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Highlights 

What are the main findings? 

• Greater global prefrontal oxy-Hb during exercise was associated with greater subsequent 
improvement in inhibitory control, indexed by reduced Flanker cost. 

• Game-based exercise elicited higher prefrontal oxy-Hb during exercise than aerobic exercise, but 
Flanker cost improvement did not differ significantly between conditions. 

What are the implications of the main findings? 

• Prefrontal oxygenation during exercise may help explain individual differences in post-exercise 
cognitive benefits. 

• Game-based exercise may provide a useful model for studying how cognitively engaging 
movement influences brain oxygenation and executive function. 

Abstract 

Background/Objectives: Acute exercise can influence executive function, but the neurophysiological 
responses linking exercise to cognitive change remain unclear. Functional near-infrared spectroscopy 
(fNIRS) provides a feasible method for assessing prefrontal oxygenation during movement-based 
exercise. This study examined whether prefrontal oxygenated hemoglobin (oxy-Hb) during exercise 
was associated with subsequent changes in inhibitory control after aerobic and game-based exercise 
in young adults. Methods: Twenty-four healthy young adults completed aerobic and game-based 
exercise conditions in a randomized, counterbalanced, within-subject design. The aerobic condition 
consisted of jogging, whereas the game-based condition consisted of a pickleball-based activity. 
Exercise intensity was monitored during both conditions. Prefrontal oxy-Hb was recorded during 
exercise using fNIRS, and inhibitory control was assessed before and after each condition using an 
Eriksen Flanker task. The primary behavioral outcome was Flanker cost improvement, and the 
primary fNIRS outcome was mean baseline-corrected prefrontal oxy-Hb during exercise. Results: 
Exercise intensity was comparable between conditions. Greater mean prefrontal oxy-Hb during 
exercise was significantly associated with greater improvement in Flanker cost (β = 3.71 ms per 0.01 
µM, 95% CI [2.13, 5.30], p < 0.001). Game-based exercise elicited higher mean prefrontal oxy-Hb 
during exercise than aerobic exercise. No significant condition difference was observed for Flanker 
cost improvement. Conclusions: Prefrontal oxygenation during exercise was associated with 
subsequent improvement in inhibitory control. These findings suggest that neurophysiological 
responses during exercise may account for some between-person variability in acute exercise-related 
cognitive benefits. 

Keywords: acute exercise; inhibitory control; fNIRS; prefrontal cortex; game-based exercise; 
cognitively engaging exercise; executive function; young adults 
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1. Introduction 

Acute exercise can transiently influence executive function. However, the magnitude and 
direction of this effect are not uniform and may depend on exercise intensity, exercise modality, 
participant characteristics, cognitive domain, and the timing of post-exercise assessment [1–3]. 
Among executive function domains, inhibitory control is particularly relevant because it reflects the 
ability to suppress irrelevant or inappropriate responses and to resolve response conflict. The Eriksen 
Flanker task is widely used to assess inhibitory control by comparing performance on congruent and 
incongruent trials [4,5], with the Flanker cost reflecting the behavioral interference produced by 
distracting flankers. Previous studies have shown that a single bout of moderate-to-vigorous aerobic 
exercise may improve inhibitory control in young adults; however, these effects are not consistently 
observed and appear to vary depending on the exercise protocol, timing of assessment, and outcome 
measure [1–3]. These mixed findings suggest that acute exercise effects on inhibitory control are likely 
context-dependent and may require simultaneous consideration of behavioral and 
neurophysiological responses. 

Several mechanisms have been proposed to explain the acute exercise-cognition relationship. 
These include changes in arousal, exercise-related neurochemical activity, cerebral blood flow and 
oxygenation, lactate-related metabolic signaling, and neurotrophic factors such as brain-derived 
neurotrophic factor (BDNF) [6,7]. Although these mechanisms are not mutually exclusive, it remains 
unclear which physiological responses are most closely linked to short-term changes in executive 
function. In this context, cerebral oxygenation has received increasing attention because it provides a 
plausible bridge between exercise-induced physiological activation and cognitive performance. 
Functional near-infrared spectroscopy (fNIRS) offers a non-invasive and relatively ecologically valid 
method for monitoring prefrontal hemodynamic responses during both physical activity and 
cognitive task performance [8]. 

