloting, 
including attention [17,25], reaction time [40,41], 
situational awareness [19,43], and decision-mak-
ing [9,39]. The eff ects of fatigue are particularly 
pronounced during long-haul and nocturnal 
fl ights, where the lack of natural light and extend-
ed hours spent in the cockpit exacerbate the cog-
nitive decline associated with prolonged wakeful-
ness. Research has also demonstrated that sleep 
deprivation and circadian rhythm disruptions are 
primary contributors to pilot fatigue, with meas-
urable declines in operational performance oc-
curring after 19 hours of sustained wakefulness 
[14,37,50]. Sleep deprivation-induced defi ciencies 
are typically most severe in the early morning 
hours (approximately 6:00 to 8:00 AM) [1].

As fatigue continues to pose risks in aviation, 
pharmacological interventions — specifi cally psy-
chostimulants — have been explored and imple-
mented to counteract its eff ects [51]. Psychostimu-
lants such as modafi nil, a wakefulness-promoting 
agent, have shown promise in alleviating fatigue 
symptoms and enhancing alertness during long-
haul or nocturnal fl ights [48,49,52]. Unlike tradi-
tional stimulants like amphetamines, modafi nil 
presents a lower risk of dependency and fewer 
side eff ects, making it a viable option for mission-
critical operations where sustained performance 
is necessary [11]. Studies have documented that 
modafi nil can help maintain cognitive perfor-
mance and reduce subjective sense of sleepiness 
in pilots engaged in extended fl ight missions, po-
tentially mitigating the hazards associated with 
fatigue-induced errors [6,21,26,45].

The mechanism by which modafi nil promotes 
alertness involves the inhibition of the dopamine 
reuptake transporter, resulting in increased do-
pamine levels in the synaptic cleft. Modafi nil also 
aff ects the histamine systems, thereby regulating 
sleep–wake rhythms. Additionally, the psycho-
stimulant inhibits the release of another neuro-
transmitter — gamma-aminobutyric acid, lower-
ing its extracellular concentration, enhancing the 
action of glutamic acid, which increases neuronal 
activity in the cortex and cerebellum [53]. In con-
trast, other stimulants like caff eine, exert its stimu-
latory eff ect primarily by binding to adenosine 

receptors, thereby blocking the action of adeno-
sine, which is responsible for central nervous sys-
tem inhibition [44]. However, under conditions of 
prolonged sleep deprivation (54 hours of wakeful-
ness), the eff ect of modafi nil at doses of 200–400 
mg was comparable to that of 600 mg of caff eine 
[48]. Psychomotor task speed improved. reaction 
time in ten-choice tests was shortened, and the 
ability to maintain wakefulness in a sleep-condu-
cive environment increased. Although no statisti-
cally signifi cant diff erences were found, 400 mg of 
modafi nil was found to be slightly more eff ective 
than caff eine [48]. 

Modafi nil has been approved as a fatigue coun-
termeasure by the air forces of the United States, 
India, France, and Singapore [10,30], while certain 
other the air forces of countries, including the 
Royal Netherlands Air Force, are considering per-
mitting its use [29,50], although its adverse eff ects 
in aviation studies remain not fully understood. 
Research indicates that modafi nil enhances psy-
chomotor performance [5,16], cognitive functions 
[24,47], reaction time, executive control [22], and 
mood [8], and has no negative impact on G-force 
tolerance [34]. Modafi nil has also been shown 
to have benefi cial eff ects on fl ight performance 
[5,8,24]. When administered at a dose of 200 mg 
every 4 hours, modafi nil enabled fl ight perfor-
mance in a simulator to be maintained close to 
baseline levels, i.e., a normal state, without sleep 
deprivation, despite 40 hours of continuous wake-
fulness [5]. However, at this high dose, side eff ects 
such as nausea and vertigo were reported. In an-
other study [11], pilots who received three 100-mg 
doses of modafi nil, administered every 5 hour,) 
were able to maintain fl ight performance within 
27% of baseline during 37 hours of wakefulness, 
compared to an 82% decline without the stimu-
lant treatment. In this study, no adverse eff ects of 
taking modafi nil were observed, likely due to its 
lower dose.

