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The criƟ cal fl icker fusion (CFF) threshold is a well-established neurophysiological marker 
of temporal visual resoluƟ on and corƟ cal excitability, with higher thresholds refl ecƟ ng 
increased alertness and wakefulness. This study aimed to evaluate the eff ects of modafi nil 
and galantamine on central nervous system arousal during sustained wakefulness using 
CFF as an objecƟ ve measure of sƟ mulant-induced modulaƟ on of perceptual processing.

Twelve healthy male volunteers (mean age = 24 years) parƟ cipated in a randomized, 
double-blind, placebo-controlled, crossover study consisƟ ng of three non-consecuƟ ve test 
sessions: modafi nil (100 mg), galantamine (10 mg), and placebo. Each session included 
four tesƟ ng points and simulated prolonged wakefulness. The drug was administered aŌ er 
~27 hours of conƟ nuous wakefulness. CFF thresholds were measured in both ascending 
(fl icker-to-fusion) and descending (fusion-to-fl icker) direcƟ ons using a validated CFF device 
under controlled environmental condiƟ ons. 

Modafi nil signifi cantly elevated CFF thresholds compared to placebo in both ascending 
and descending paradigms, indicaƟ ng enhanced corƟ cal arousal. Galantamine showed a 
signifi cant increase in the descending threshold at only one measurement point relaƟ ve 
to placebo. No sƟ mulant–measurement interacƟ on emerged, suggesƟ ng that the eff ect 
did not vary signifi cantly across sessions. However, Ɵ me-course analyses showed a non-
monotonic profi le: aŌ er a 10:30 dose, CFF rose toward late morning then aƩ enuated 
by early aŌ ernoon, likely refl ecƟ ng circadian/homeostaƟ c infl uences and individual 
pharmacokineƟ cs/pharmacodynamics.

Modafi nil, but not galantamine, increased CFF thresholds in both ascending and descending 
paradigms, consistent with enhanced corƟ cal arousal. OperaƟ onally, dosing Ɵ me and 
mission phase are criƟ cal consideraƟ ons; aligning administraƟ on with rising circadian 
drive and pairing pharmacological treatment with non-pharmacological countermeasures 
may help sustain benefi ts.
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a cholinesterase inhibitor commonly used in the 
treatment of Alzheimer’s disease, has been explored 
for its potenƟ al to enhance memory and aƩ enƟ onal 
processes through modulaƟ on of the cholinergic 
system [37,38,41]. Both compounds have shown 
promise in miƟ gaƟ ng the cogniƟ ve defi cits 
associated with sleep loss [44,45,54]; however, 
the neurocogniƟ ve domains they aff ect may diff er, 
and their effi  cacy under real-world operaƟ onal 
condiƟ ons remains incompletely understood.

To eff ecƟ vely evaluate the impact of such 
pharmacological agents, sensiƟ ve and reliable 
measures of central nervous system (CNS) 
funcƟ oning are required. One such tool is the 
criƟ cal fl icker fusion (CFF) test, a psychophysical 
assessment that measures the temporal resoluƟ on 
of visual percepƟ on. This test determines the 
frequency at which fl ickering light is perceived 
as steady (fusion) or begins to be perceived as 
fl ashing (fl icker), referred to as the criƟ cal fl icker 
fusion frequency threshold [50]. The CFF threshold 
is considered a robust indicator of corƟ cal 
arousal, informaƟ on processing speed, and overall 
CNS integrity [10,16,33]. Higher CFF threshold 
values refl ect increased excitability of the visual 
cortex and improved temporal resoluƟ on, which 
have been associated with heightened states 
of alertness and wakefulness [19]. Importantly, 
the CFF threshold has been shown to decrease 
signifi cantly with faƟ gue [29], sleep deprivaƟ on 
[7,25], and sedaƟ ve drug use [22,24], making 
it a valuable tool for monitoring alertness and 
cogniƟ ve readiness in operaƟ onal seƫ  ngs.