The prefrontal cortex (PFC) plays an important role in inhibitory control, conflict monitoring, 
attentional regulation, and flexible allocation of cognitive resources [9]. fNIRS is particularly useful 
in exercise-cognition research because it allows cortical oxygenation to be assessed during 
movement-based protocols that are difficult to examine using more motion-sensitive neuroimaging 
techniques [8]. Oxygenated hemoglobin (oxy-Hb) is commonly used as an index of cortical 
oxygenation and task-related hemodynamic response. However, oxy-Hb during exercise must be 
interpreted cautiously because it may be influenced not only by neural activity but also by systemic 
physiological changes, including heart rate, respiration, blood pressure, scalp blood flow, and 
motion-related artifacts [8,10,11]. Therefore, higher oxy-Hb during exercise should not be interpreted 
automatically as greater or more beneficial neural activation. 

In addition to physiological intensity, the cognitive demands embedded within exercise may be 
important for understanding exercise-related cognitive outcomes. Traditional aerobic exercise, such 
as jogging, primarily emphasizes metabolic and cardiovascular load and generally involves relatively 
predictable, repetitive movement patterns characteristic of closed-skill exercise [12–15]. In contrast, 
game-based exercise can be conceptualized as a cognitively engaging exercise modality because it 
integrates physical exertion with continuous perceptual, decision-making, and motor-coordination 
demands [12–15]. This perspective is consistent with the argument that exercise-cognition research 
should move beyond quantitative characteristics such as intensity and duration alone and consider 
qualitative characteristics of movement, including cognitive challenge, task complexity, and 
cognitive-motor integration [13–15]. 

Within this framework, game-based exercise can be characterized as a cognitively engaging 
modality with greater cognitive-motor demands than relatively repetitive aerobic exercise. This 
characterization reflects the broader idea that movement requiring decision-making, visuomotor 
coordination, and adaptation to changing environmental demands may recruit executive control 
processes during exercise [12–15]. Importantly, this distinction does not imply that aerobic exercise 
is cognitively passive; rather, it differentiates exercise modalities according to the degree of 
embedded cognitive engagement and environmental complexity. 
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Emerging evidence suggests that open-skill or cognitively engaging exercise may have distinct 
effects on executive function compared with closed-skill aerobic exercise. For example, an acute 
fNIRS study reported that open-skill exercise improved inhibitory control without a corresponding 
increase in task-related prefrontal activation during subsequent cognitive testing, suggesting that 
behavioral improvement may sometimes reflect more efficient neural processing rather than greater 
cortical recruitment [16]. This finding is important because it cautions against interpreting larger oxy-
Hb responses as inherently more beneficial. Accordingly, the mechanistic question in the present 
study is not simply whether game-based exercise elicits greater prefrontal oxygenation than aerobic 
exercise, but whether individual differences in prefrontal oxy-Hb during exercise are associated with 
subsequent changes in inhibitory control. 

Despite growing interest in cognitively engaging and open-skill exercise as modalities that may 
differentially influence executive function [12–15], the neurophysiological basis of these effects 
remains insufficiently characterized. Although fNIRS has been increasingly used to examine 
prefrontal hemodynamic responses in exercise-cognition research [8], few acute studies have directly 
compared aerobic or closed-skill exercise with cognitively engaging or game-based exercise while 
simultaneously assessing behavioral performance, prefrontal oxygenation, and exercise intensity 
within the same experimental framework [16]. 

This gap is important because modality-related differences in cognitive performance or 
prefrontal oxy-Hb may be misinterpreted if physiological intensity is not adequately monitored. For 
example, a game-based activity may appear to elicit greater prefrontal oxy-Hb because of greater 
cardiovascular or movement-related demands rather than cognitive engagement itself. To address 
this issue, the present study monitored heart rate, accelerometry, and ratings of perceived exertion 
to determine whether aerobic and game-based conditions were performed at comparable intensity. 

The present study examined whether prefrontal oxy-Hb during exercise is associated with 
subsequent changes in inhibitory control following intensity-monitored aerobic and game-based 
exercise in young adults. Aerobic exercise was represented by jogging, whereas game-based exercise 
was represented by a pickleball-based activity. Participants completed both conditions in a 
randomized, counterbalanced, within-subject design. Exercise intensity was monitored using heart 
rate, accelerometry, and ratings of perceived exertion (RPE). Prefrontal oxy-Hb was recorded during 
the exercise, and Flanker task performance was assessed before and after each condition. 

