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Abstract

This study investigated the effects of pickleball exercise on brain activity using
electroencephalography (EEG). We examined changes in brainwave frequencies, neural efficiency
(Serenity), and brain synchronization (Synergy) across different stages of an exercise protocol.
The participant underwent EEG recordings before, during, and after the pickleball exercise, with
measurements taken in both open and closed-eye states. Results showed significant increases in
neural efficiency throughout the protocol, peaking after exercise completion. Brain
synchronization maintained a consistent moderate level during exercise. Closed-eye states
promoted higher efficiency and synchronization compared to open-eye states. These findings not
only suggest that pickleball exercise, combined with strategic closed-eye periods, may optimize
cognitive function and brain performance but also offer hope for innovative interventions in
cognitive health.

Introduction

While the cognitive benefits of physical exercise are well-established, the specific neural
mechanisms underlying these effects are still a subject of ongoing research. This study fills this
gap by investigating the immediate effects of pickleball, a popular racquet sport, on brain activity.
By leveraging EEG technology, we can track real-time changes in neural patterns, providing
unique insights into how this exercise influences cognitive function.

This study aimed to investigate the effects of pickleball exercise on brain activity using EEG
analysis. We focused on two key aspects of brain function:

1. Neural efficiency (Serenity): A measure of how effectively the brain is operating.
Higher values suggest more optimal brain function

2. Brain synchronization (Synergy): A reflection of the coordination between different
brain regions. Higher values indicate better integration of brain activity

Furthermore, we comprehensively analyzed specific brainwave frequencies (Delta, Theta, Alpha,
Beta, and Gamma) throughout the exercise protocol. By examining these parameters before,
during, and after exercise and open and closed-eye states, we aimed to provide a complete
understanding of how pickleball exercise influences brain dynamics.

Brain Waves Measured
1. Delta waves (0.5 - 4 Hz):

e The slowest brain waves
o Typically associated with deep, dreamless sleep and unconscious bodily functions



e In waking states, can be associated with deep meditation or healing processes

2. Theta waves (4 - 8 Hz):
o Often present during light sleep or deep relaxation
e Associated with creativity, intuition, and memory recall
e Can be prominent during meditative states or drowsiness

3. Alpha waves (8 - 13 Hz):
o Present during relaxed wakefulness, especially with closed eyes
« Associated with calm, relaxed, and meditative states
o Can indicate a state of relaxed alertness, good for learning and mind-body coordination

4. Beta 1 waves (13 - 20 Hz):
o Associated with normal waking consciousness and active thinking
« Indicates alertness, focus, and engaged mental activity
o Often dominant when we're actively solving problems or making decisions

5. Beta 2 waves (20 - 30 Hz):
e Higher frequency beta waves
e Associated with intense focused mental activity and complex thought
« Can be present during states of anxiety or excitement.
6. Gamma waves (30+ Hz):
e The fastest brain waves

« Associated with higher cognitive functions, including perception, problem-solving, and
consciousness

Methods

Participants

The study involved a healthy 60-year-old male adult participant engaged in a pickleball exercise
routine protocol.

Equipment

» EEG Device: Clinical Grade Muse E002-0317
» Software: Optibrain Ver 3.13

Procedure

EEG readings were taken before, during, and after the pickleball exercise routine, with
measurements in both open and closed-eye states. The protocol lasted approximately 135 minutes,
with 30-second measurements at each stage.

Data Collection

EEG data was collected from multiple electrode positions: AF7, AF8, TP10, and TP9.



Measurements included various brainwave frequencies (Delta, Theta, Alpha, Beta, Gamma) and
derived metrics of Synergy (brain synchronization) and Serenity (neural efficiency).
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Analysis

We compared brain wave activity across different exercise stages and between open and closed-
eye states. We also analyzed changes in Synergy and Serenity percentages throughout the protocol.

Results

Figure 1: Before and after exercise, the overall brain state shows a greater balance in efficiency
and consistent synchronization levels, indicating a balance of inter-regional coordination that
may be optimal for physical activity.