Previous studies have demonstrated that 
prolonged wakefulness leads to reducƟ ons in CFF 
thresholds, which correlate with subjecƟ ve reports 
of faƟ gue and objecƟ ve performance impairments 
in tasks requiring sustained aƩ enƟ on and rapid 
decision-making [25,51,59]. A decline in the ability 
to disƟ nguish between fl ickering light sƟ muli may 
indicate increasing psychophysiological stress and 
signal the need for a break from fl ight operaƟ ons, 
rest, or even a nap [26]. Moreover, the CFF test 
has been successfully used to detect the eff ects 
of various psychoacƟ ve substances, including 
both sedaƟ ves and sƟ mulants [22–24]. Despite 
this, few studies have directly examined the 
infl uence of modafi nil or galantamine on temporal 
visual resoluƟ on as measured by the CFF test, 
parƟ cularly in the context of sleep deprivaƟ on. 
This represents a notable gap in the literature, 
as understanding how these compounds aff ect 
temporal processing may inform their applicaƟ on 
in high-risk environments such as military aviaƟ on 
and special operaƟ ons.

INTRODUCTION

FaƟ gue is a pervasive and well-documented 
threat to safety and performance in both civilian 
and military aviaƟ on [14,30,58]. It impairs key 
cogniƟ ve funcƟ ons such as aƩ enƟ on, memory, 
situaƟ onal awareness, and decision-making, all 
of which are essenƟ al for safe fl ight operaƟ ons. 
FaƟ gue-related impairments have been implicated 
in numerous aviaƟ on incidents and accidents. 
In military aviaƟ on specifi cally, faƟ gue has been 
idenƟ fi ed as a contribuƟ ng factor in approximately 
4-8% of mishaps, according to U.S. Air Force data
[11]. These eff ects are exacerbated in operaƟ onal
environments involving sustained wakefulness,
night operaƟ ons, high-tempo deployments, 
or rapid Ɵ me-zone shiŌ s, where opportuniƟ es
for restoraƟ ve sleep are limited and circadian
misalignment is common [12,13].

In response to the operaƟ onal risks associated 
with faƟ gue, aviaƟ on authoriƟ es and military 
organizaƟ ons have implemented a variety 
of countermeasures. These include crew resource 
management, strategic napping, opƟ mized duty 
scheduling, light exposure control, and faƟ gue 
risk management systems [14]. In addiƟ on, 
technologies for monitoring wakefulness, such 
as microsleep detecƟ on and eye-movement 
tracking, can be integrated [20]. While these 
behavioral and organizaƟ onal intervenƟ ons can 
help miƟ gate faƟ gue-related risks, they are oŌ en 
insuffi  cient during extended operaƟ ons in which 
sleep deprivaƟ on is unavoidable. Consequently, 
there is growing interest in pharmacological 
countermeasures to sustain cogniƟ ve performance 
under such condiƟ ons.

Among the most studied pharmacological 
intervenƟ ons is modafi nil, a wakefulness-
promoƟ ng agent that enhances alertness 
and execuƟ ve funcƟ oning. This sƟ mulant 
promotes alertness mainly through the acƟ vity 
of the dopaminergic system, and its eff ect on the 
histaminergic system contributes to the regulaƟ on 
of sleep and wakefulness [5]. AdministraƟ on 
of modafi nil is associated with relaƟ vely few 
adverse eff ects compared with tradiƟ onal 
sƟ mulants like amphetamine [39,54]. Furthermore, 
it carries a lower risk of addicƟ on among aviaƟ on 
personnel, as the drug does not cause a sudden 
release of dopamine but increases its availability 
in the body in a more controlled manner [52].

While modafi nil remains the most widely 
invesƟ gated wakefulness-promoƟ ng agent, interest 
has also grown in alternaƟ ve pharmacological 
strategies that target diff erent neurotransmiƩ er 
systems. In this context, galantamine, 
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vigorous exercise for 24 hours prior to tesƟ ng. 
To ensure parƟ cipant safety, parƟ cipants were 
instructed to report any adverse health events, 
including anxiety symptoms or irritability, 
immediately to the aƩ ending physician before and 
during the study. 

Each parƟ cipant provided wriƩ en informed 
consent. The study was approved by the Military 
InsƟ tute of AviaƟ on Medicine (WIML) Ethics 
CommiƩ ee and conducted in accordance with the 
DeclaraƟ on of Helsinki.