The primary aim was to determine whether global prefrontal oxy-Hb during was associated 
with pre-to-post improvement in Flanker cost. Secondary aims were to compare aerobic and game-
based exercise on global prefrontal oxy-Hb during exercise and Flanker task outcomes, with 
exploratory analyses examining regional prefrontal oxy-Hb responses. It was hypothesized that 
greater global prefrontal oxy-Hb during exercise would be associated with greater subsequent 
improvement in inhibitory control, reflected by a reduction in Flanker cost. Given its greater 
cognitive-motor demands, game-based exercise was expected to elicit greater prefrontal oxy-Hb than 
aerobic; differences in inhibitory control improvement were examined as a secondary aim. 

2. Materials and Methods 

2.1. Participants 

Twenty-seven healthy young adults aged 18–30 years were enrolled from the university and 
surrounding community. Participants were eligible if they were free from known neurological, 
psychiatric, cardiovascular, or musculoskeletal conditions that could affect exercise participation, 
cognitive testing, or functional near-infrared spectroscopy (fNIRS) signal quality. Participants were 
also required to have normal or corrected-to-normal vision and no current medication use known to 
influence cognitive performance, cerebral hemodynamics, or exercise tolerance. 

Physical activity readiness was screened using the Physical Activity Readiness Questionnaire 
(PAR-Q) [17], and habitual physical activity was assessed using the International Physical Activity 
Questionnaire (IPAQ) [18]. Participants reporting a potential contraindication to physical activity 
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were excluded or required to provide medical clearance before participation. Participants were 
instructed to avoid vigorous exercise, alcohol, and caffeine for 24 h before testing and to maintain 
their usual sleep routine before the laboratory visit. Participants were excluded from the analytic 
sample if fewer than 70% of fNIRS channels met acceptable signal-quality criteria for condition-level 
analysis. All procedures were approved by the Institutional Review Board (IRB-FY22-295), and all 
participants provided written informed consent before participation. 

2.2. Study Design and Procedure 

This study used a randomized, counterbalanced, within-subject design. Each participant 
completed one aerobic exercise condition and one game-based exercise condition during a single 
laboratory visit. The aerobic exercise condition consisted of jogging, whereas the game-based exercise 
condition consisted of a pickleball-based activity. Condition order was randomized and 
counterbalanced across participants to reduce order effects (Figure 1). 

 

Figure 1. Study design and experimental procedure. Participants completed a one-visit randomized, 
counterbalanced, within-subject protocol involving aerobic exercise and game-based exercise. After screening, 
informed consent, PAR-Q eligibility confirmation, and device setup, participants completed both exercise 
conditions in randomized order. The same assessment sequence was repeated for each condition: baseline/rest 
fNIRS recording, pre-exercise Flanker task, exercise condition with fNIRS and intensity monitoring, and post-
exercise Flanker task. The aerobic condition consisted of jogging, whereas the game-based condition consisted 
of pickleball activity. Conditions were separated by a 10-min seated rest interval. fNIRS = functional near-
infrared spectroscopy; HR = heart rate; RPE = rating of perceived exertion. 

After informed consent and screening, participants were fitted with the fNIRS cap, and signal 
quality was checked before data collection. For each condition, participants first completed a seated 
resting baseline, followed by a pre-exercise Flanker assessment. Participants then completed the 
assigned exercise condition while fNIRS oxy-Hb, heart rate, and accelerometer data were recorded. 
Ratings of perceived exertion (RPE) were collected immediately after exercise, followed by a post-
exercise Flanker assessment with concurrent fNIRS recording. 

Because both exercise conditions were completed during one visit, a 10-min seated rest interval 
was included between conditions to reduce immediate carryover effects. After the rest interval, 
participants repeated the same sequence for the second condition: resting baseline, pre-exercise 
Flanker assessment, exercise, RPE assessment, and post-exercise Flanker assessment. A separate 
resting baseline was recorded before each condition to support condition-specific baseline correction 
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of fNIRS oxy-Hb. The fNIRS cap remained in place throughout the visit when possible to minimize 
changes in optode placement. 

