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lant; however, its consumption has been
issues, insomnia, anxiety, and reduced bone

drinking it daily. Caffeine is widely used as
associated with negative health effects including
density in women. These concerns motiv
sustaining cognitive alertness while mini
such compounds may act as external agj
from equilibrium.

This study investigates locomotor d
to evaluate the effects of caffein

treatment groups containing v
Furthermore, two-dimensional
evolve in phase space.

Entropy, Mean Squared
Drift were calculated to qua dividual and system-wide Drosophila behavior. Then, statistical analyses
allis tests with a P value of p<0.05.

Results indicate thg¥ polylhenol-
0.68) as well as Ig oefficients (D = 0.48-0.54), indicating more stable system dynamics and
decreased behavi® 1ability. In contrast, caffeine treatments increased both entropy and diffusion (H
= 0.72-0.81; with higher values for higher dosages of caffeine, reflecting increased system
movement
provided or metric comparison.

avioral entropy; Neural state dynamics; Sleep deprivation; Drosophila melanogaster;
joral analysis; Mechanistic biomarkers
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Introduction

Currently, sleep deprivation is a major issue in
society, with approximately 36.8% of Americans
reporting getting less than 7 hours of sleep on
average. The negative effects of sleep deprivation
are often self-medicated by individuals via the
consumption of caffeine [1-3]. Coffee, for
example, is the most widely consumed beverage
in the United States, with 68% of Americans
consuming at least one cup of coffee daily.
Similarly, there has been a 7% increase in coffee
consumption since 2020, highlighting a potential
societal trend [1]. Most people report consuming
coffee, and other neuro-stimulants, to alleviate
fatigue and promote alertness in demanding
cognitive environments. Despite its widespread
usage, studies have shown that coffee
consumption leads to negative health outcomes
including  cardiovascular  issues, anxiety,
insomnia, liver cancer, and more [3]. For the
vulnerable populations relying on coffee,
withdrawal can often have negative effects
including headache (79%), fatigue (42%),

irritability (36%) [4]. This creates a uni
problem: Consumers rely on coffee to miti
effects of sleep deprivation but end up
doors to potential health issues and dep

Beyond biological implications, slee
can be interpreted through the 1

change in position

# 2 differential equation that
tion of a system when
(stagnant) and
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(CBT), neural systems
between order and disor;

ubcrltlcal state,
eurons becomes
e, when neural
cal state, excessive
stem unstable [6]. On a
ion tends to disrupt the
shlng neural systems away from
lity.

neural systems
information shari

neuron firing make
similar n

s because movement trajectories
the combination of sensory
processing, motor planning, and
odulatory  regulation. Instead of

Yastic processes that evolve through phase
space; in short, allowing biological systems to be

amined through a statistical physics lens. In this
ramework, Entropy, mean squared displacement,
Diffusion coefficients, Anomalous diffusion, and
Drift serve as the metrics for analysis derived
from the Langevin Equation.

+— random fluctuations

Varip At + VvV 2DAt & \

bias term

is modelled as a stochastic process combining
directed drift and random fluctuations, consistent
with Langevin dynamics. In this context, it serves
to model biological diffusion in mm 2/second and
random motion, as theorized by Paul Langevin.
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Table 1: Showcases different metrics and their equations, meaning, and interpretation. Cre
Martins De Bellis Silva in Canva.

Metric Equation What it represents
Entropy |  Huerm=H/log(n) Behavioral unpredictability
MSD  |MSD(r)=([x(t + 1)-x(t)]*) Spatial exploration
D D = MSD(t)/41 Diffusion strength
o o =d log(MSD)/d log(t) System stability
Drift ‘(X(t»zvdriftt Directional bias toward food
All in all, these metrics serve as the macroscopic behavior melanogaster under

descriptors of system-level organization due to ivation and a variety of dietary

neural interactions.

