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Abstract 

Aerobic exercise with eicosapentaenoic acid (EPA) may enhance cognition via cerebrovascular 
pathways. We tested whether mild hyperbaric oxygen (HBO; 1.41 atmospheres absolute [ATA], 
approximately 30% O₂) adds to gains in cognitive processing capacity (throughput) versus 
normobaric normoxia (1.0 ATA, approximately 21% [20.9%] O₂). Young healthy males (n=16) 
performed cycling exercise at 60–70% VO₂peak for 60 min, twice weekly, for 4 weeks per environment 
with a 1-week washout; EPA (2,170 mg·day⁻¹) continued for 8 weeks. An EPA-only control (n=8) was 
included for supplementary analysis. The primary outcome was throughput (correct·min⁻¹; T1–T4); 
secondary outcomes were interference indices (I1: stroop interference, I2: reverse-stroop 
interference). Effects were estimated using linear mixed models [environment, time, environment × 
time; AR(1), REML] and Hedges’ gav; accuracy used generalized estimating equations. Throughput 
improved mainly with time (T1–T2 p<.001; T4 p=.017; T3 p=.055), with no environment or interaction 
effects. I1/I2 showed no significant change, and one task exhibited an accuracy ceiling. Under safe, 
feasible conditions (≤1.41 ATA), aerobic exercise improved processing capacity (throughput) 
independently of environmental oxygenation level. The absence of additive effects may be due to the 
conservative settings used in this study. 

Keywords: aerobic exercise; cognitive function; brain-vascular pathways; eicosapentaenoic acid; 
oxygen level 
 

1. Introduction 

Aerobic exercise enhances higher-order cognitive functions, such as attention and inhibitory 
control, by optimizing neurovascular units, primarily in the prefrontal cortex [1]. The hyperbaric 
ygen (HBO) environment, which artificially modifies the available oxygen during exercise, increases 
the partial pressure of arterial blood oxygen and tissue oxygenation level, thereby influencing 
peripheral and cerebral circulation dynamics [2]. However, few studies have simultaneously 
examined the combined effects of HBO and exercise, along with the intake of the n-3 polyunsaturated 
fatty acid, eicosapentaenoic acid (EPA), which possesses anti-inflammatory and neuroprotective 
effects, on the inhibition of human interference (Stroop task). 

The authors recently observed that during exercise in an HBO environment, while the red blood 
cell count and hematocrit decreased, the hemoglobin concentration was maintained, leading to the 
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proposition of a working hypothesis that reduced blood viscosity and stable oxygen-carrying 
capacity can coexist, implying enhanced microcirculatory efficiency [3]. Furthermore, EPA supports 
neurovascular coupling reactivity by alleviating vascular inflammation and improving rheological 
properties [4,5]. Given these findings, HBO with exercise with EPA is expected to enhance the 
“functional reserve” of networks involved in conflict resolution and response selection, thereby 
boosting both the speed and accuracy of interference suppression. However, performance on the 
Stroop task is susceptible to the “speed-accuracy tradeoff,” and relying solely on reaction time or 
accuracy rates risks underestimating or overestimating the intervention effect [6]. Therefore, 
throughput (number of correct responses per unit time), which integrates speed and accuracy, serves 
as a composite index. Furthermore, combining this with speed-based measures of interference 
suppression (I1/I2) allows for a more decomposed examination of where the effects manifest within 
the processing pipeline (perception, conflict resolution, and response selection) [7,8].  

Furthermore, this study envisions future applications in space medicine. Astronauts perform 
tasks in spacesuits (typically 0.3 atm, 100% oxygen), effectively executing cognitive tasks in an 
environment equivalent to approximately 30% of terrestrial oxygen levels [9]. This study provides 
foundational data to verify the effects of oxygen availability on cognitive function.  