2.3. Exercise Conditions and Intensity Monitoring 

The aerobic exercise condition consisted of 10 min of jogging on an indoor gym track at a target 
light-to-moderate intensity. This condition represented a continuous rhythmic activity with relatively 
predictable movement demands. The game-based exercise condition consisted of 10 min of 
pickleball-based activity performed with a research assistant across a net. Participants engaged in 
repeated ball exchanges, sustained rallies, and brief point-based play, requiring visuomotor tracking, 
response selection, coordination, and continuous adaptation to a changing task environment. 

The two exercise conditions were matched for duration and monitored to promote comparable 
exercise intensity across conditions. Heart rate was recorded using a Polar H10 heart rate monitor 
(Polar Electro Oy, Kempele, Finland)., and movement intensity was quantified using an ActiGraph 
GT3X accelerometer (ActiGraph LLC, Pensacola, FL, USA). Mean heart rate, peak heart rate, 
accelerometer-derived activity counts, and post-exercise RPE on the Borg 6-20 scale were recorded 
for each condition. These measures were used to evaluate whether the aerobic and game-based 
conditions were performed at comparable intensity and to inform sensitivity analyses if meaningful 
intensity differences were observed. 

2.4. fNIRS Measurement 

Concentration changes in oxygenated hemoglobin (oxy-Hb) in the prefrontal cortex (PFC) were 
measured using a portable, wearable fNIRS system, the Brite MKII (Artinis Medical Systems, Elst, 
the Netherlands). The system uses near-infrared light at two wavelengths to estimate changes in 
cortical hemoglobin concentration, and data were sampled at 50 Hz. Because the Brite MKII uses 
wireless Bluetooth technology, participants were able to complete the exercise protocols without 
restriction from wired connections. During data collection, participants wore the Brite MKII cap 
throughout the experimental visit. The optode montage consisted of 10 transmitters and 8 receivers, 
yielding 24 long-separation source-detector channels positioned over the PFC; short-separation 
channels were not used (Figure 2a,b). 
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(a) Anterior-dorsal view of the 24-channel 
prefrontal fNIRS montage. The montage included 
10 transmitters and 8 receivers, yielding 24 source-
detector channels positioned over the prefrontal 
cortex. Channels were grouped into predefined 
regions of interest based on channel midpoint 
location: left PFC, front PFC, and right PFC.  

(b) Example placement of the wearable fNIRS cap 
during data collection. fNIRS = functional near-
infrared spectroscopy; PFC = prefrontal cortex; 
ROI = region of interest. 

 

Figure 2. fNIRS system and prefrontal optode montage. 

Oxy-Hb was selected a priori as the primary hemodynamic outcome because it is commonly 
used as an index of exercise- and task-related cortical oxygenation. The optode montage was kept 
consistent throughout the visit. Signal quality was visually inspected before data collection, and the 
optode montage was adjusted as needed to improve scalp contact and reduce poor signal detection. 
The 24 channels were grouped into three predefined PFC regions of interest (ROIs) based on channel 
midpoint location: left PFC, front PFC, and right PFC. The left and right PFC ROIs each included nine 
channels, whereas the front PFC ROI included six channels. 

Only oxy-Hb signals were processed for the planned fNIRS analyses. Oxy-Hb values were 
baseline-corrected using the resting baseline recorded immediately before each condition. Raw 
signals were visually inspected for signal quality and motion artifacts, and channels with poor signal 
quality were excluded before ROI averaging. Because the present analysis used condition-level mean 
oxy-Hb values, preprocessing focused on obtaining stable baseline-corrected averages for each 
exercise bout. For analyses of oxy-Hb during exercise, the primary fNIRS outcome was mean 
baseline-corrected oxy-Hb averaged across the entire exercise bout. The exercise bout was not 
subdivided into temporal segments because the primary objective was to characterize overall 
prefrontal oxygenation during each exercise condition. For each ROI, oxy-Hb values were averaged 
across valid channels within that region. A global PFC oxy-Hb value was calculated as the average 
across all valid PFC channels and was specified as the primary fNIRS outcome. Regional ROI values 
were retained for secondary analyses to examine whether exercise-related oxy-Hb responses differed 
across left, front, and right PFC regions. For cognitive-task analyses, oxy-Hb was averaged across the 
Flanker task for each condition and time point. 