Despite their benefi ts, and due to the lack of 
conclusive confi rmation of stimulant eff ective-
ness in real-world operational aviation scenarios 
[5,7,8,10], ethical and operational considerations 
regarding the routine use of stimulants in avia-
tion remain. These also include the potential long-
term impact on pilot health and safety. Although 
modafi nil shows promise in reducing fatigue, its 
eff ectiveness in operational military aviation re-
mains insuffi  ciently studied [50,52]. Therefore, this 
study aims to extend the scope of knowledge re-
garding the impact of this stimulant on pilot per-
formance.



© The Polish Journal of Aviation Medicine, Bioengineering and Psychology    2022 | Volume 28 | Issue 2 | 7

Lewkowicz R et al. - Flight performance...

deprivation, there was no reason to expect it to 
be more eff ective than modafi nil.

This research was part of a project exploring 
pharmacological stimulation aimed at improving 
soldier performance in combat scenarios [23,35]. 
The  project also addressed the critical need for 
evidence-based pharmacological interventions to 
manage fatigue in aviation. It focused on the lim-
ited understanding of the impact of modafi nil and 
galantamine on complex task performance under 
the conditions of sleep deprivation, presenting an 
opportunity to explore innovative approaches for 
sustaining an aircrew performance.

METHODS

Participants
The study involved 12 healthy male participants 

aged 20–25 years (M=24; SD=2.5), with heights 
ranging from 172 to 186 cm (M=179; SD=7), body 
weight from 71 to 88 kg (M=80; SD=8.43), BMI be-
tween 23.5 and 26.5 kg/m2 (M=25; SD=1.5) and 
VO2max between 41 and 53 (M=47; SD=5.8). All 
participants had current medical clearance from 
the Regional Military Aviation Medical Commis-
sion. The parti cipants, who were students of the 
Academy of Physical Education in Warsaw, were 
qualifi ed for the study based on medical assess-
ments. These evaluations were part of a broader 
testing protocol related to research on pharma-
cological stimulation aimed to enhancing sol-
diers’ performance in combat scenarios [23,35]. 
The medical examinations included, i.a., internal 
medicine, ophthalmology, laryngology, neurol-
ogy, electrocardiography, electroencephalogra-
phy, tonal audiometry, cardiopulmonary exercise 
testing, maximal aerobic capacity (VO2max), and 
blood and urine analyses. Additional ly, partici-
pants were screened (self-assessment) for any 
pre-existing sleep disorders and did not report 
any abnormal sleep patterns. The purpose of 
these examinations was to confi rm the partici-
pants’ good health status and to rule out any con-
traindications to their participation in the study.

Exclusion criteria focused on potential side ef-
fects or interactions of the medications under 
study — modafi nil and galantamine. Individu-
als with conditions such as bronchial asthma, 
epilepsy, severe liver, kidney, or heart failure, and 
bradycardia were excluded. Prior to participation, 
subjects were instructed to avoid alcohol and ex-
cessive use of stimulants (e.g., coff ee, cigarettes) 
the day before testing. They were also prohibited 
from engaging in intensive physical activity, i.e., 
gym workouts, running, swimming, team sports, 

While the eff ects of sleep deprivation on cogni-
tive and motor performance are well-document-
ed [2,22,32,46,48], the use of specifi c stimulants 
to mitigate fatigue-induced decrements in fl ight 
simulation performance is underexplored, par-
ticularly in settings with varying environmental 
conditions. By synthesizing recent fi ndings, this 
article aims to provide a comprehensive under-
standing of the effi  cacy and impact of pharma-
cological countermeasures in enhancing pilot 
fl ight performance under fatigued conditions. 
The eff ect of a single dose of modafi nil (100 mg) 
on fl ight performance in a simulator during a lim-
ited period of sleep deprivation, i.e., (>24 h, was 
examined, a condition that has not been widely 
studied [11,33]). The 100 mg dose of modafi nil was 
administered after a 22 hours of sleep deprivation, 
following with the methodology employed by 
Caldwell et al. [11], but omitting  the two addition-
al doses administered after 17 and 27 hours. The 
rationale for this intervention was to determine 
whether the administration of modafi nil after 22 
hours would be equally eff ective when the dose 
after 17 hours was omitted.