Study design
The study was a randomized, double-blind, 

placebo-controlled, crossover trial with a 3 
(condiƟ on) × 4 (Ɵ me point – tests described below) 
within-subjects design. Each parƟ cipant completed 
three non-consecuƟ ve test sessions under 
diff erent pharmacological condiƟ ons: (1) 100 mg 
modafi nil (Vigil®), (2) 10 mg galantamine (Nivalin®), 
and (3) placebo. Sessions were separated by 
a 7-day washout period.

Each session followed the same schedule: 
parƟ cipants arrived at 19:00 and remained 
under supervision for about 21 hours unƟ l the 
end of the session at 16:00 the following day. 
Drug administraƟ on occurred at 10:30, following 
approximately 27 hours of sustained wakefulness 
(parƟ cipants began each session aŌ er a normal 
day of acƟ vity followed by a sleepless night). No 
napping was allowed. This protocol simulated 
extended operaƟ onal wakefulness common 
in military aviaƟ on.

To control for circadian variaƟ on, tesƟ ng 
occurred at fi xed Ɵ me points across all sessions:
– Test A: 20:00 (baseline, before night without

sleep),
– Test B: 08:00 (aŌ er ~25 h wakefulness, before

drug intake),
– Test C: 11:30 (1 h post-dose),
– Test D: 14:00 (3.5 h post-dose).

HydraƟ on, blood pressure, core temperature,
heart rate, and energy expenditure were 
monitored throughout the sessions. Meals were 
provided at 22:00 and 09:30 to standardize 
nutriƟ onal intake. The scheme of the study design 
is shown in Fig. 1.

Pharmacological Agents
Two psychoacƟ ve agents approved for use 

in the European Union were tested:
– modafi nil (Vigil®, 100 mg) — a wakefulness-

promoƟ ng agent with an onset of acƟ on within
30–60 min, peak eff ect at 2–4 h, and a half-life
of 12–15 h [39,55];

This study was conducted as part of a broader 
program evaluaƟ ng pharmacological methods 
for sustaining operaƟ onal eff ecƟ veness 
in combat seƫ  ngs [32,46]. A companion objecƟ ve 
of that program was to inform aviaƟ on faƟ gue 
management through rigorously tested drug-based 
countermeasures. Within this framework, we 
address the limited evidence on how modafi nil and 
galantamine infl uence complex-task performance 
during sleep loss, exploring approaches that could 
help maintain aircrew capability. The objecƟ ve 
of the present study was to assess the eff ects 
of modafi nil and galantamine on temporal visual 
resoluƟ on using the CFF test in healthy individuals 
subjected to sustained wakefulness. By evaluaƟ ng 
how these pharmacological agents modulate CFF 
thresholds under sleep-deprived condiƟ ons, this 
study aims to contribute to a deeper understanding 
of their potenƟ al uƟ lity as faƟ gue countermeasures 
in operaƟ onal contexts.

Based on prior evidence linking CFF to corƟ cal 
arousal and wakefulness-promoƟ ng intervenƟ ons, 
we hypothesized that: (H1) modafi nil would 
increase CFF thresholds (ascending and descending) 
relaƟ ve to placebo during sustained wakefulness; 
(H2) galantamine would produce smaller or no 
increases in CFF compared with placebo; and 
(H3) the magnitude of any drug-related changes 
would vary over the course of the day, refl ecƟ ng 
combined circadian and homeostaƟ c infl uences 
on alertness.

METHOD

Participants
Twelve healthy male volunteers (aged 20-25 

years; M = 24, SD = 2.5) parƟ cipated in the study. 
Their anthropometric characterisƟ cs included 
height 172-186 cm (M = 179 cm), weight 71-
88 kg (M = 80 kg), and BMI ranging from 
23.5 to 26.5 kg/m². All parƟ cipants had valid 
medical clearance from the Regional Military 
AviaƟ on Medical Commission and underwent 
comprehensive pre-study evaluaƟ ons, including 
internal medicine, neurology, ophthalmology, 
otolaryngology, electrocardiography (ECG), 
electroencephalography (EEG), audiometry, blood 
and urine analyses, cardiopulmonary exercise 
tesƟ ng, and VO₂max assessment.