2.5. Flanker Task 

Inhibitory control was assessed using a computerized arrow version of the Eriksen Flanker task 
implemented in the Psychology Experiment Building Language (PEBL) Test Battery [19,20]. The task 
required participants to identify the direction of a centrally presented target arrow while ignoring 
adjacent flanking arrows. Participants were instructed to respond as quickly and accurately as 
possible by pressing the left key when the central arrow pointed left and the right key when the 
central arrow pointed right. 

Each trial began with a white fixation cross presented for 500 ms, followed immediately by a 
horizontal array of five equally sized and equally spaced white arrows presented for 800 ms. The 
arrow array was 10.5 cm wide. In congruent trials, the four flanking arrows pointed in the same 
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direction as the central target arrow, whereas in incongruent trials, the flanking arrows pointed in 
the opposite direction. For example, “< < < < <” and “> > > > >” represented congruent trials, whereas 
“< < > < <” and “> > < > >” represented incongruent trials. Participants completed 80 experimental 
trials at each assessment, consisting of 40 congruent and 40 incongruent trials presented in random 
order. The task included an equal number of left- and right-direction target responses. Before the 
experimental trials, participants completed 12 practice trials, which were not included in the analysis. 
The Flanker task lasted approximately 10 minutes. 

Reaction time and response accuracy were recorded for each trial. Reaction time analyses were 
conducted using correct-response trials only. Trials with no response, anticipatory responses less 
than 200 ms, or slow responses greater than 1500 ms were excluded from reaction time analyses. 
Accuracy and error outcomes were calculated using all trials. The primary behavioral outcome was 
Flanker cost, calculated as mean reaction time on incongruent trials minus mean reaction time on 
congruent trials. Larger Flanker cost values indicate greater interference from task-irrelevant 
flankers, whereas smaller values indicate more efficient inhibitory control. Flanker cost improvement 
was calculated so that positive values reflected a reduction in interference from pre- to post-exercise. 
Mean reaction time, accuracy, total errors, congruent-trial performance, and incongruent-trial 
performance were analyzed as secondary behavioral outcomes. Reaction time outcomes were 
interpreted alongside accuracy and error measures to account for potential speed-accuracy trade-offs. 

2.6. Statistical Analysis 

Descriptive statistics were calculated for participant characteristics, exercise intensity measures, 
behavioral outcomes, and fNIRS outcomes. Continuous variables were summarized as mean ± 
standard deviation, and categorical variables were summarized as frequencies and percentages. Data 
distributions were inspected for outliers and normality before inferential analyses. 

The primary behavioral outcome was Flanker cost improvement, calculated as pre-exercise 
Flanker cost minus post-exercise Flanker cost, such that positive values reflected a reduction in 
interference after exercise. The primary fNIRS outcome was mean baseline-corrected global PFC oxy-
Hb during the exercise. Global PFC oxy-Hb was calculated as the average across all valid PFC 
channels. 

The primary analysis examined whether global PFC oxy-Hb during exercise was associated with 
subsequent Flanker cost improvement. This association was tested using a linear mixed-effects model 
with Flanker cost improvement as the dependent variable, global PFC oxy-Hb during exercise as the 
primary predictor, exercise condition as a fixed effect, and participant included as a random intercept. 
A random slope was not included because each participant contributed only two condition-level 
observations. This model was selected to account for the within-subject design, in which each 
participant completed both aerobic and game-based exercise conditions. 

Secondary analyses examined condition differences in exercise intensity, fNIRS outcomes, and 
behavioral outcomes. Because each participant completed both conditions, aerobic and game-based 
exercise were compared using paired-sample comparisons for mean heart rate, peak heart rate, 
accelerometer-derived activity intensity, RPE, global PFC oxy-Hb during exercise, and Flanker cost 
improvement. Secondary behavioral outcomes included total mean reaction time, accuracy, total 
errors, congruent-trial performance, and incongruent-trial performance. 