The eff ect of modafi nil was also compared with 
that induced by a single dose of galantamine (10 
mg) and placebo (control trial). Galantamine was 
included in the study as preliminary data suggests 
its potential benefi ts in sustaining performance 
during sleep deprivation, such as improvements 
in memory and attention [28]. Galantamine acts 
as a reversible acetylcholinesterase inhibitor, en-
hancing cholinergic neurotransmission [3,12]. Evi-
dence indicates its role in modulating cholinergic 
neurotransmission, which is critical for attention 
and memory processes. These mechanisms facili-
tate the suppression of distractors [18], the shift-
ing of attention [13], and disengagement between 
spatial locations or features [4]. By enhancing cho-
linergic neurotransmission, galantamine strength-
ens the neuronal circuits underlying these func-
tions, contributing to improved cognitive fl ex-
ibility and attentional control. Galantamine has 
demonstrated cognitive-enhancing properties in 
clinical populations and possesses a relatively long 
half-life, potentially providing sustained eff ects 
[27]. However, side eff ects of this drug include 
nausea and vomiting, signifi cant fl uctuations in 
blood levels, and poor patient compliance [55]. It 
was expected that, compared with placebo, both 
galantamine and modafi nil would counteract the 
eff ects of fatigue on fl ight performance. However, 
due to limited understanding of galantamine’s ef-
fects on complex task performance under sleep 
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(2) Nivalin® (10 mg galantamine), and (3) a placebo 
(Fig. 1). The experiment began at 07:00 PM and 
fi nished at 04:00 PM the following day. During the 
tests (Fig. 1, Tests A-D), the participants performed 
a light stimulus detection task (‘fl icker’ test), fl ying 
a fl ight simulator, and psychomotor and attention 
tests. Additionally, between 12:30 PM and 2:00 
PM, participants were exposed to heat in a climate 
chamber at stable parameters: temperature Ta=30 
± 0,5 deg C and 35 ± 1% humidity (Fig. 1). The 
exposure profi le included three 20-minute ses-
sions of exercise on a Monark cycloergometer (at 
30% VO2max), with 5-minute rest intervals. With 
the exception of the fl ight simulator test, results 
from the remaining tests were not included in the 
present analysis. The analysis focused exclusively 
on the eff ects of pharmacological stimulation on 
fl ight performance.

The sequence of pharmacological agents 
(modafi nil, galantamine) and the control trial (pla-
cebo) was randomized. Measurements for Tests C 
and D were consistently conducted at 11:00 AM 
and 2:00 PM, following administration of either 
a stimulant or placebo (Fig. 1). Heart rate, blood 
pressure, core body temperature, and hydration 
status were measured every 3 hours during the 
night starting at 07:00 PM and every 2 hours the 
following day. Body mass, blood pressure, and en-
ergy expenditure (measured using Polar Watch RS 
800 heart rate monitor) were assessed at 8:00 PM, 
8:00 AM, 11:30 AM, and 2:00 PM. Meals were pro-
vided in the evening at 10:00 PM and the morning 
at 9:30 AM.

In each of the three experimental conditions, 
participants were tasked with performing a fl ight 
simulation using the Hyperion simulator (Fig. 2) 
at 08:00 PM, 08:00 AM, and 02:00 PM, following 

to avoid increasing oxidative stress levels in the 
body. The participants were also asked to report 
any health issues (e.g., mood changes, anxiety, irri-
tability) or discomfort, both before and during the 
experiment, directly to the attending physician.

The research was conducted at the Military 
Institute of Aviation Medicine (WIML) in Warsaw, 
Poland, and adhered to the principles of the Dec-
laration of Helsinki. Ethical approval was granted 
by the WIML Ethics Committee in accordance 
with requirements for research involving human 
subjects. The participants were informed of the 
known side eff ects of each study agent, and each 
signed an informed consent form.

Study design
This randomized, double-blind, crossover, ac-

tive- and placebo-controlled clinical trial was 
conducted at consistent, repeated intervals. The 
study employed a within-subjects 3 × 4 design: 
treatment (modafi nil, galantamine, placebo) × test 
time (T = 08:00 PM, T = 08:00 AM, T = 11:30 AM, T = 
02:00 PM). Each participant completed three non-
consecutive trial sessions, during which modafi nil, 
galantamine, and placebo were administered 
once at 10:30 AM (Fig. 1). The interval between the 
sessions was seven days.