Exclusion criteria focused on medical condiƟ ons 
contraindicaƟ ng use of modafi nil or galantamine, 
such as asthma, epilepsy, signifi cant hepaƟ c, renal, 
or cardiac dysfuncƟ on, or bradycardia. ParƟ cipants 
were screened for sleep disorders and instructed 
to abstain from alcohol, caff eine, tobacco, and 
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environment was illuminated uniformly with 
a luminous intensity of 600 millicandelas, delivered 
over a 30 mm diameter area, ensuring controlled 
and consistent background lighƟ ng condiƟ ons 
throughout the experiment.

Procedure
Prior to the start of the study, all parƟ cipants 

were thoroughly briefed on the experimental 
procedures, safety protocols, and the known 
side eff ects of the administered sƟ mulants. Each 
parƟ cipant completed the same set of tests during 
three separate sessions (Fig. 1), with a diff erent 
sƟ mulant administered in each one (modafi nil, 
galantamine, placebo). The order of sƟ mulant 
administraƟ on was randomized across parƟ cipants. 
A washout period of seven days was maintained 
between sessions to minimize carryover eff ects.

To control for the infl uence of circadian variaƟ on 
on psychophysiological funcƟ oning, all tesƟ ng 
sessions were conducted at the same Ɵ me of day, 
in the evening, according to a standardized study 
schedule (Fig. 1). Prior to the fi rst measurement 
(Test A) in the iniƟ al session, parƟ cipants were 
instructed on how to operate the Flicker Fusion 
Unit (SCHUHFRIED, Austria) and pracƟ ced the task 
unƟ l they demonstrated full comprehension.

All CFF threshold assessments were conducted 
in a quiet, dimly lit room. Each trial involved 
both ascending and descending series of fl icker 
frequencies. During ascending trials, parƟ cipants 
were instructed to press a buƩ on the moment 
the fl ickering light appeared steady (fusion). 
In descending trials, they responded when the 

– galantamine (Nivalin®, 10 mg) — a cholinesterase
inhibitor with peak plasma concentraƟ on reached
within 0.5–2 h and a half-life of ~5.5 h [1].

Capsules containing the psychoacƟ ve agents
and placebo (which contained lactose) were 
visually idenƟ cal and randomized in sequence for 
each parƟ cipant.

Apparatus
The CFF thresholds were assessed at each 

of the four Ɵ me points (tests A-D, Fig. 1) using 
the Flicker fusion unit (SCHUHFRIED, Austria), 
a widely used psychophysical device for measuring 
CNS funcƟ oning. The equipment is owned by the 
Military InsƟ tute of AviaƟ on Medicine. This device 
was equipped with a CFF response panel (S/N: TE 
1006) and a fl icker tube (S/N: PF 0612). 

The light sƟ mulus was produced by a red, diff use 
light-emiƫ  ng diode (LED) with a peak wavelength 
of 655 nm and a luminous intensity of 5.4 
millicandelas. The fl icker frequency was adjusted 
in 0.1 Hz increments within a range of 25.0 to 60.0 Hz.

The opƟ cal system comprised two concave–
convex lenses, each with a focal length of 250 
mm, confi gured to generate a virtual image of the 
fl ickering sƟ mulus that was perceived at a distance 
of 12 meters. This confi guraƟ on ensured visual 
accommodaƟ on consistent with distance viewing, 
thereby minimizing the infl uence of near-focus 
convergence on threshold detecƟ on.

The visual angle of the central sƟ mulus was 
1.2°, while the surrounding ambient background 
subtended a visual angle of 10°, providing a stable 
luminance fi eld during tesƟ ng. The ambient 

 Fig. 1.  Scheme of the study design (single test session).
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All analyses were performed using R (version 
4.4.2) [47] with the rstaƟ x package version 0.7.2 
[27], dplyr package version 1.1.4 [56], eff ectsize 
package version 1.0.1 [6], ggplot2 [57], and ggpubr 
package version 0.6.1 [28].

RESULTS

CFF ascending threshold 
The LME model revealed a signifi cant main 

eff ect of sƟ mulant (F(2,121) = 5.02, p = 0.008), but 
no signifi cant eff ect of measurement (F(3,121) = 
1.76, p = 0.158) or the sƟ mulant × measurement 
interacƟ on (F(6,121) = 0.98, p = 0.44). Post hoc 
comparisons (Benjamini-Hochberg procedure) 
across sƟ mulants at each measurement indicated 
that, at Test C, the CFF threshold was signifi cantly 
higher for parƟ cipants receiving modafi nil 
compared to placebo (esƟ mate = 10.92, SE = 4.29, 
p = 0.037, Fig. 2). A similar signifi cant diff erence was 
observed at Test A, where modafi nil again yielded 
higher values than placebo (esƟ mate = 10.75, SE 
= 4.29, p = 0.041). No other pairwise comparisons 
reached staƟ sƟ cal signifi cance across measurement 
Ɵ me points. This paƩ ern was consistent with H1.