This study aimed to simultaneously examine aerobic exercise in an HBO environment and EPA 
intake within a randomized crossover framework in humans, clarifying their effects on speed-
accuracy integrated performance (throughput) and speed-based interference (I1/I2). The primary 
hypothesis predicted that throughput would improve before and after the intervention (main due to 
the effect of time), independent of the environment, owing to contributions from exercise adaptation 
and task learning. Furthermore, an exploratory hypothesis posited that HBO enhancement of oxygen 
availability could yield additional gains (environmental main effect or environment × time 
interaction). Regarding interference measures, we aimed to verify a directional decrease 
(improvement) while anticipating small changes in short-term interventions.  

The novelty of this study lies in its randomized crossover design that simultaneously addresses 
three factors: HBO, exercise, and EPA; analytical framework that centered on the speed-accuracy 
integration metric (throughput) as the primary outcome, with the speed-based interference 
suppression index (I1/I2) as a secondary measure; and linking of the obtained cognitive performance 
to the physiological working hypothesis of the blood and circulation system (simultaneous reduction 
of blood viscosity and maintenance of oxygen transport). This enables the bridging of exercise 
cognitive science with environmental physiology and nutritional sciences. 

2. Materials and Methods 

2.1. Study Design  

This was a randomized crossover trial (Figures 1 and 2) with a mixed design, combining a 2×2 
within-subject crossover of HBO and normobaric normoxia (NN) with a parallel control group that 
received only EPA (no exercise). Participants were divided into three groups. Two groups performed 
supervised cycling training under either HBO or NN conditions while simultaneously taking EPA 
daily: the HBO+exercise+EPA and the NN+exercise+EPA. Subsequently, the crossover groups 
switched environments and repeated an identical protocol. The third group consumed only EPA 
without exercise and served as the EPA control group under the NN conditions. Each trial lasted for 
4 weeks, with a 1-week washout period based on prior research on plasma EPA half-life [10]. Health 
examinations and measurements were conducted before, during, and after the experiments. This 
study was conducted in accordance with the principles of the Declaration of Helsinki and was 
approved by the Ethics Committee. Written informed consent was obtained from all the participants. 
The primary analysis focused on the crossover group (environment×time), whereas the EPA control 
group was included in the secondary analysis. This study was conducted as an experimental study 
on exercise and environmental physiology and not for medical purposes.  
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Figure 1. CONSORT flow diagram for the randomized two-period crossover trial. Eighteen individuals were 
assessed for eligibility; two were excluded (one could not adapt to the hyperbaric oxygen environment; one was 
an active smoker). Sixteen participants were randomized (Sequence A: HBO→NN, n=8; Sequence B: NN→HBO, 
n=8). All randomized participants completed both periods, and all were included in the primary analysis. Note: 
A separate non-randomized EPA-only control cohort (n=8) was evaluated independently and is not included in 
this flow diagram; all participants in this cohort completed all scheduled assessments. 

 
Figure 2. Randomized two-period crossover design. Participants (n = 16) completed two 4-week exercise phases 
under hyperbaric oxygen (HBO; 1.41 ATA, O₂ 30%) or normobaric normoxia (NN; 1.0 ATA, O₂ 20.9%) 
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environments in a randomized order, separated by a 1-week washout. EPA supplementation (2,170 mg·day⁻¹) 
continued throughout the 8-week protocol. Assessments were performed before and after each phase 
(morphology, body composition, blood pressure, and cognitive function [Stroop/Reverse-Stroop]). Optional: A 
separate control cohort (NN + EPA only, n = 8) followed the same assessment schedule without crossover; this 
cohort was not part of the randomized crossover and is summarized in Supplementary Tables S1–S3. ATA, 
atmosphere absolutes; EPA, eicosapentaenoic acid. 

2.2. Participants 

The participants for this study were recruited between April 25 and June 18, 2024. Twenty-four 
healthy adult males (mean ± standard deviation: age, 20.9 ± 1.4 years; height, 171.4 ± 5.6 cm; weight, 
64.1 ± 11.6 kg; and body mass index (BMI), 21.8±3.6 kg/m²) were recruited openly and randomly 
assigned to the HBO + exercise + EPA, NN + exercise + EPA, or EPA control groups (n=8 per group). 
The inclusion criteria were as follows: no history of cardiovascular or metabolic disease, no history 
of smoking, ability to perform moderate-intensity exercise and take EPA-containing supplements 
during the study period, and ability to adapt to hyperbaric environments. The exclusion criteria were 
as follows: age < 20 years, excessive exercise habits, and requiring specific foods and/or supplements. 
Participants were instructed to avoid significant changes in their diet or lifestyle during the study 
period. The sample size estimation was assumed to be f=0.25, based on a 2-group × 2-time point 
parallel comparison. It should be noted that this was a conservative setting for the crossover design 
that included within-subject comparisons. 