Participants remained awake for 13 hours prior 
to each trial, having completed a full day of regu-
lar activities followed by a sleepless night. On test 
days, the median wake-up time was 07:00 AM, 
resulting in a median period of wakefulness of 27 
hours at the time of medication administration 
(range: 25.5–29.0 hours).

Each participant was subjected to three experi-
mental conditions, which diff ered only in the type 
of drug administered: (1) Vigil® (100 mg modafi nil), 

Fig. 1.  Scheme of the study design (the study session). HR: heart rate, BP: blood pressure, Tc: core temperature, CFFT: 
Critical Flicker Fusion Threshold test, V02max: maximal aerobic capacity.
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of stimulant and placebo administration was ran-
domized for each participant. The properties of 
modafi nil and galantamine are detailed in a previ-
ously published paper [35].

Equipment
A fi xed-base fl ight simulator at the Military Insti-

tute of Aviation Medicine (WIML), Warsaw, Poland, 
was used to evaluate the impact of stimulants on 
fl ight performance (Fig. 2A). The simulator was 
equipped with a collimated visual system provid-
ing a wide-angle (horizontal ~180° and vertical 
~30°), high-fi delity out-the-window (OTW) view of 
the simulated environment. A mirror-based colli-
mated display was employed in the visual system, 
with a schematic diagram of its operational princi-
ples presented in Fig. 2B.

A monitor is located above and forward of the 
observer’s position and is pointed down (Fig. 2B). 
The image is refl ected away from the observer by 
a partially refl ective beam splitter (silvered glass 
that refl ects about half the light, and allows the 
remaining to pass through). The image is then re-
fl ected back toward the pilot by a large concave 
spherical-section collimating mirror, which en-
larges the image and makes it appear as though it 
is generated at a great distance from the observer.

The fl ight simulator featured basic fl ight 
controls (stick, rudder pedals, thrust lever) and 

a defi ned fl ight scenario. An instructor supervised 
each entire simulation session, briefi ng the partici-
pants on procedures and safety guidelines prior to 
the experiment.

Psychostimulants and dosage
Two psychoactive substances, modafi nil and 

galantamine, approved for use in the European 
Union, were selected for the study. The pharmaco-
logical agents containing these substances were 
Vigil® (100 mg modafi nil) by Torres Chiesi Pol-
ska Sp. z o.o. and Nivalin® (10 mg galantamine) by 
Janssen-Cilag Polska Sp. z o.o., each administered 
in a single dose. The 100 mg dose of modafi nil is 
recognized as an eff ective measure of counteract-
ing fatigue in military aviation [5,10], with optimal 
eff ects observed at doses of 100-200 mg adminis-
tered every 4–5 hours [8,16]. Its benefi cial impact 
begins within 30–60 minutes, peaks at 2–4 hours, 
and has a half-life of 12–15 hours [38,50,52]. 

For galantamine, a 10 mg dose is considered 
moderate yet eff ective, reaching maximum ef-
fi cacy within 0.5–2 hours and having an elimina-
tion half-life of 5.5 hours [42]. Psychostimulant 
pills were visually and physically similar to placebo 
pills, which contained powdered lactose as the 
control. Pills were swallowed whole with water, 
and administration timing was standardized ac-
cording to the study protocol (Fig. 1). The order 

Fig. 2.  A participan t in a fi xed-base fl ight simulator (A) equipped with a mirror-based collimated visual system (B), and 
display with primary fl ight instruments (C).
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sions (modafi nil, galantamine, placebo) were al-
ways initiated at the same time in the evening, 
according to the study schedule (Fig. 1). Prior to 
the fi rst test (Test A) in the fi rst of the three test 
sessions, the participants were instructed on how 
to operate the aircraft (fl ight simulator) and sub-
sequently undertook an approximately 10-minute 
familiarization fl ight. This preliminary training was 
intended to minimize the eff ect of pilot perfor-
mance improvement with the number of fl ights 
(so-called ‘learning eff ect’), which could distort 
the analyzed results. The debriefi ng was conduct-
ed by an aviation specialist (fl ight instructor), who 
was also responsible for supervising the fl ight 
simulator tests. 