The eff ect size (η2) for the sƟ mulant factor was 
moderate (0.08), indicaƟ ng a meaningful impact 
of the sƟ mulant type on CFF threshold. Measurement 
and the interacƟ on eff ect demonstrated smaller 
eff ect sizes (0.04 and 0.05, respecƟ vely).

steady light began to fl icker. Five measurements 
were obtained for each series type, and the 
mean ascending and mean descending thresholds 
were calculated for analysis. Each test block was 
completed within 5–7 minutes.

Statistical analysis
Normality was assessed using Shapiro-Wilk tests 

for each sƟ mulant and Ɵ me point (Tests A-D), while 
Levene’s test was used to assess homogeneity 
of variance across sƟ mulant and measurement 
combinaƟ ons for CFF thresholds (ascending and 
descending). A linear mixed-eff ects (LME) model was 
implemented to examine the eff ects of sƟ mulant 
(galantamine, modafi nil, placebo) and measurement 
Ɵ me point (Test A–D) on the CFF thresholds, with 
random intercepts for parƟ cipants. 

An analysis of variance (ANOVA) on the LME model 
was used to examine the staƟ sƟ cal signifi cance 
of main eff ects (sƟ mulant, measurement) and 
their interacƟ on. To esƟ mate eff ect sizes, we 
computed parƟ al eta-squared (ηp2). Post-hoc 
pairwise comparisons were performed using 
esƟ mated marginal means with the Benjamini-
Hochberg procedure to control the false discovery 
rate. Post-hoc tests focused on between-sƟ mulant 
comparisons at each measurement Ɵ me point and 
within-sƟ mulant comparisons across measurement 
Ɵ me points. The signifi cance of diff erences was set 
at p < 0.05. 
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Fig. 2.  SƟ mulant comparisons within each measurement for the criƟ cal fl icker fusion (CFF) ascending threshold (transiƟ on 
from fl icker to fusion). The violin plot represents distribuƟ on shape/density; the box indicates the median and IQR 
(whiskers to 1.5×IQR); jiƩ er indicates individual observaƟ ons.
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Fig. 4.  Eff ects of modafi nil on criƟ cal fl icker fusion (CFF) mean threshold (ascending and descending) measures. The upper 
x-axis indicates clock Ɵ me, while the lower x-axis indicates hours of conƟ nuous wakefulness. Error bars represent 
the standard error of the mean (SEM).
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compared to Test A (esƟ mate = -14.08, SE = 5.21, 
p = 0.047).

In the placebo condiƟ on (Fig. 6), no pairwise 
comparisons of ascending or descending CFF 
thresholds reached staƟ sƟ cal signifi cance across 
measurement Ɵ me points.

In summary, across all condiƟ ons, modafi nil 
exhibited a trend toward a higher mean CFF ascending 
threshold compared to galantamine and placebo, 
parƟ cularly at measurement C, taken immediately 
aŌ er sƟ mulant administraƟ on. The sƟ mulant × 
measurement interacƟ on was not signifi cant in either 
model, which did not support H3.

DISCUSSION

The present study invesƟ gated the extent to 
which pharmacological sƟ mulaƟ on with modafi nil 
or galantamine miƟ gates the detrimental eff ects 
of sleep deprivaƟ on on temporal visual resoluƟ on 
and corƟ cal processing. Overall, the data supported 
H1: modafi nil increased CFF thresholds relaƟ ve 
to placebo in both ascending and descending 
paradigms, consistent with wake-promoƟ ng 
eff ects reported under sleep loss [5,7]. In contrast, 
H2 was not supported, as galantamine did not yield 
a robust or consistent elevaƟ on of CFF compared 