Exploratory regional fNIRS analyses examined whether exercise-related oxy-Hb responses 
differed across predefined PFC ROIs. For these analyses, regional oxy-Hb values were analyzed using 
a 2 (condition: aerobic vs. game-based) × 3 (ROI: left, front, right PFC) repeated-measures model. 
These analyses were considered exploratory because the primary fNIRS hypothesis focused on global 
PFC oxy-Hb. 

Order effects were evaluated in sensitivity analyses by adding randomized condition order to 
the primary mixed-effects model. If exercise intensity differed meaningfully between conditions, 
additional sensitivity analyses were conducted by including intensity measures as covariates. 
Statistical significance was set at p<0.05. Effect sizes and 95% confidence intervals were reported 
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where appropriate to support interpretation of both statistically significant and non-significant 
findings. 

3. Results 

3.1. Participant Characteristics 

Twenty-seven participants were enrolled in the study. Three participants were not included in 
the final analytic sample because of insufficient fNIRS signal quality, resulting in 24 participants 
included in the analysis. The analytic sample included 13 males and 11 females, with a mean age of 
24.5 ± 3.7 years. Mean height was 67.4 ± 3.9 inches, mean body mass was 154.4 ± 27.7 lb, and mean 
body mass index was 23.7 ± 2.7 kg/m². Participants reported an average of 187.6 ± 90.4 min/week of 
moderate-to-vigorous physical activity. Based on habitual activity classification, 4 participants were 
classified as low active, 15 as moderately active, and 5 as highly active. Condition order was fully 
counterbalanced, with 12 participants completing the aerobic exercise condition first and 12 
completing the game-based exercise condition first (Table 1). 

Table 1. Participant characteristics and randomization. 

Characteristic Value 
Sample size, n 24 

Age, years 24.5 ± 3.7 
Gender, female/male, n 11/13 

Height, inches 67.4 ± 3.9 
Body mass, lb 154.4 ± 27.7 

BMI, kg/m² 23.7 ± 2.7 
Weekly MVPA, min/week 187.6 ± 90.4 

Activity level, n High: 5; Low: 4; Moderate: 15 
Dominant hand, right/left, n 23/1 

PAR-Q screening Cleared: 24 
Randomized order (aerobic first/game-based first, n) 12/12 

*BMI = body mass index; MVPA = moderate vigorous physical activity; PAR-Q = physical activity readiness 
questionnaire. Data are presented as mean ± SD. 

3.2. Exercise Intensity 

Exercise intensity measures were examined to determine whether the aerobic and game-based 
exercise conditions were performed at comparable intensity. Mean heart rate did not differ 
significantly between the aerobic condition and the game-based condition, although values were 
descriptively slightly higher during game-based exercise: 124.1 ± 7.8 bpm versus 126.9 ± 6.7 bpm, 
respectively; MD = 2.8 bpm, 95% CI [−1.8, 7.4], t(23)=1.24, p=0.226, d=0.25. Peak heart rate was nearly 
identical between conditions: 142.1 ± 8.2 bpm for aerobic exercise and 142.2 ± 8.9 bpm for game-based 
exercise; MD = 0.1 bpm, 95% CI [−5.3, 5.5], t(23)=0.04, p=0.971, d=0.01. 

Accelerometer-derived activity counts were also descriptively higher during game-based 
exercise but did not reach statistical significance. Mean ActiGraph counts were 2901.0 ± 472.9 
counts/min during aerobic exercise and 3104.5 ± 503.6 counts/min during game-based exercise; MD 
= 203.5 counts/min, 95% CI [−54.6, 461.7], t(23)=1.63, p=0.116, d=0.33. RPE ratings of perceived exertion 
were similar across conditions, with mean RPE values of 12.5 ± 1.2 for aerobic exercise and 12.9 ± 0.9 
for game-based exercise; MD = 0.45, 95% CI [−0.29, 1.19], t(23)=1.26, p=0.219, d=0.26 (Table 2). Overall, 
the intensity measures indicated broadly comparable light-to-moderate exercise intensity across the 
two conditions. 
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Table 2. Exercise intensity by condition. 