Key Observations

1. Delta waves:
o Highest during the "Before Exercise" and "During Exercise" stages with open eyes
o Significantly lower when eyes are closed
o Lowest after exercise
2. Theta waves:
o Follow a similar pattern to Delta waves
o Highest before exercise with open eyes
o Decrease during and after exercise
3. Alpha waves:
o Relatively consistent across stages
o Slightly higher during the "Before Exercise" stage with open eyes
o Increase slightly after exercise compared to during exercise (closed eyes)
4. Beta waves:
o Relatively stable across all stages
o Slight decrease after exercise
5. Gamma waves:
o Low activity across all stages
o Slight increase during exercise, particularly with open eyes
6. Open vs. Closed Eyes:
o Generally, open eyes are associated with higher activity across all frequency bands
o The difference is most pronounced in Delta and Theta waves
7. Exercise Effect:
o During exercise, there's a general decrease in Delta and Theta activity compared to
before exercise
o After exercise, most frequency bands show reduced activity compared to during
exercise

Based on this comparison of brain wave activity across different stages of the exercise protocol,
we can draw several insights:

1. Eye State Impact: There’s a significant difference in brain activity between open and closed
eye states, particularly for slower wave frequencies (Delta and Theta). This is expected, as visual
input typically increases overall brain activity.

2. Exercise Effects:

a. During Exercise: Compared to the pre-exercise state, there's a general decrease in slower wave
activities (Delta and Theta), especially with closed eyes. This might indicate increased alertness
or cognitive engagement during the exercise.

b. After Exercise: Most frequency bands show reduced activity compared to both before and during
exercise states. This could suggest the exercise's calming or relaxing effect, potentially indicating
an improved mental state or recovery.

3. Alpha Waves:

The relative stability of Alpha waves across stages, with a slight increase after exercise (closed
eyes), might indicate a relaxed but alert state. This could be a positive indicator of the exercise's
impact on mental state.

4. Beta and Gamma Waves:



These faster frequencies, associated with active thinking and processing, remain relatively stable
throughout the protocol. The slight increase in Gamma during exercise (especially with open eyes)
might suggest enhanced cognitive processing or attention.

5. Overall Trend:

The general pattern shows higher overall brain activity before and during exercise, with a
noticeable decrease after exercise. This could indicate that the exercise protocol led to a more
relaxed mental state.

Brain Wave Activity Across Exercise Stages

Table 1 presents the average brainwave activity (in uV) across different stages of the exercise
protocol.

Stage Eyes Delta Theta Alpha Beta Gamma
Before Exercise Open 18.29 11.35 4.69 1.35 0.53
Before Exercise Closed 5.28 1.94 1.32 0.93 0.64
During Exercise (Early) Open 17.80 7.29 3.67 1.46 0.78
During Exercise (Early) Closed 7.07 2.7 1.87 0.91 0.46
During Exercise (Late) Closed 6.51 2.28 1.35 0.64 0.37
During Exercise (Late) Open 13.32 3.16 1.33 0.95 0.49
After Exercise Closed 3.76 1.50 1.76 0.64 0.37

Table 1: Brain Wave Activity Comparison Across Exercise Stages. Note: Values are averages
across all electrode positions (AF7, AF8, TP10, and TP9) for the "Motion" state, measured in
microvolts (uV).

Key Observations by Frequency Band

1. Delta (0.5-4 Hz):
o Highest during open-eye states, especially before and early in exercise
o Decreases significantly as exercise progresses
o Lowest after exercise with closed eyes
2. Theta (4-8 Hz):
o Similar pattern to Delta, highest before exercise with open eyes
o Substantial decrease during exercise, particularly in later stages
o Continues to decrease after exercise
3. Alpha (8-13 Hz):
o Highest before exercise with open eyes
o Decreases during exercise, more pronounced in later stages
o Slight increase after exercise compared to late exercise (closed eyes)
4. Beta (13-30 Hz):
o Relatively stable compared to slower frequencies
o Slight increase early in exercise, then decreases in later stages
o Lowest after exercise
5. Gamma (30+ Hz):
o Shows the least variation across stages
o Slight increase early in exercise with open eyes
o Decreases in later stages of exercise and after exercise



Based on this comparison of brain wave activity across different stages of the exercise protocol,
we can draw several insights:

1. Eye State Impact:

There's a significant difference in brain activity between open and closed eye states, particularly
for slower wave frequencies (Delta and Theta). This is expected, as visual input typically increases
overall brain activity.