CFF descending threshold
A separate LME model fi Ʃ ed for the CFF 

descending threshold revealed signifi cant main 
eff ects of both sƟ mulant (F(2,121) = 9.34, p < 0.001) 
and measurement (F(3,121) = 6.64, p < 0.001), 
with no signifi cant sƟ mulant × measurement 
interacƟ on (F(6,121) = 0.83, p = 0.548). Post hoc 
analyses (Benjamini-Hochberg procedure) showed 
several staƟ sƟ cally signifi cant pairwise diff erences. 
Under Test D, parƟ cipants receiving modafi nil 
showed a signifi cantly higher CFF threshold than 
those receiving placebo (esƟ mate = -14.83, SE 
= 5.21, p = 0.016, Fig. 3). At the same Ɵ me point 
(D), galantamine also diff ered signifi cantly from 
placebo (esƟ mate = -13.50, SE = 5.21, p = 0.016). 
The modafi nil–placebo diff erences were consistent 
with H1. The galantamine fi ndings did not provide 
clear support for H2.

Within the modafi nil condiƟ on (Fig. 4), the CFF 
descending threshold at Test B was signifi cantly 
lower than at Test A (esƟ mate = -15.83, SE = 5.21, 
p = 0.017). For the CFF ascending threshold, Test 
C was signifi cantly higher than Test B (esƟ mate = 
-11.83, SE = 4.29, p = 0.041).

In the galantamine condiƟ on (Fig. 5), the
CFF threshold was signifi cantly lower at Test D

Fig. 5.  Eff ects of galantamine on criƟ cal fl icker fusion (CFF) mean threshold (ascending and descending) measures. The 
upper x-axis indicates clock Ɵ me, while the lower x-axis indicates hours of conƟ nuous wakefulness. Error bars 
represent the standard error of the mean (SEM).
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Ascending (fl icker-to-fusion) and descending 
(fusion-to-fl icker) thresholds are oŌ en treated 
as interchangeable indices of temporal visual 
resoluƟ on; however, they can diff er systemaƟ cally 
because they rely on parƟ ally disƟ nct perceptual 
decision criteria and neural computaƟ ons (e.g., 
temporal integraƟ on vs transient detecƟ on), and 
the method-of-limits procedure can introduce 
hysteresis and response bias. These diff erences 
may become more apparent when the CNS 
operates under high load or stress, where top-
down aƩ enƟ onal control and sensory gaƟ ng are 
challenged, potenƟ ally yielding larger divergence 
between ascending and descending CFF paƩ erns 
[36].

The Ɵ me-course plots refi ne this picture 
(Figs. 4–6). In the placebo arm, CFF followed the 
expected diurnal/homeostaƟ c paƩ ern under 
sustained wakefulness: relaƟ vely preserved 
evening levels (20:00), a nadir aŌ er a sleepless 
night (08:00), and a late-morning/early-aŌ ernoon 
rebound—a trajectory well documented for 
human alertness and performance [15,17]. In both 
modafi nil and galantamine condiƟ ons, CFF rose 
shortly aŌ er dosing at 10:30 (peak near 11:30) and 
then declined by 14:00. The iniƟ al rise is consistent 
with modafi nil pharmacokineƟ cs (Tmax ≈ 2–4 h 

with placebo across tests, in line with evidence that 
cholinergic enhancement shows task- and state-
dependent eff ects and may not directly shiŌ  CFF 
[8–10,23]. H3 received parƟ al support: although 
the sƟ mulant × measurement interacƟ on was not 
signifi cant, the across-day trajectories (including 
early-aŌ ernoon aƩ enuaƟ on) were compaƟ ble 
with circadian and homeostaƟ c modulaƟ on during 
sustained wakefulness [15,17,59], and with reports 
that ascending and descending thresholds can 
diverge under high neurocogniƟ ve load [58].

Our analyses showed a signifi cant main eff ect 
of sƟ mulant on both ascending and descending 
CFF thresholds, with no sƟ mulant × measurement 
interacƟ on. Thus, drug eff ects were broadly 
present across sessions, although their magnitude 
varied by Ɵ me point. In line with prior work [53], 
modafi nil produced overall higher CFF thresholds, 
consistent with enhanced corƟ cal arousal and 
improved temporal visual resoluƟ on, whereas 
galantamine did not yield a robust elevaƟ on (Figs. 
2 and 3). The moderate eff ect size for the sƟ mulant 
factor in the ascending model (ηp2 = 0.08) indicates 
a meaningful, Ɵ me-general infl uence on arousal 
and is consonant with evidence that CFF is a valid, 
sensiƟ ve index of cerebral/behavioral arousal 
[4,34,53].
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Fig. 6.   Eff ects of placebo on criƟ cal fl icker fusion (CFF) mean threshold (ascending and descending) measures. The upper 
x-axis indicates clock Ɵ me, while the lower x-axis indicates hours of conƟ nuous wakefulness. Error bars represent 
standard error of the mean (SEM).
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adjustment (e.g., Ɵ ming, dose, or adjunct non-
pharmacological countermeasures) [17,40].