From the fl ight data recorded, three parame-
ters were selected for fl ight performance analysis: 
altitude, speed and heading. The fl ight route was 
divided into three sections of similar duration, dif-
fering in terrain conditions. These sections were 
designated as follows: land and sea, in which the 
fl ight took place in varying conditions over both 
land and water; land, in which the fl ight took 
place exclusively over land; and sea, in which the 
fl ight was performed exclusively over water. The 
analysis of the results was performed on the ex-
tracted relevant segments of the recorded fl ight, 
segments such as takeoff  and fl ight over elevated 
terrain were eliminated. 

Statistical analysis
To assess the eff ect of the stimulant, the results 

collected in Test D, following the administration of 
the anti-fatigue agent, were compared (Fig. 1). Ad-
ditionally, data from Test A were compared with 
the data from Test D to assess whether fl ight ac-
curacy could be restored to baseline levels after 
stimulant administration. 

The Friedman test, a non-parametric repeated 
measures test, was employed to evaluate the im-
pact of stimulant type (modafi nil, galantamine, 
and placebo) in three distinct fl ight conditions 

a primary instrument panel displaying altitude, 
airspeed, vertical speed, and heading. The simu-
lation, including OTW imagery, was developed us-
ing FlightGear (Version 0.9.8, https://www.fl ight-
gear.org). The software was also used to record 
fl ight parameters for subsequent analysis. Finally, 
a one-way visual and two-way audio system ena-
bled participant-operator communication and al-
lowed researchers to monitor the participant.

Flight scenario
The fl ight route took place over varied terrain 

that included land and water (Fig. 3). The over-wa-
ter fl ight session was conducted without any addi-
tional visual cues in the OTW display that could be 
employed to ascertain the fl ight altitude. The fl ight 
took place during daytime hours in windless condi-
tions. The participant was instructed to maintaining 
horizontal fl ight at a speed of 400 km/h, altitude of 
200 m MSL, and a heading of 280 for the entirety of 
the fl ight, which lasted approximately 480 seconds. 
The fl ight began and ended at the same altitude, 
speed and heading that the participants were re-
quired to maintain during the test.

During the test, the simulator software continu-
ously recorded several fl ight parameters, three of 
which were selected to evaluate fl ight performance: 
speed, heading and fl ight altitude. As part of their 
post-processing, their average values were calcu-
lated for the entire fl ight as well as separately for the 
two fl ight conditions: over land and over water.

 Procedure 
Prior to the study, the participants were briefed 

on the methods and safety procedures. The known 
side eff ects of the stimulants were also explained 
to them. All participants completed the same tests 
in three sessions (Fig. 1), each time with a diff erent 
randomly selected stimulant. A one-week interval 
separated each session.

To eliminate the infl uence of circadian rhythms 
on psychophysiological functions, all three ses-

Fig. 3.  Flight scenery (out of the window) with land (A) and sea (B) conditions viewed from the pilot perspective.



© The Polish Journal of Aviation Medicine, Bioengineering and Psychology    2022 | Volume 28 | Issue 2 | 11

Lewkowicz R et al. - Flight performance...

Altitude. The Friedman test revealed no signifi -
cant diff erences in fl ight altitude across stimulants 
under each of the fl ight conditions (Fig. 4). Signifi -
cant diff erences in altitude were observed across 
fl ight conditions. For galantamine, the diff erence 
was substantial and reached χ2(2)=10.9 p=0.004, 
while for modafi nil, it was marginal (χ2(2)=5.88, 
p=0.053). For galantamine, post-hoc pairwise Wil-
coxon signed ranked tests with Bonferroni correc-
tion indicated that fl ight conditions signifi cantly 
aff ected performance in maintaining altitude (Fig. 
4). The stimulant’s eff ect size (Kendall’s W) across 
conditions were large for galantamine (W=0.605) 
and moderate for modafi nil (W=0.327). 

Speed. The data analysis detected signifi cant 
stimulant eff ects on fl ight speed under land and 
sea condition (χ2(2)=8.63, p=0.013) with mod-
erate eff ect sizes (Kendall’s W=0.479). Post-hoc 
Wilcoxon pairwise comparisons identifi ed a sig-
nifi cant diff erence between galantamine and pla-
cebo (p<0.001) (Fig. 5). The analysis conducted to 
evaluate diff erences in speed across fl ight condi-
tions revealed no signifi cant diff erences for any 
individual stimulant. 