On a different note, dietary compounds have the
potential to significantly influence these
properties. Caffeine primarily functions as a
blocker of adenosine receptors, directly
increasing neural excitation and alertness. While
this process may enhance alertness, the rapid
increase in neural activity may lead to constrained
neural firing patterns, altering system stability. In
other words, caffeine has the potential to force

majority of neurons to activate, rapidly shagsing

t treatments affect neural stability under
sleep Mdeprivation through a physics-based
ork. Treatments contained -caffeine,
polyphenols, and combined compounds of both

ere applied to the model system. In this study,
sleep deprivation is treated as a sustained external
perturbator applied to the model system. Neural
stability is evaluated through the use of
measurable physics observables applied to
locomotor trajectories, ex. Entropy, MSD,
Diffusion Coefficients, etc.

healing. In contrast, polyphenols a
derived phytochemicals with antioxg

chocolate. Moreover, polyphenols in Furthermore, this research characterizes how

signalling  pathways, ~modaigggeutranscription sleep deprivation affects large-scale neural
factors, and enhance - of dynamics through the aforementioned metrics.
neurological factors that suppo ron growth Also, it explores the specific role of polyphenols
and synaptic plastici . jlarly, these in system dynamics under sleep deprivation.
compounds  have promote Overall, it interprets locomotor trajectories as
cerebrovascular o reducing stochastic processes that evolve over time, linking
neuroinflammatio otentially supporting microscopic neural activity to macroscopic
neural flexibili ors. Even though behavioral outcomes.

polyphenols een widely studied for their

benefits, efft -level dynamics remain Methodology

unstudied. Subjects and experimental design

Adult Drosophila melanogaster was used as the

model organism due to their conserved sleep

regulation mechanisms and suitability for

the present study addresses this studying neural dynamics under controlled
by examining the locomotor perturbations. Drosophila were
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randomly assigned to nine experimental groups five biological replicates consi jes
representing different dietary conditions under per Petri dish, resulting in a of
chronic sleep deprivation. Each group contained 225 flies.

Vial labeled with 1-9
and replicas labeled
1-5 with dots

Food source on negative/

x-axis for all axis in pink

Ilustration 1: Petri dish arrangement showing five flies per dish across nin erimental groups.

der. Treatments were prepared at
f0.5g,1.0g,or1.5gper 100 mL
m. Combined treatment groups
proportional concentrations of both

Dietary treatments: Dietary compounds were
incorporated into standard Drosophila food
medium. Caffeine was administered using
powdered coffee extract, while polyphenols were
supplied through matcha green tea powder and

Conce\ ‘ration

Treatment Group ( ‘100,

1. Control N/#

2. Low Caffeine

5. Low Polyphenol

6. Medium Polyph\ "o

7. High Polyphenol 1.5 grams
8. Medium Cr nbi ed 1.0 gram
9. High Com.. ~e 4 ' 2.0 grams

Ilustration pescribes the nine treatment groups; all gram values are per 100ml of food medium; 5

Drosophila g

stable sleep states. Environmental conditions were
maintained at 25°C with controlled lighting to
minimize extraneous environmental variability.
Behavioral recording & tracking: Locomotor
behavior was recorded daily following sleep
cChanical agitation functioned as an deprivation. Each Petri dish contained a food
| forcing mechanism preventing entry into source positioned along the negative x-axis to

tocol: All experimental
d to chronic mechanical
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introduce a consistent environmental gradient progressively across caffeine trgftments, rising
influencing movement trajectories.  Video from 0.6894 in the control groyffto 0.4992 in the
recordings were conducted for 500 seconds per high-caffeine condition. This hat
replicate. Two-dimensional locomotor trajectories caffeine exposure increasegd t ss of
were extracted using automated tracking software locomotor  trajectories, greater
ata Samp]ing rate of one frame per second. stochastic Variability i ment behavior. In
Statistical analysis: Behavioral metrics exhibited contrast, polyphenol produced a
non-normal  distributions;  therefore, non- consistent reduction in_entropy. ian entropy
parametric statistical methods were applied. declined from 0.63 W polyphenol group
Kruskal-Wallis tests were used to compare to 0.6191 in th phenol  condition,
entropy, diffusion, and drift across treatment indicating a prog ation of locomotor
groups. Statistical significance was defined as behavior. ftments  produced
p<0.05. intermediate values. The medium
Results combined treatme uced a median entropy of

) 0.7071, h combined condition
Behavioral entropy produced 70, suggesting that caffeine
Behavioral entropy values differed across partially count d the stabilizing effects of

treatment conditions. Median entropy increased henols.