Finally, because sustained wakefulness 
increases state instability (moment-to-moment 
variability in alertness), future studies should 
sample more densely across the post-dose 
interval, control meals/light exposure, and pair 
CFF with pharmacokineƟ cs/pharmacodynamics 
and physiological measures (e.g., EEG) to test the 
predicted inverted-U paƩ ern for the circadian–
arousal interacƟ on and to determine whether 
the mid-day aƩ enuaƟ on refl ects pharmacology, 
circadian physiology, or their interacƟ on [18].

Study limitations
While these results support the uƟ lity of the 

CFF threshold as a neurobehavioral biomarker 
of sƟ mulant-induced arousal, several limitaƟ ons 
should be noted [35,42,43]. First, the sample 
comprised healthy, medically screened volunteers 
tested under controlled laboratory condiƟ ons; 
therefore, generalizability to operaƟ onally 
faƟ gued or clinically heterogeneous populaƟ ons 
remains uncertain. 

Second, although the protocol involved 
sustained wakefulness from evening to the 
following day, we did not objecƟ vely index sleep–
wake history or circadian phase (e.g., acƟ graphy/
PSG, dim-light melatonin onset), nor did we Ɵ ghtly 
control potenƟ al zeitgebers such as light exposure 
or meal Ɵ ming. Consequently, the relaƟ ve 
contribuƟ ons of homeostaƟ c sleep pressure 
versus circadian modulaƟ on, parƟ cularly the early-
aŌ ernoon dip, cannot be fully disentangled from 
drug eff ects. 

Third, we did not acquire pharmacokineƟ cs/
pharmacodynamics measures (e.g., plasma 
modafi nil/galantamine concentraƟ ons or Ɵ me-
varying CFF–exposure modeling), and our post-dose 
sampling was relaƟ vely coarse; thus, the observed 
mid-day aƩ enuaƟ on aŌ er the 10:30 dose cannot 
be conclusively aƩ ributed to pharmacokineƟ cs, 
circadian physiology, or their interacƟ on (including 
a potenƟ al inverted-U relaƟ onship between 
arousal and temporal resoluƟ on). 

Fourth, although we analyzed both ascending 
(fl icker-to-fusion) and descending (fusion-to-
fl icker) thresholds, the study was underpowered 
for interacƟ on tests (sƟ mulant × measurement × 
threshold type), and we lacked electrophysiological 
markers (e.g., EEG alpha/beta) that could clarify 
neural mechanisms and help adjudicate method-
specifi c versus state-dependent eff ects [21]. 

FiŌ h, CFF is a proximal sensory/perceptual 
endpoint; we did not concurrently assess higher-

in healthy adults), while the subsequent decline is 
plausibly explained by the early-aŌ ernoon decline 
in circadian drive (the “post-lunch dip”) interacƟ ng 
with conƟ nuing homeostaƟ c pressure from 
prolonged wakefulness [17,40,48]. 

The observed within-day CFF profi le is also 
consistent with prior work showing measurable 
dayƟ me variaƟ on in CFF and related subjecƟ ve 
alertness indices under standardized condiƟ ons, 
with the lowest levels typically occurring during 
circadian low points and transient decrements 
around early aŌ ernoon (the “post-lunch dip”) [49]. 
Accordingly, our results support interpreƟ ng CFF 
as a marker jointly shaped by circadian phase and 
homeostaƟ c sleep pressure rather than as a purely 
pharmacodynamic readout.