2.3. Experimental Environment 

2.3.1. Environment 

In the HBO environment, absolute pressure of 1.41±0.01 ATA, oxygen concentration of 29–31%, 
temperature of 21.7±0.7°C, and humidity of 73.5±4.6% were maintained. The NN environment 
maintained an absolute pressure of 1.00±0.01 ATA, an oxygen concentration of 20.9%, a temperature 
of 22.1±1.1°C, and a humidity of 70.5±6.5%. The HBO environment was constructed in an artificial 
environmental control chamber (Japan Pressure Bulk Industries Co., Ltd., Shizuoka, Japan) at a 
pressurization/depressurization rate of 0.07 ATA/min. A bicycle ergometer (STB-3400; Nihon Kohden 
Co. Ltd., Tokyo, Japan) was installed inside the chamber. The NN environment is established in a 
standard laboratory equipped with a similar facility. The hyperbaric chamber used complied with 
domestic operational safety standards (mild HBO Type II, ≤1.41 ATA) and was distinguished from 
medical treatment devices. 

2.3.2. Eligibility Assessment, Pre-Experimental Measurements, and Medical Examination 

Before enrolling for the experiment, the participants underwent a preliminary interview, 
supervised cycling training (peak oxygen uptake (VO2peak) measurement), and an assessment of their 
ability to adapt to the HBO environment. Medical examinations were performed by a physician. 
Baseline data, including anthropometric measurements and body composition, were collected at 
three time points: beginning, middle, and end of the experiment. 

2.3.3. Anthropometric Measurements 

Height was measured using a standard height gauge (A&D Co., Ltd., Tokyo, Japan). Weight and 
body composition parameters (fat-free mass [FFM], fat mass [FM], and fat mass percentage [% FM]) 
were assessed using a dedicated bioelectrical impedance analyzer (InBody 770; InBody Japan Co., 
Ltd., Tokyo, Japan). Based on these measurements, the BMI were calculated using the following 
formulas: BMI = weight (kg) / height² (m²). Systolic blood pressure and diastolic blood pressure were 
measured using an automatic upper arm blood pressure monitor (HBP-1300; Omron Co., Ltd., Kyoto, 
Japan) via an oscillometric method. 
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2.3.4. Exercise Load 

The exercise intensity for the bicycle ergometer test was set at 60–70% of the VO2peak. The 
pedaling speed was 60 rpm, and each session lasted 60 min. The test was conducted twice a week for 
4 weeks. Before the intervention, VO2peak was estimated using the breath-by-breath method with a 
respiratory metabolic monitoring system (AE-310S; Minato Medical Science Co. Ltd., Osaka, Japan). 
Exercise in the HBO environment was performed for 60 min after reaching the predetermined 
absolute pressure. The time required for pressurization and decompression was approximately 20 
min. Participants in the HBO group exercised in the HBO environment during the first phase and in 
the ambient-pressure environment during the second phase, while those in the ambient-pressure 
group exercised in the reverse order. The effects of the sequence and timing were examined using 
sensitivity analyses in the statistical analysis. 

2.3.5. EPA Intake  

During the study period, participants were instructed to take a high-concentration EPA 
supplement (Bizen Chemical Co., Ltd., Akaiwa, Japan) at 2,170 mg daily in capsule form. The EPA 
intake period overlapped with the exercise period in both environments. Intake was discontinued 
before study initiation and during the washout period. To ensure compliance and monitor 
gastrointestinal health, the participants were required to report their intake status, gastrointestinal 
symptoms, and stool characteristics online daily throughout the study period. The EPA dosage was 
food-grade and within the recommended range for dietary reference intake in Japan. 