2.0+

1.5

Entropy

y across treatment groups; a higher entropy implies more
system randomness. Created by CI i e Bellis Silva in GraphPad (2026).

essed statistical tests were used. A Kruskal-Walli’s test
r deviations revealed statistically significant differences
y plot further between treatment groups, indicating that dietary

using a Q-Q plot, which reve
from normality. A probability

confirmed non-Gaussj stribu of entropy interventions significantly altered locomotor
values across trea . use the data entropy.
violated normality, 1S, non-parametric

. = Control

3+ ."’ = Low Caffeine

- + Medium Caffeine
1.0+ = High Caffeine

Low Polyphenol
0.5 " x Medium Polyphenol
£ = High Polyphenol
0.045— . 4 Medium Combined

]
0.0 0.5 1.0 1.5 v High Combined
Actual

Predicted

: A normal quartile-quartile plot for Entropy implies a non-Gaussian distribution due to values across
treatment¥not matching the predicted values. Created by Clara Martins De Bellis Silva in GraphPad.
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Figure 3: Chi-square distribution and group differences for entropy.

The test statistic (H=25.44, df=8) lies in the upper ively across caffeine treatments, rising
tail of the chi-square distribution, indicating a
significant group effect. The Kruskal-Walli’s test
showed differences in entropy across groups
(p=0.0013), with a moderate-to-large effect size
(m*=0.11). Post hoc comparisons revealed
multiple  significant  pairwise  differences ent. In contrast, polyphenol treatments
demonstrating meaningful variation in entropy d@¥ed diffusion coefficients. The high

between experimental conditions. Create Myphenol condition exhibited the lowest
Clara Martins De Bellis Silva in GraphPad, diffusion  value  (D=0.4805), indicating
constrained locomotor movement and reduced

Diffusion Dynamics (MSD & D)

condition. This increase indicates
r spatial displacement over time and
that caffeine exposure promoted

spatial diffusion. Combined treatments again
Mean-squared displacement analysi¥ revea produced intermediate diffusion values, with
treatment-dependent  differences jugllocomotor diffusion coefficients of 0.5760 and 0.6055 in the

diffusion. Diffusion coeffici increaged medium and  high combined conditions
respectively.

Riffusion Coefficient Across Treatment Groups

9

D QA O oS o0

of o R R R

S > &S
S %‘Pt""oe’&q"&’&

Treatment Groups

: A sttterplot of median with IQR for Diffusion Coefficient across treatment groups; a higher
. icient implies faster movement across concentrations. Created by Clara Martins De Bellis
GraphPad.
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Figure 5: A bar graph of MSD 2 minus MSD 1 across treatment groups with ¢®or bars; a higher difference
g grap group g

d by Clara Martins De Bellis Silva in

MSD 2-MSD 1

implies increasing spread over time across concentrations.
GraphPad.

When entropy and diffusion were mapped in sion, indicating increased system

behavioral phase space, treatment groups . Polyphenol groups clustered in regions
separated into distinct dynamical regimes. S yer omtropy and diffusion, reflecting more
Caffeine groups occupied regions of higher W comotor dynamics.

Behavioral Phase-Space

ntropy and Diffusion
Demonstrates Divergent "

e and Polyphenols

0.85+

0.80+
1]
- 0.75+
-
0.70
0.65
076 0?7 0?3
Diffusion
Figure 6: A scattergo #ioral phase-space mapping of Diffusion vs Entropy. Caffeine-treated
groups exhibited slope while polyphenol-treated groups exhibited a negative slope. Created by
Clara Martins D ;
Control o a median exponent of shift toward more persistent locomotor activity.