Notably, a post-dose decline in CFF does 
not necessarily imply a loss of drug effi  cacy. 
Performance–arousal relaƟ onships oŌ en follow 
an inverted-U paƩ ern: as arousal rises above the 
individual’s opƟ mal range, temporal integraƟ on 
can worsen despite conƟ nued pharmacological 
acƟ vaƟ on. This paƩ ern is grounded in the adapƟ ve-
gain theory of locus–coeruleus norepinephrine 
funcƟ on and the broader Yerkes-Dodson 
framework, both of which predict decrements 
when tonic arousal becomes too low or too high 
for the task demands [2,3].

The cholinergic fi ndings fi t a similarly nuanced 
view. Cholinergic enhancement can modulate 
aƩ enƟ on and sensory processing in a task- and 
state-dependent manner rather than yielding 
a uniform “more is beƩ er” benefi t; selecƟ ve 
eff ects on visual aƩ enƟ on and gaƟ ng have been 
demonstrated with cholinesterase inhibitors 
in humans [31]. Thus, the lack of a consistent CFF 
elevaƟ on, and the late decline, in the galantamine 
arm likely refl ects context-dependent cholinergic 
infl uences interacƟ ng with Ɵ me of day and 
accumulaƟ ng sleep pressure [8,9].

Taken together, these observaƟ ons suggest that 
modafi nil elevates CFF overall, but its benefi t is non-
monotonic across the day and may aƩ enuate by 
early aŌ ernoon; galantamine shows no consistent 
enhancement and may be associated with a later 
decline under some circumstances. The placebo 
paƩ ern confi rms that CFF closely tracks circadian 
and homeostaƟ c infl uences, providing a necessary 
backdrop against which drug eff ects should be 
interpreted. OperaƟ onally, these results argue that 
Ɵ me of administraƟ on and mission phase should be 
considered explicitly when using pharmacological 
countermeasures: dosing that aligns with circadian 
increases in alertness may maximize benefi t, 
whereas early-aŌ ernoon windows may require 
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an important nuance: aŌ er dosing at 10:30, CFF 
rose toward late morning and then aƩ enuated 
by early aŌ ernoon, suggesƟ ng a non-monotonic 
profi le likely shaped by circadian/homeostaƟ c 
infl uences as well as individual pharmacokineƟ cs/
pharmacodynamics variability. 

These fi ndings also indicate early-aŌ ernoon 
aƩ enuaƟ on, which underscores that the Ɵ ming 
of administraƟ on and mission phase are criƟ cal. 
Aligning dosing with rising circadian drive 
and/or combining pharmacological and non-
pharmacological countermeasures may help 
maintain benefi ts across the duty day.

Future work should integrate objecƟ ve 
sleep/circadian assessments and dense 
post-dose sampling with pharmacokineƟ cs/
pharmacodynamics to disentangle pharmacological 
from physiological contribuƟ ons to the observed 
non-linearity and to test the predicted circadian–
arousal inverted-U. Furthermore, future studies 
should include an in-depth neuropsychological 
assessment and EEG/ECG monitoring to more 
precisely capture the neural mechanisms 
underlying the observed pharmacological eff ects 
and to beƩ er determine the pracƟ cal implicaƟ ons 
for operaƟ onal applicaƟ ons.

order cogniƟ on (e.g., sustained aƩ enƟ on, 
execuƟ ve control) or real-world performance, 
limiƟ ng inferences about funcƟ onal impact. Future 
work should incorporate objecƟ ve sleep/circadian 
assessments, denser post-dose sampling with 
pharmacokineƟ cs/pharmacodynamics measures, 
and Ɵ ghter control (or manipulaƟ on) of Ɵ me-
of-day factors to test the predicted circadian–
arousal inverted-U and to determine whether the 
early-aŌ ernoon decline refl ects pharmacology, 
physiology, or both.

CONCLUSIONS

In summary, this study demonstrates that 
pharmacological sƟ mulaƟ on exerts a measurable 
eff ect on temporal visual resoluƟ on indexed by 
CFF. Across both ascending (fl icker-to-fusion) 
and descending (fusion-to-fl icker) paradigms, we 
observed a signifi cant main eff ect of sƟ mulant, with 
modafi nil, but not galantamine, producing overall 
higher CFF thresholds, consistent with enhanced 
corƟ cal arousal. The absence of an interacƟ on 
between sƟ mulant and measurement indicates 
that modafi nil’s benefi t was broadly present across 
sessions, while the Ɵ me-course analyses reveal 
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