2. Exercise Effects:

a. During Exercise: Compared to the pre-exercise state, there's a general decrease in slower wave
activities (Delta and Theta), especially with closed eyes. This might indicate increased alertness
or cognitive engagement during the exercise.

b. After Exercise: Most frequency bands show reduced activity compared to both before and during
exercise states. This could suggest a calming or relaxing effect of the exercise, potentially
indicating improved mental state or recovery.

3. Alpha Waves:

The relative stability of Alpha waves across stages, with a slight increase after exercise (closed
eyes), might indicate a relaxed but alert state. This could be a positive indicator of the exercise's
impact on mental state.

4. Beta and Gamma Waves:

These faster frequencies, associated with active thinking and processing, remain relatively stable
throughout the protocol. The slight increase in Gamma during exercise (especially with open eyes)
might suggest enhanced cognitive processing or attention.

5. Overall Trend: The general pattern shows higher overall brain activity before and during
exercise, with a noticeable decrease after exercise. This could indicate that the exercise protocol
led to a more relaxed mental state.

Neural Efficiency (Serenity) and Brain Synchronization (Synergy)

Table 2 shows the changes in Serenity and Synergy percentages throughout the exercise protocol.

Stage Eye State Time Interval (min) Synergy (%) Serenity (%)
Before Exercise Open 0 5041 4282
Before Exercise Closed g 80.72 76.22
During Exercise Open 36 61.93 4892
During Exercise Closed 37 64.84 74.78
During Exercise Closed 73 65.95 75.83
During Exercise Open 12 63.68 46.88
After Exercise Closed 136 61.25 77.66

Table 2: Serenity and Synergy Percentages Throughout the Exercise Protocol

Key Observations
1. Synergy Percentage:
o Lowest at the start (50.41% with open eyes)
o Peaks during "Before Exercise™ with closed eyes (80.72%)
o Stabilizes around 61-65% during and after exercise

2. Serenity Percentage:



o Lowest at the start (42.82% with open eyes)

o Consistently higher with closed eyes

o Gradually increases throughout the protocol, peaking after exercise (77.66%)
3. Eye State Impact:

o Both Synergy and Serenity percentages are generally higher with closed eyes

o The difference is more pronounced for Serenity
4. Exercise Effect:

o Synergy shows less variation during and after exercise compared to before

o Serenity continues to increase, reaching its highest point after exercise

Based on this analysis of Synergy and Serenity percentages throughout the exercise protocol, we
can draw several insights:

1. Overall Trend:

Both Synergy and Serenity percentages show an overall increasing trend from the beginning to the
end of the protocol. This suggests that the exercise routine may have had a positive effect on the
participant's mental state.

2. Synergy Percentage:

a. Initial Spike: There's a dramatic increase in Synergy when the participant first closes their eyes
before exercise (from 50.41% to 80.72%). This could indicate that simply closing the eyes leads
to a more harmonious brain state.

b. Stabilization: During and after exercise, Synergy percentages stabilize around 61-65%. This
suggests that the exercise activity might have normalized brain activity to a consistent level of
synchronization.

c. Exercise Impact: The fact that Synergy doesn't return to the high level seen initially with closed
eyes might indicate that the exercise itself keeps the brain in a more active, but still relatively
synchronized state.

3. Serenity Percentage:

a. Consistent Increase: Serenity shows a more consistent upward trend throughout the protocol,
suggesting a gradual calming effect of the exercise.

b. Peak After Exercise: The highest Serenity percentage (77.66%) is observed after exercise with
closed eyes. This could indicate that the combination of completing the exercise and closing the
eyes leads to the most serene mental state.

c. Eye State Sensitivity: Serenity appears more sensitive to eye state than Synergy, with
consistently higher percentages when eyes are closed.

4. Eye State Impact: Both metrics consistently show higher values when the eyes are closed.
This suggests that closing the eyes promotes a more synchronized (higher Synergy) and calmer
(higher Serenity) brain state

5. Exercise Progression: a. As the exercise progresses, the difference in both Synergy and
Serenity between open and closed-eye states becomes less pronounced. This could indicate that
the exercise is harmonizing on brain activity, partially mitigating the impact of visual input. b.
Even as Synergy stabilizes, the continued increase in Serenity might suggest that the exercise is
particularly effective at promoting a sense of calmness or tranquility.