Polyphenol treatments produced lower o values,
decreasing to 0.5250 in the high-polyphenol
condition, further supporting the interpretation
that polyphenols stabilize locomotor dynamics.
gIBECnts increased o values, reaching Combined treatments again produced
(¥in the high-caffeine group, suggesting a intermediate exponents (0=0.6185-0.6317).

sub-diffusive behavior
constrained  exploratory

Volume 4 Issue 1 7 Copyright @ 2026
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Anomalous Diffusion Across Treatment Groups
- 1.0
g -
S o0.84
g =
E 064 e H [ S ?
= l
w
E 0.4 I
©
£
S
[ =
<C

0.2
0.0 1 L] T 1 L) 1 ] 1 1
> 2 e & > S S X D
&5"%6\0 (\0\0 .L&\o & T T
PR AP AET T TS
e & oL VNV N S
b O R R R S
VS Tt S S
~

Treatment Groups

Figure 7: A scatterplot of median with IQR for Anomalous Di
anomalous diffusion implies a less stable system across concentrations.
Silva in GraphPad.

across treatment groups; a higher
ted by Clara Martins De Bellis

Drift and directional bias condition, indicating stronger
dependence on the food source.
henol treatments reduced the magnitude of
ith the high polyphenol condition

ibiting a drift value of -0.2574. This reduction

Directional drift values revealed consistent
movement toward the food source across all
treatment groups. Drift values were negative in al

gon((llltlonsj N eﬂedctmglg dlrectlllonal b1as. toward ¢ ests decreased dependence on environmental
ood ‘positioned along the negative Xx-ax cues and more stable exploratory behavior.

Caffeine treatments produced increagingl mbined treatments again produced
negative drift values, reaching -0.3416 1\ intermediate drift values (-0.3222 to -0.3294).

rift Acr Treatment Groups

mortality levels were observed for low, medium,
and high levels of caffeine, respectively.
i . Treatment with polyphenols resulted in a survival
is, 12% mortality was observed for effect, as observed by 16%, 12%, and 12%

mortality for low, medium, and high levels of

increase with increasing levels of

Volume 4 Issue 1 3 Copyright @ 2026
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polyphenols,  respectively.  Caffeine  and
polyphenols combined resulted in decreased
mortality levels compared to when they are used
individually; that is, 24% mortality levels were
observed for both medium and high levels of

these results indicate th uses
mortality in flies, and polgPheno
these adverse effects.

Number of Drosophila melanogaster Alive vs. Days

30

20

10

Number of Drosophila melanogaster Alive

Figure 9: Number of surviving Drosophila me
varying conditions.

pgaster

Medium Polyphenol
High Polyphenol
Medium Combined
igh Combined

15

25 per group) tracked over 10 days across

Survival remained stable through Day
groups, after which caffeine-treate
showed a dose-dependent decl
pronounced in the high-caffeine
Polyphenol-treated groups-main

comparable to controls, ed
treatments  exhibited interm al
patterns.

Statistical summary

All behavioral metrics exhi
distributions; thereforg

t-deg¥ndent trends emerged. Baseline
i rived control flies remained
rained, showing limited

Caffeine treatments

Volume 4 Issue 1

environmental cues. In contrast, polyphenol
treatments stabilized locomotor behavior by
reducing variability and constraining movement
dynamics. Combined treatments produced
intermediate behavioral outcomes, suggesting that
coffee-derived caffeine partially counteracts the
stabilizing effects of polyphenols.

Physics-based locomotion analysis

Locomotor trajectories were analyzed using a
stochastic dynamics framework based on the Paul
Langevin equation. The Langevin equation
describes the evolution of a system under the
influence of both deterministic and stochastic
forces. In biological systems, this formulation
provides a useful model for movement dynamics
in which deterministic drift represents directed
motion while stochastic fluctuations represent
random exploratory behavior.

In this study, the position of each fly was
modelled as a function of three interacting
components:

e Deterministic velocity (drift)

e Random fluctuations

e A bias term representing attraction
toward the food source

Copyright @ 2026
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These components combine to produce the
observed change in position over time. Behavioral
diffusion therefore emerges as the macroscopic
consequence of microscopic fluctuations in neural
and motor activity.