2.3.6. Cognitive Function Assessment: Throughput, T1–T4, and I1–I2 

The New Stroop Test II (Toyophysical Co., Ltd., Fukuoka, Japan) was used to administer four 
tasks: T1 Reverse Stroop Control (semantic selection with no interference), T2 Reverse Stroop 
Interference (semantic selection with color ink interference), T3 Stroop Control (color name selection 
with no interference), and T4 Stroop Interference (color name selection with semantic interference). 
Each block was a 60-s self-paced response task with a randomized stimulus presentation and 
counterbalanced block order. Primary outcomes were throughput (correct responses per minute; 
correct·min⁻¹), integrating speed and accuracy; secondary outcomes included interference indices 
(I1/I2); and reference outcomes include accuracy (correct response rate). Throughput (T1-T4) was 
defined as processing efficiency = correct responses/60 s (unit: correct·min⁻¹). Interference indices 
were defined as I1 = (T3 − T4)/T3 and I2 = (T1 − T2)/T1. Accuracy was defined as a correct/incorrect 
response. Interpretation was based on both the p-value (Holm-corrected) and effect size [Hedges' 
gav·95% CI]. Positive values indicate improved throughput (increase), whereas decreases in I1/I2 
indicate reduced interference. Each measurement was conducted in an NN environment immediately 
before and after the intervention. 

2.3.7. Statistical Analysis  

Analyses were performed using IBM SPSS Statistics ver.27 (IBM Corp., Armonk, NY, USA). The 
primary (throughput) and secondary outcomes (I1/I2) were analyzed using linear mixed models 
(LMM). Fixed effects included environment (HBO/NN), time (Post/Pre), and their interaction. 
Random effects included the participant ID intercept. The repeated-measures covariance structure 
was first-order autoregressive (AR(1)), and the estimation was based on the restricted maximum 
likelihood (REML). Fixed effect tests used Type-III Wald χ² (df=1), and estimates were reported as 
coefficient ± standard error (SE) and 95% confidence interval (CI). The effect size for within-group 
change was determined using Hedges’ gav (95% CI). The reference outcome (accuracy) was analyzed 
using generalized estimating equations (GEE; binomial logit, exchangeable, and robust SE). Effect 
measures are reported as odds ratios (ORs) and 95% CI. Multiplicity was corrected using Holm’s 
method. The significance level was set at α=.05 (two-tailed), with a power of 0.80. 
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3. Results 

3.1. Summary 

The environment × time interaction and the main effect of the environment were not significant. 
However, the main effect of time was significant at T1, T2 (p<.001), T4 (p=.017), and showed a trend 
at T3 (p=.055) (Figure 3). 

 

Figure 3. Throughput performance across Stroop tasks (T1–T4): EMM ± SE by Environment and Time. Each 
panel shows stages T1–T4. Scatter points represent individual subject values (with minor horizontal jitter). HBO, 
white circles; NN, black triangles. For each cell (HBO/NN × Pre/Post), the short horizontal bars indicate 
estimated marginal means (EMM), and the vertical T-shaped error bars indicate ±SE (both based on LMM). 
Statistical rows show p-values for environment×time, environment, time, and gav (pre–post). The legend is 
displayed in the upper right of the T2 panel. Units: Throughput in correct·min⁻¹; I1/I2 unitless. HBO. Hyperbaric 
oxygen; NN, normobaric normoxia; LMM, linear mixed model. 

3.2. Physical Characteristics 

The interaction effect of the environmental conditions and time was not significant for any of the 
following variables: height, weight, BMI, body composition parameters, or blood pressure. No 
significant changes in the physical characteristics were observed in the EPA control group (all p>.050). 
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Table 1. Participant characteristics before and after the intervention in the HBO + exercise + EPA group, the NN 
+ exercise + EPA group, and the NN + EPA group. 