Variable Aerobic Game-based Mean difference [95% 
CI] 

p Values 

Mean heart rate (bpm) 124.13 ± 7.82 126.91 ± 6.71 2.78 [-1.84, 7.40] .226 

Peak heart rate (bpm) 142.07 ± 8.15 142.17 ± 8.95 0.10 [-5.32, 5.51] 0.971 
ActiGraph GT3X (counts/min) 2901.00 ± 472.92 3104.54 ± 503.61 203.54 [-54.60, 461.69] .116 

RPE (6-20 scale) 12.47 ± 1.18 12.92 ± 0.92 0.45 [-0.29, 1.19] .219 

* Mean difference is game-based minus aerobic; RPE = rating of perceived exertion. 

3.3. Flanker Task Performance 

Flanker cost decreased from pre- to post-exercise in both conditions, indicating reduced 
interference after exercise. In the aerobic condition, Flanker cost decreased from 68.0 ± 19.5 ms before 
exercise to 60.7 ± 22.0 ms after exercise. This corresponded to a mean improvement of 7.2 ± 21.6 ms, 
95% CI [−1.9, 16.3], t(23)=1.64, p=0.115, d=0.33. In the game-based condition, Flanker cost decreased 
from 67.8 ± 19.8 ms before exercise to 47.6 ± 26.1 ms after exercise. This corresponded to a mean 
improvement of 20.2 ± 28.5 ms, 95% CI [8.2, 32.3], t(23)=3.48, p=0.002, d=0.71. The direct paired 
comparison showed greater Flanker cost improvement after game-based exercise than after aerobic 
exercise; however, the between-condition difference did not reach statistical significance, MD = 13.0 
ms, 95% CI [−0.6, 26.7], t(23) = 1.97, p=0.061, d=0.40. 

Total mean reaction time decreased after both exercise conditions. In the aerobic condition, total 
mean reaction time decreased from 497.0 ± 46.0 ms to 483.1 ± 44.4 ms. In the game-based condition, 
total mean reaction time decreased from 492.9 ± 43.1 ms to 469.4 ± 43.0 ms. The reduction in total 
reaction time was significantly larger after game-based exercise than after aerobic exercise; MD = 9.6 
ms, 95% CI [4.2, 15.1], t(23)=3.68, p=0.001, d=0.75. 

Accuracy remained high across assessments. In the aerobic condition, accuracy was 94.0 ± 3.6% 
before exercise and 95.8 ± 3.2% after exercise. In the game-based condition, accuracy was 94.1 ± 3.4% 
before exercise and 96.6 ± 2.7% after exercise. Error counts decreased from 4.8 ± 2.9 to 3.3 ± 2.6 errors 
in the aerobic condition and from 4.7 ± 2.7 to 2.8 ± 2.2 errors in the game-based condition. Accuracy 
did not decrease after either exercise condition. 

Mean reaction time decreased more for incongruent trials than for congruent trials, particularly 
after game-based exercise. In the aerobic condition, congruent-trial reaction time decreased from 
463.1 ± 40.9 ms to 452.7 ± 42.7 ms, whereas incongruent-trial reaction time decreased from 531.0 ± 52.5 
ms to 513.5 ± 48.6 ms. In the game-based condition, congruent-trial reaction time decreased from 
459.0 ± 39.6 ms to 445.6 ± 39.7 ms, whereas incongruent-trial reaction time decreased from 526.8 ± 48.5 
ms to 493.1 ± 49.6 ms (Table 3). 

Table 3. Flanker behavioral outcomes. 

Outcom
e 

Aerobic 
Pre 

Aerobic 
Post 

Aerobic 
Change 

Game-
based Pre 

Game-
based Post 

Game-
based 

Change 

Between-
condition 
difference  
[95% CI] 

p d 

Flanker 
cost, ms 

68.0 ± 19.5 60.7 ± 22.0 7.2 ± 21.6 67.8 ± 19.8 47.6 ± 26.1 20.2 ± 28.5 13.0 [-0.6, 26.7] 0.061 0.40 

Total 
mean RT, 

ms 

497.0 ± 46.0 483.1 ± 44.4 13.9 ± 
10.3 

492.9 ± 43.1 469.4 ± 43.0 23.6 ± 9.0 9.6 [4.2, 15.1] 0.001* 0.75 

Accuracy, 
% 

94.0 ± 3.6 95.8 ± 3.2 1.8 ± 3.6 94.1 ± 3.4 96.6 ± 2.7 2.4 ± 2.6 0.6 [-1.2, 2.4] 0.485 0.14 