Because behavioral entropy and diffusion metrics
remain underused in neuroscience and sleep
research, this framework provides a quantitative
method for evaluating system-level neural
stability. Trajectory data were obtained from 500
seconds of locomotor recording per replicate over
a ten-day period, resulting in high-resolution
spatial datasets. XY position coordinates for
individual flies were extracted using Tracker 6.3.3
software. From these trajectories, entropy, MSD;,
MSD:, diffusion coefficient (D), anomalous
diffusion exponent (o), and drift were calculated
for each treatment group. A total of 225 flies were
randomly assigned to one of nine experimental
treatments, representing varying concentrations of
caffeine, polyphenols, and combined compounds,

Discussion

Overall, chronic sleep deprivation gen d
unique characteristics in the locomogpn

values (H = 0.69) together
diffusion coefficients (D =

baseline locomotor variabili eep
deprivation.
Moreover, caffeine tr8 ed the

N N &
dynamics of locomotor mo¥ @ gt by increasing

from H =
approximately
condition, w

ese patterns indicate
or variability and increased

red as a solution to fatigue,
dy suggest that caffeine may

ization.

Volume 4 Issue 1
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diffusion coefficien
results indicate more constral
trajectories and

ent with increased

stabilization dynamics under
physiological POombined  caffeine—
polyphenol esulted in entropy and

ere intermediate between
ts. Median entropy ranged
-0.72, while diffusion coefficients
ranged from ~ 0.58-0.61. These findings
est that caffeine partially offsets the
o cffects of polyphenols on locomotor

together, these findings indicate that entropy
iffusion capture complementary dimensions

belfvioral organization and that dietary
oWpounds modulate locomotor system dynamics
g sleep deprivation.

Echanistic interpretation of treatments

Through the combination of past research and this
study, it has been uncovered that coffee tends to
have detrimental effects, particularly when
consumed for prolonged periods of time and at
higher concentrations [3,8,9]. On the other hand,
polyphenols tend to exhibit more neuroprotective
effects [10-12].

With this in mind, it begs the question of why this
stark difference exists. The answer therein lies in
the mechanisms of caffeine in coffee vs. matcha
and cocoa products. Coffee delivers caffeine
quickly through the digestive system, with a peak
of energy at 30-60 minutes post-consumption
[13]. This mechanism explains why coffee tends
to cause issues within an organism; the body does
not have time to adjust to the changes before being
infiltrated with caffeine. Matcha, however,
gradually delivers the naturally present caffeine
from the green tea leaf over the course of 4 to 6
hours, with no dramatic peaks in energy.

This gradual mechanism allows for caffeine to
gently infiltrate the body, preventing jitters and
hyperactive, chaotic mental states [14-18].

Moreover, it is important to note that the reason
matcha and other polyphenols exhibit these

Copyright @ 2026
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properties is due to an amino acid called L-
theanine [19-23]. L-theanine is a naturally
occurring amino acid, found mainly in the leaves
of certain plants such as Camellia sinensis (teas)
and some mushrooms, mainly as its biologically
active L-enantiomer [24-29]. Structural analog of
glutamate, L-theanine activates glutamate
receptors and also affects inhibitory and neuro-
modulatory neurotransmission, such as GABA,
dopamine, and serotonin [30-32]. These
mechanisms appear to be responsible for the
regulation of cortical excitability and attentional
states. Currently available evidence suggests oral
L-theanine  supplementation may improve
attention and cognitive performance in
individuals with normal cognitive abilities.

Conclusions

This study demonstrates that behavioral entropy
and diffusion analysis provide a physics-based
means to quantify the stability of neural systems
under sleep deprivation.

Sleep-deprived control flies exhibited moderate
diffusion together with moderately high entropy,
reflecting baseline locomotor variability unde
conditions of physiological stress. Caffej
treatments increased both entropy and diffi
relative to control conditions ind'

exploratory movement. While ca
commonly used to counteract fatj
results suggest that caffeine amplifi

gest that
ics under

treatments exhibited
d diffusion values,
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conditions of sleep deprivation.
results demonstrate that syste

flexibility and for invedgating

compounds influence mplex 1ological
systems.