 

3.3. Cognitive Processing Efficiency (Throughput) 

Figure 3 shows the pre- and post-intervention throughputs of the HBO + exercise + EPA group 
and the NN + exercise + EPA group. No interactions were observed across any of the four tasks (T1: 
p=.419, T2: p=.518, T3: p=.115, T4: p=.281), and the main effect of the environment was also 
nonsignificant (T1, p=.920, T2, p=.601, T3, p=.891, T4, p=.974). In contrast, the main effect of time was 
significant at T1 and T2 (both p<.001), significant at T4 (p=.017), and showed a trend at T3 (p=.055), 
indicating that the throughput improved after the intervention regardless of the environment. The 
magnitude of the pre- and post-intervention difference (Hedges' gav) varied by task: T1-HBO, 0.39; 
NN, 0.56; T2-HBO, 0.65; NN, 0.44; T3-HBO, 0.33; NN, 0.04; T4-HBO, 0.29; and NN, 0.12. Figure 3 
shows individual data points and estimated marginal means ± SE, with units expressed as 
correct·min⁻¹. 

3.3.1. T1–T4 and I1–I2: LMM Test Table 

In the LMM for T1–T4, no environment×time interaction was detected (T1: χ²=0.654, p=.419; T2: 
χ²=0.417, p=.518; T3: χ²=2.491, p=.115; T4: χ²=1.161, p=.281). No main effect of the environment was 
observed either (T1: χ²=0.010, p=.920; T2: χ²=0.274, p=.601; T3: χ²=0.019, p=.891; T4: χ²=0.001, p=.974). 
On the other hand, the main effect of Time was significant at T1 (coefficient=5.062, 95% CI [2.63–7.49], 
χ²=16.757, p<.001), T2 (coefficient=4.594, 95% CI [2.59–6.59], χ²=20.457, p<.001), and T4 
(coefficient=2.281, 95% CI [0.40–4.16], χ²=5.682, p=.017), while T3 showed a trend (Coefficient=1.750, 
95% CI [−0.03–3.53], χ²=3.692, p=.055). 

Table 2. The Type-III Wald χ² (df=1) test results for fixed effects in the LMM. 

. 
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3.3.2. T1–T4 and I1–I2: Effect Sizes Within the Same Environment 

For changes within each environment (gav), throughput had the largest effect at T2, with a clear 
improvement at T1, whereas T3 and T4 showed small and uncertain effects. For HBO: T1=0.39 (95% 
CI 0.05–0.74), T2=0.65 (0.42–0.88), T3=0.33 (−0.01–0.67), T4=0.29 (−0.01–0.58). For NN: T1=0.56 (0.34–
0.78), T2=0.44 (0.12–0.77), T3=0.04 (−0.22–0.28), T4=0.12 (−0.10–0.33). Thus, T1–T2 showed a small to 
moderate improvement (particularly moderate too large for T2 in HBO and moderate for T1 in NN), 
while T3–T4 showed small effects, with 95% CIs frequently crossing zero. 

The effect sizes of the interference indices (I1/I2) were both near zero with wide intervals, 
showing no substantial changes (HBO: I1 = −0.09 [−0.57–0.39], I2 = 0.09 [−0.29–0.47]; NN: I1=0.14 
[−0.50–0.78], I2=−0.08 [−0.52–0.37]). 

Table 3. The effect sizes (Hedges’ gav) before and after exposure to the same environment. 

 

4. Discussion 

This study used a randomized crossover design to examine the effects of supervised cycling 
training under HBO/NN environment with concurrent EPA supplementation on processing 
efficiency (throughput) and interference indices (I1/I2) in Stroop-type cognitive tasks. First, while 
throughput consistently improved mainly with time, the main effect of the environment and the 
environment × time interaction were not significant, and no short-term additive effect of EPA was 
observed. Furthermore, I1/I2 showed no significant changes, and the accuracy suggested a ceiling 
effect in one task (Figure 3; Table 2). Therefore, the observed enhancement in processing efficiency 
can be interpreted as primarily resulting from the progressive integration and optimization of speed 
and accuracy (semi-automation of response selection and efficient allocation of attentional resources) 
through regular aerobic exercise and task learning (repetition) [11–13]. This supports the notion that 
exercise produces a generalizable facilitation across the processing pipeline and improves the 
efficiency of the entire Stroop task processing pipeline (perception, to conflict resolution, to response 
selection). Specifically, both behavioral measures (RT reduction and accuracy maintenance) and 
event-related potentials indicate that after aerobic exercise, resource allocation increases in the 
perception/stimulus evaluation stage (P2/P3), responsiveness to control demands in the 
conflict/inhibition stage (N2) improves, and consequently, response selection stabilizes and 
accelerates [14–16]. 