Heading. No statistically signifi cant diff er-
ences in heading deviation were observed across 
stimulants in any condition (Fig. 6). Signifi cant dif-
ferences were detected across conditions for gal-
antamine (χ2(2)= 11.5, p = 0.003). Post-hoc com-

(land and sea, land, and sea) on fl ight perfor-
mance, as measured by three dependent vari-
ables (altitude, speed, and heading). This test was 
selected due to the presence of deviations from 
normality in all analyzed dependent variables. 
When necessary, Wilcoxon signed-rank tests with 
Bonferroni corrections were applied to identify 
specifi c pairwise diff erences between stimulants 
and conditions. Eff ect sizes were calculated using 
Kendall’s W to provide insight into the magnitude 
of diff erences. Statistical signifi cance was assumed 
to be p<0.05. All analyses were performed using R 
statistical software version 4.4.2 [36]. 

RESULTS

A total of 36 measurements were recorded dur-
ing the study, with three tests (Test A, B, D) con-
ducted for each participant in each session. Each 
subject completed a full fl ight profi le. Very few 
and minor side eff ects following the administra-
tion of modafi nil or galantamine administration 
were observed. Additionally, none of the partici-
pants reported any concerning side eff ects during 
the week following the conclusion of the study. 
The results of the comparative analysis of the data 
collected following the administration of the anti-
fatigue agent (Test D) are presented below.

Fig. 4.  Median fl ight altitude in two fl ight conditions (land, sea) following a dose of stimulant (modafi nil, galantamine, 
or placebo).
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lant administration; Fig. 1) are shown in Fig. 7. The 
Friedman test revealed no signifi cant diff erences 
in all analyzed fl ight parameters for either stimu-
lant across all fl ight conditions. 

parisons, however, did not identify any signifi cant 
diff erences between conditions. 

The results of comparing the fl ight data (al-
titude, speed and heading) measured in Test 
A (control condition with no stimulants adminis-
tered) with the data from Test D (following stimu-

Fig. 5.  Median fl ight speed in diff erent fl ight conditions following a dose of stimulant (modafi nil, galantamine, or 
placebo).

Fig. 6.  Median fl ight heading in three fl ight conditions following a dose of stimulant (modafi nil, galantamine, or placebo).
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modafi nil were marginal, with only a trend toward 
signifi cance. A previous study [27] indicated that 
galantamine enhances cholinergic activity, which 
is associated with improved attention and task 
performance. Although the dopaminergic mech-
anism of modafi nil may provide broader cognitive 
benefi ts [2,11,16,21,51,52], it may lack the same 
task-specifi c enhancements seen with cholinergic 
modulation provided by galantamine. These re-
sults suggest that galantamine may off er targeted 
benefi ts for tasks requiring sustained precision, 
particularly in challenging environments, such 
as piloting an aircraft. However, it is important to 

DISCUSSION
The study revealed no signifi cant diff erences 

in altitude performance between the stimulants 
within any single condition. However, diff erences 
emerged when comparing performance across 
fl ight conditions, particularly following galan-
tamine administration(Fig. 4), which exhibited 
signifi cant condition-specifi c diff erences. It can be 
observed that sea fl ight conditions consistently 
yielded a lower fl ight altitude, likely due to the 
absence of additional visual cues (references to 
terrain features), that could have assisted in main-
taining fl ight altitude. In contrast, the eff ects of 

Fig. 7.  Median fl ight altitude (A), speed (B), and heading (C) in the Test A (baseline) and Test D (following stimulant 
administration: modafi nil, galantamine, or placebo). Box represents the Inter-quartile Range (IQR), i.e., area 
between 1st quartile (Q1) and 3rd quartile (Q3). Whiskers indicate data extending from Q3 to the maximum 
and from Q1 to the minimum. Observations beyond Q1 − 1.5 IQR or Q3 + 1.5 IQR are defi ned as outliers and are 
marked with dots (•). 
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The slight stimulant-driven diff erences in fl ight 
performance in this study may also have been at-
tributable to other factors. It is possible that the 
primary contributing factor was the dosage of the 
stimulant administered. Research [54] has high-
lighted the dose-dependent eff ects of galantamine 
on improving sustained attention and short-term 
memory. In the present study, a single dose of 10 
mg galantamine and 100 mg modafi nil were ad-
ministered. In another study [8], the maintenance 
of fl ight accuracy within a range of 15%–30% of 
baseline levels was observed in pilots who were ad-
ministered three doses of 100 mg modafi nil at 17, 
22 and 27 hours of continuous wakefulness (sleep 
deprivation). The authors of that study speculate 
that three doses of 200 mg could restore fl ight ac-
curacy to baseline levels.