6. Potential Implications:

a. The protocol appears to be effective in increasing both Synergy and Serenity, which could be
interpreted as promoting a more balanced and calm mental state. b. The most beneficial state
(highest Serenity) is achieved after exercise with closed eyes, suggesting that a period of closed-
eye rest following the exercise might be particularly beneficial.



c. The stabilization of Synergy during exercise might indicate an optimal level of brain
synchronization for the task at hand.

Eye State Effects

Table 3 compares brain wave activity between open and closed eye states before and during
exercise.

Stage Eye State Delta Theta Alpha  Beta Gamma Synergy (%) Serenity (%)
Before Exercise Open 18.31 11.35 4.69 1.35 0.53 50.41 42.82
Before Exercise Closed 5.28 1.94 1.32 0.93 0.64 80.72 76.22
During Exercise Open 17.80 7.29 3.67 1.46 0.78 61.93 48.92
During Exercise Closed 7.07 2.7 1.87 0.91 0.46 64.84 74.78

Table 3: Open vs. Closed Eyes Brain Wave Activity Comparison. Note: Values for brain waves
are in uV. Synergy and Serenity are presented as percentages.

Key Observations

1. Delta waves:
o Consistently higher in open eye states
o Before Exercise: Open 18.31 pV vs Closed 5.28 pV
o During Exercise: Open 17.80 pnV vs Closed 7.07 uV
2. Theta waves:
o Similar pattern to Delta, higher in open eye states
o Before Exercise: Open 11.35 pV vs Closed 1.94 uV
o During Exercise: Open 7.29 uV vs Closed 2.71 uV
3. Alpha waves:
o Higher in open eye states, but less pronounced difference
o Before Exercise: Open 4.69 pV vs Closed 1.32 uV
o During Exercise: Open 3.67 uV vs Closed 1.87 uV
4. Beta waves:
o Relatively consistent between open and closed states
o Slightly higher in open eye states
5. Gamma waves:
o Mixed results, slightly higher in open eyes during exercise
o Before Exercise: Open 0.53 puV vs Closed 0.64 pV
o During Exercise: Open 0.78 uV vs Closed 0.46 uV
6. Synergy (%):
o Consistently higher in closed eye states
o Most pronounced difference before exercise
7. Serenity (%):
o Significantly higher in closed eye states
o Difference more pronounced before exercise

Based on this detailed comparison between open and closed eye states, we can draw several
important insights:



1. Overall Brain Activity:
Open-eye states consistently show higher overall brain activity, particularly in the slower
frequency bands (Delta and Theta). This is likely due to the increased sensory input and
processing required when the eyes are open.

2. Frequency-Specific Differences:
a. Delta and Theta Waves: These show the most dramatic differences between open and closed
eyes. The much higher activity in open-eye states might be related to increased alertness and
sensory processing.
b. Alpha Waves: While still higher in open-eye states, the difference is less pronounced. Alpha
waves are often associated with relaxed alertness, and their presence in both states suggests
the participant maintained a relatively calm state throughout.
c. Beta Waves: The relatively small difference in Beta waves between open and closed eyes
suggests that active thinking and processing were fairly consistent regardless of eye state.
d. Gamma Waves: The mixed results in Gamma activity might indicate that factors beyond
just eye state influenced high-level cognitive processing.
3. Exercise Impact: The differences between open and closed eyes seem to diminish slightly
during exercise compared to before exercise. This could suggest that the physical activity had
a normalizing effect on brain wave patterns.
4. Synergy and Serenity: These derived metrics show a clear preference for closed eye
states. Both Synergy and Serenity percentages are consistently higher when eyes are closed,
which might indicate:
0 A more harmonious brain state (higher Synergy) in the absence of visual stimuli
o A calmer, more peaceful mental state (higher Serenity) when eyes are closed
5.  Implications for Relaxation: The higher Serenity percentages in closed eye states,
especially before exercise, suggest that closing the eyes promotes a more relaxed state. This
could be valuable information for designing relaxation or meditation protocols.
6. Sensory Processing: The consistently higher activity in open eye states, especially in
Delta and Theta bands, likely reflects the brain's engagement in processing visual information
and maintaining visual attention.
7. Protocol Considerations: These results highlight the importance of controlling for eye
state in EEG studies. The significant differences observed between open and closed eyes
demonstrate how this factor can substantially influence brain activity measurements.