However, these findings do not imply that HBO lacks efficacy. Possible reasons for failing to 
detect additional benefits of HBO include: participants being young healthy adults with high baseline 
abilities and limited room for improvement; HBO settings prioritizing mild HBO (≤1.41 ATA) and 
exercise intensity/frequency, along with EPA dosage/duration, potentially failing to reach 
physiological effect thresholds; the current task being relatively dominated by visual search and 
response selection, potentially making it difficult for the effects of oxygen availability differences to 
manifest [17–19]. The primary implication of this study is that improvements in processing efficiency 
can be achieved through exercise training and task repetition, independent of the environment. It is 
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reasonable to interpret that the additive effect of HBO/EPA was not absent but rather did not manifest 
under the dosage, duration, and task conditions used in this study. Furthermore, this trial has 
methodological significance in establishing and validating a protocol and measurement system (HBO 
settings, pressurization rate, exercise modality, and throughput as primary outcomes) that can be 
safely implemented in humans. 

Furthermore, the lack of significant change in I1/I2 may be due to: task learning first boosting 
processing speed, potentially delaying its impact on interference suppression (conflict resolution); 
evaluation window issues (block length or measurement timing) making it difficult to detect subtle 
changes; or variance reduction in metric composition (ceiling/floor effects) [20–22]. This 
interpretation is not a post hoc rationalization of non-significant results, but rather a positionable 
working hypothesis that can be pre-tested. Future work requires optimizing the interference intensity 
(incongruity ratio, stimulus probability, and conflict parameters) and task difficulty, along with 
refining the measurement design (block length and retest timing). In summary, the findings of this 
study can be coherently explained using a biphasic model. While motor adaptation (enhancement of 
efficiency in neurovascular units centered on the prefrontal cortex) and task learning (optimization 
of stimulus-response mapping) drive throughput increases, HBO/EPA likely has minimal effects or 
remains within the range of measurement sensitivity under the current conditions and participants. 
The proposed mechanisms include: enhanced responsiveness of cerebral blood flow and 
neurovascular coupling (NVC) [11–13], stabilization of substrate supply during short-duration tasks 
via lactate signaling/mobilization of alternative fuels (medium-chain triglycerides; MCT system) [23–
25], and reduced reaction time variability associated with autonomic nervous system regulation 
(heart rate variability; HRV) [26–28]. However, because this study did not simultaneously measure 
physiological indicators, these remain as the proposed mechanisms. 

Future directions include: optimizing dose, duration, and frequency (HBO settings [partial 
pressure of oxygen, exposure time, and session frequency], exercise frequency, intensity, time, and 
type, EPA dose, and intervention duration); amplifying task difficulty and avoiding ceiling effects 
(manipulating mismatch ratio, stimulus presentation probability, and competition intensity); 
subdivision of assessment timing (separating acute responses, delayed effects, and longitudinal 
changes), direct verification of NVC-metabolic coupling through simultaneous measurement of 
physiological indicators like functional near-infrared spectroscopy (fNIRS), electroencephalography 
(EEG), HRV, and expansion of study population (elderly, at-risk groups, and women). This should 
be systematically advanced  [1,29,30]. These approaches allowed for a rigorous examination of the 
boundary conditions for additive effects (which doses, durations, and loads elicit them) and the 
validity of the proposed mechanisms, thereby enhancing the external validity of the protocol 
established in this study. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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ATA atmosphere absolute  
BMI body mass index 
DBP diastolic blood pressure 
EPA eicosapentaenoic acid 
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O₂ oxygen  
VO2peak peak oxygen uptake 
%FM percent fat mass 
I1 stroop interference 1 
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SBP systolic blood pressure 
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