Another factor may be related to the level of dif-
fi culty of the task performed by the participants in 
the fl ight simulator. This task involved maintaining 
a constant altitude, speed and heading, an activity 
that requires fewer cognitive resources than, for 
example, the approach to landing or landing itself. 
The present study was conducted in controlled 
laboratory conditions using relatively simple fl ight 
control tasks. In real military operations, shift work, 
high-stress environments, and the complex, time-
pressured nature of cockpit tasks impose greater 
demands on a pilot’s mental and physical endur-
ance [15]. Therefore, it is essential to replicate this 
study in a high-fi delity fl ight simulator or an actual 
fl ight settings to determine whether the benefi ts 
of the stimulants observed in the study translate to 
real-world operational conditions [50].

A further factor that may have infl uenced the re-
sults of the study is the individual diff erences in sus-
ceptibility to fatigue and response to the stimulant 
administered, which could lead to variations in the 
observed increase in performance. It has been found 
that the effi  cacy of modafi nil depends on baseline 
fatigue vulnerability [6]. Individuals who demonstrat-
ed high performance showed minimal benefi t from 
modafi nil compared to placebo, whereas those with 
lower performance demonstrated signifi cant cog-
nitive performance improvements, particularly in 
vigilance and sustained attention tasks. These fi nd-
ings suggest that modafi nil may be more benefi cial 
for individuals with greater susceptibility to fatigue-
related performance decrements. Unfortunately, it 
is not known whether there were participants in the 
present study, who exhibited a diff erential propen-
sity to reduce performance due to fatigue. There-
fore, the lack of expected signifi cance of the eff ect of 
the stimulants used may also be attributable to this 
factor. Further studies should account for individual 

note that, in addition to the desired eff ects, cholin-
ergic stimulation can disrupt normal stimulus- and 
task-dependent activity patterns in the healthy 
brain [3], including those induced by galantamine.

The analysis highlighted also  a signifi cant eff ect 
of galantamine vs. placebo on speed in the land 
and sea conditions (Fig. 5), with moderate eff ect siz-
es. Galantamine was associated with slower speeds 
compared to placebo. This eff ect is consistent with 
fi ndings from similar studies, in which choliner-
gic agents enhanced cautiousness and attention 
[3,28]. In contrast, no signifi cant e ff ect on speed 
was observed for modafi nil, which likely refl ects its 
general arousal-promoting eff ects rather than task-
specifi c modulation.

With regard to the restoratio n of pre-sleep dep-
rivation performance, the fi ndings indicate that 
neither modafi nil nor galantamine fully restored 
fl ight performance to baseline levels (Fig. 7). This 
is consistent with previous studies suggesting that 
while stimulants mitigate performance declines, 
they may not fully counteract the substantial cog-
nitive and motor impairments associated with ex-
tended wakefulness [46,48]. Nonetheless, a study 
conducted in an aviation context [5] demonstrated 
that modafi nil (administered in three 200 mg doses) 
was capable of sustaining simulator fl ight perfor-
mance at near-rested levels despite over 30 hours 
of sleep deprivation. Similarly, the administration 
of modafi nil in three doses of 100 mg resulted in 
the eff ective attenuation of fatigue-related decre-
ments in simulator fl ight performance over a com-
parable time period [8]. The primary diff erence be-
tween these studies and ours is the dose size, which 
was several times higher. This likely explains why 
a similarly strong eff ect of modafi nil on fl ight per-
formance was not observed in the present study. 
Therefore, the inability of either agent (modafi nil or 
galantamine) to fully restore baseline performance 
highlights the limitations of pharmacological inter-
ventions alone and underscores the importance of 
adequate sleep management in operational set-
tings. The absence of a notable impact of stimu-
lants in comparison to the baseline (control) meas-
urement may have been infl uenced by a learning 
eff ect, as measurements repeated three times in 
one research session. It is also worth noting that 
the control measurement (Test A) was conducted 
at nighttime, at 08:00 PM (Fig. 1), at a time when the 
participants may have already exhibited some de-
gree of fatigue. To assess the impact of this fatigue 
on fl ight performance and the threshold of infor-
mation-processing speed, the Stanford Sleepiness 
Scale [20] would have been a valuable tool [31,49], 
however, it was not employed in the present study.
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Consequently, the combined eff ect of modafi nil or 
galantamine with caff eine on fl ight performance 
may diff er from the outcomes observed in the 
study.