Discussion

The results of this study provide several insights into the effects of pickleball exercise on brain
activity:

1. Exercise Impact: Pickleball exercise appears to have a cumulative positive effect on
neural efficiency (Serenity), with the best results achieved post-exercise. This suggests
potential cognitive benefits extending beyond the duration of the activity.

2. Brain Synchronization: The exercise maintained a consistent, moderate level of brain
synchronization (Synergy). This could indicate an optimal balance for physical activity,
keeping different brain regions working together effectively.

3. Eye State Influence: Closed-eye states generally promoted both efficiency and
synchronization, with a more pronounced effect on efficiency. This suggests that



incorporating periods of closed-eye rest or meditation, particularly before and after
exercise, could amplify cognitive benefits.

4. Brainwave Changes: The decrease in slower wave activities (Delta and Theta) during
exercise, coupled with the stability of Alpha waves and slight increases in faster
frequencies (Beta and Gamma), indicates a brain state characterized by increased alertness
and cognitive engagement while maintaining relaxation.

5. Optimal States: Peak brain efficiency was achieved post-exercise with closed eyes,
suggesting an ideal state for tasks requiring high cognitive performance. The highest brain
synchronization occurred initially with closed eyes before exercise, indicating potential
benefits of pre-exercise meditation.

These findings have significant implications for optimizing cognitive performance through
combined exercise and meditation practices. A protocol alternating between pickleball exercises
and strategic closed-eye periods could enhance overall brain function.

Limitations and Future Directions

This study was limited to a single participant, and future research should involve a larger sample
size to validate these findings. Additionally, investigating the long-term effects of regular
pickleball exercise on cognitive function could provide valuable insights into its potential as a
cognitive enhancement strategy.

Conclusion

This EEG study on brain activity during pickleball exercise has revealed significant insights into
the interplay between physical activity, eye state, and cognitive function. The findings paint a
comprehensive picture of how exercise influences brain dynamics and suggest potential strategies
for optimizing cognitive performance.

The exercise protocol demonstrated a clear positive impact on brain function, particularly in
enhancing neural efficiency (Serenity). This improvement was progressive, peaking after exercise
completion, suggesting that the benefits of physical activity on cognitive function may extend
beyond the duration of the exercise itself. Concurrently, brain synchronization (Synergy)
maintained a consistent, moderate level during exercise, indicating a balanced state of inter-
regional coordination that may be optimal for physical activity.

A key finding was the significant influence of eye state on brain activity. Closed-eye states
consistently promoted higher brain efficiency and synchronization compared to open-eye states,
with this effect being more pronounced for efficiency. This suggests that incorporating periods of
closed-eye rest or meditation, particularly before and after exercise, could amplify the cognitive
benefits of physical activity.

The analysis of brainwave frequencies provided further insight into the neurological changes
occurring during and after exercise. The decrease in slower wave activities (Delta and Theta)
during exercise, coupled with the stability of Alpha waves and slight increases in faster frequencies
(Beta and Gamma), paints a picture of a brain state characterized by increased alertness, cognitive
engagement, and processing capability, while maintaining a relaxed state.
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Importantly, the study identified optimal states for different cognitive demands. Peak brain
efficiency was achieved post-exercise with closed eyes, suggesting this as an ideal state for tasks
requiring high cognitive performance. Conversely, the highest brain synchronization occurred
initially with closed eyes before exercise, indicating potential benefits of pre-exercise meditation
or relaxation techniques.

These findings have significant practical implications. They suggest that a protocol combining
exercise (like pickleball) with strategic use of closed-eye periods could be highly effective for
optimizing brain function. This approach could be particularly beneficial for enhancing cognitive
performance, problem-solving abilities, and overall mental well-being.
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