Limitations

While polyphen av n to serve as an

itute to coffee, it is
y not be true for all

efficient general
important to n

populations s 1s particularly the case for

ire an immediate peak in
energy, adual increase. A meta-
analys y caffeine consumption was typically
related to sed levels of hyperactivity in

ntion Deficit Hyperactivity

th,
1 (ADHD). This specific meta-analysis

me additional limitations for this project
in®ude the lack of neural imaging for a concrete
view of the effects of different treatments on
neural systems. Nonetheless, when utilizing
Drosophila melanogaster, it 1is inherently
complicated to obtain accurate results from neural
imaging, and two-photon microscopy would be
needed, which the researcher did not have at their
disposal. Similarly, Drosophila melanogaster was
used as a model organism, which limits the direct
translatability of results to human neural systems.
While flies share conserved sleep and neuro-
modulatory pathways with mammals, differences
in brain complexity and metabolism restrict direct
extrapolation to human cognition or dietary
effects.

Also, mechanical sleep deprivation may introduce
stress-related confounds independent of sleep loss
itself. Although all experimental groups were
subjected to identical deprivation conditions,
mechanical stimulation could influence locomotor
behavior or neural state beyond the effects of sleep
deprivation alone. Similarly, only short-term
effects were examined due to

Drosophila melanogaster’s limited lifespan of 15
days to 30 days. Behavioral tracking was

Copyright @ 2026
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conducted over a fixed 500-second window, and carrying out animal research; duglcare gyas
the study did not assess long-term adaptation, taken to handle them and en #imal gress
recovery, or cumulative effects of prolonged was caused to them.
dietary exposure. .
Chemical safety:
Implications )
e C(Caffeine (coffec extract) olyphenols
These results showcase that behavioral entropy (matcha ang & powder) were added
and diffusion can efficiently serve as physics- at low leg concentrations,
based metrics for evaluating neural systems under which 4 well bdbw occupational
sleep deprivation. By treating locomotor behavior exposure
as an emergent property of an underlying e Glo asses were properly

dynamical system, these measures function as
quantitative observables linking macroscopic

e preparation and handling
ntaining media.

behavior to microscopic neural organization. . emical handling was conducted in
Unlike other traditional studies, this framework lated areas and carried out
uncovers whether increased movement is related using dedicated balances.

to adaptive flexibility or unregulated instability by
distinguishing ordered variability from stochastic
disorder within system dynamics. Overall, the
results indicate that polyphenols tend to promote
stability and behavioral adaptation, while the )
caffeine present in coffee constrains system vioral safety:
dynamics. In dynamical terms, polyphenols
appear to preserve exploratory variability,
whereas caffeine shifts the system toward

constrained motion regimes. This suggestgtha
neural stimulants like caffeine may i
alertness without improving neural

stability.

nused media and chemical waste were
d of in accordance with
ional and local chemical waste
disposal policies.

The mechanical sleep deprivation
protocols were implemented in a way that
minimized injuries while -effectively
restricting an individual's sleep.

e No manual handling was involved in the
locomotor recording, thus minimizing
any stress-induced artifacts.

e The environmental factors (temperature,

e lighting, and humidity) were well-

regulated for the well-being of flies.

Similarly, this work supports
polyphenols as a dietary supplem
the effects of chronic sleep depriv

coffee.  Furthermore, it ) . .
Ethical considerations:

rather than isolated beha e  Experimental procedures did not involve

biological systems cannot be i the use of vertebrates, human subjects, or

through single-variable measure . harmful biological agents.

e All experiments were done according to
the principles of the "3Rs" (Replacement,
Reduction, Refinement), and only a
minimum of flies were used that were
necessary to obtain statistically relevant
results.

framework  for
interventions Vvj
metrics and de
approaches
studying
perturbati

dietary
avioral

Overall, this study ensured that chemical and
behavioral interventions were applied safely,
ethically, and consistently across all experimental
onducted following standard groups.

sa and ethics for carrying out
i 4 : Tyms Data Availability
involving  invertebrates.  Since
paiclanogaster are not vertebrate The raw data from this study are available upon
s, it was not necessary to seek approval for request. Please email Clara Martins De Bellis
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Silva at claramdbs@gmail.com to access the
datasets.
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