Furthermore, the lack of signifi cant baselinev-
ersus post-treatment restoration raises questions 
about the stimulants’ effi  cacy over prolonged 
wakefulness. Future research could expand on 
these fi ndings by examining other cognitive and 
motor tasks under similar conditions, and explor-
ing dose-dependent eff ects and combinations of 
pharmacological and behavioral interventions.

CONCLUSIONS

The present study investigated the impact of 
fatigue on pilot fl ight performance, with a particu-
lar focus on the potential role of psychostimulants 
in mitigating these eff ects during long-haul and 
nocturnal missions. This is of particular relevance 
in countering the risks associated with fatigue in 
aviation. 

The study demonstrated minimal stimulant-
driven eff ects in mitigating sleep deprivation-
induced fatigue on fl ight performance. Modafi nil, 
galantamine, and placebo yielded comparable re-
sults in most scenarios, suggesting limited effi  cacy 
in enhancing performance under the tested condi-
tions. Neither agent was able to restore baseline 
performance. It is also noteworthy that none of the 
drugs tested, when administered in a single dose 
after 27 hours of wakefulness, had a negative eff ect 
on fl ight performance. 

Despite the limitations of the study and fac-
tors that may have negatively aff ected the results, 
i.e., stimulant dose, task-induced level of cogni-
tive load, or individual diff erences in susceptibility 
to fatigue-related performance decrements, the 
fi ndings indicate that the use of galantamine may 
prove advantageous in enhancing cognitive per-
formance after sustained wakefulness. However, 
future studies should consider assessing physi-
ological parameters in a larger sample following 
modafi nil or galantamine administration to gather 
stronger evidence for the development of guide-
lines on fatigue countermeasures. 

diff erences in susceptibility to fatigue-related perfor-
mance declines.

Finally, it is possible that the relatively small ef-
fect of stimulants compared to placebo may have 
been due to the additional thermal and physical 
stress to which the participants were subjected 
before the fl ight simulator test. Before Test D, each 
participant was subjected to thermal exposure in 
a climate chamber with a temperature of 30C and 
35% humidity (Fig. 1). The exposure profi le includ-
ed three 20-minute sessions of exercise on a cyclo-
ergometer (at 30% VO2max) with 5 minutes of rest 
between sessions. Diff erences in mean heart rate 
and change in energy expenditure following expo-
sure were similar between groups (modafi nil, gal-
antamine, placebo) and were not statistically sig-
nifi cant. Therefore, the impact of this exposure may 
have caused excessive psychophysical stress on the 
body and aff ected the results of the simulator test.

The use of the selected drugs in a group of in-
dividuals performing tasks in an environment with 
specifi c labor conditions (i.e., piloting an aircraft in 
a fatigued state) goes beyond the registered indica-
tions, i.e., the treatment of excessive sleepiness in 
patients with narcolepsy or cognitive impairment in 
neurodegenerative diseases. Nevertheless, the pre-
sent study extends the current state of knowledge 
about the eff ects of drugs on the human body.

Study limitation
The study has several limitations. While the fi nd-

ings highlight the potential role of stimulants in 
managing alertness and fatigue in military aviation, 
the relatively small sample size limits the generaliz-
ability of these results. Further research with larger 
sample sizes may help clarify marginal trends and 
explore interactions between analyzed variables. 
Additionally, the exclusive focus on fl ight simula-
tion tasks limits the generalizability of fi ndings to 
other operational settings.

In the present study, participants were instruct-
ed to abstain from caff eine consumption during 
the test sessions. While this approach was intended 
to minimize the potential infl uence of caff eine on 
the study results, it does not refl ect typical military 
practice, as the majority of aircrew members con-
sume caff eine on a regular basis, as it was rightly 
pointed out by the authors of a previous study [50]. 
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