Error 
count 

4.8 ± 2.9 3.3 ± 2.6 1.5 ± 2.9 4.7 ± 2.7 2.8 ± 2.2 2.0 ± 2.1 0.5 [-1.0, 2.0] 0.485 0.14 

Congruen
t RT, ms 

463.1 ± 40.9 452.7 ± 42.7 10.3 ± 
12.8 

459.0 ± 39.6 445.6 ± 39.7 13.4 ± 14.8 3.1 [-5.6, 11.9] 0.465 0.15 
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Incongrue
nt RT, ms 

531.0 ± 52.5 513.5 ± 48.6 17.5 ± 
16.7 

526.8 ± 48.5 493.1 ± 49.6 33.7 ± 18.8 16.2 [7.5, 24.9] <0.001* 0.78 

* Data are presented as mean ± SD; RT = reaction time; For reaction time, Flanker cost, and errors, change is 
calculated as pre minus post; positive values indicate a reduction after exercise. For accuracy, change is 
calculated as post minus pre and is expressed in percentage points. 

3.4. Prefrontal Oxy-Hb during Exercise 

Baseline-corrected global PFC oxy-Hb during exercise was significantly higher during game-
based exercise than during aerobic exercise. Mean global PFC oxy-Hb was 0.122 ± 0.031 µM during 
aerobic exercise and 0.164 ± 0.043 µM during game-based exercise. The mean condition difference 
was 0.042 µM, 95% CI [0.019, 0.065], t(23)=3.84, p<0.001, d=0.78. 

Exploratory ROI analyses showed that oxy-Hb differed across prefrontal regions and was higher 
during game-based exercise across ROIs. In the aerobic condition, baseline-corrected oxy-Hb values 
were 0.110 ± 0.031 µM in the left PFC, 0.141 ± 0.034 µM in the front PFC, and 0.117 ± 0.033 µM in the 
right PFC. In the game-based condition, values were 0.152 ± 0.043 µM in the left PFC, 0.189 ± 0.044 
µM in the front PFC, and 0.153 ± 0.047 µM in the right PFC (Table 4). The repeated-measures model 
showed a significant main effect of condition, F(1,23)=14.73, p<0.001, and a significant main effect of 
ROI, F(2,46) = 85.73, p<0.001. The condition × ROI interaction was not statistically significant, 
F(2,46)=2.35, p=0.107, suggesting that the game-based increase in oxy-Hb during exercise was not 
clearly localized to a single ROI (Figure 3). 

 

Figure 3. Global and regional prefrontal oxy-Hb during aerobic and game-based exercise. (a) Baseline-corrected 
global PFC oxy-Hb during aerobic and game-based exercise. Individual participant values are shown, with 
paired observations connected across conditions. (b) Regional PFC oxy-Hb during aerobic and game-based 
exercise across left, front, and right PFC regions of interest. Points represent individual participant values, and 
summary markers indicate group means with error bars. PFC = prefrontal cortex; ROI = region of interest; oxy-
Hb = oxygenated hemoglobin. 

Table 4. fNIRS Oxy-Hb outcomes during exercise. 

Outcome Aerobic Game-based Mean difference [95% CI] p d 
Global PFC oxy-Hb, µM 0.122 ± 0.031 0.164 ± 0.043 0.042 [0.019, 0.065] <0.001* 0.78 

Left PFC oxy-Hb, µM 0.110 ± 0.031 0.152 ± 0.043 0.042 [0.019, 0.065] <0.001* 0.79 
Front PFC oxy-Hb, µM 0.141 ± 0.034 0.189 ± 0.044 0.048 [0.025, 0.072] <0.001* 0.86 
Right PFC oxy-Hb, µM 0.117 ± 0.033 0.153 ± 0.047 0.035 [0.011, 0.060] 0.007* 0.61 

* PFC = prefrontal cortex; oxy-Hb = oxygenated hemoglobin; µM = micromolar; * indicates p < 0.05. 

3.5. Primary Association Between Oxy-Hb During Exercise and Flanker Cost Improvement 
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The primary analysis examined whether global PFC oxy-Hb during exercise was associated with 
subsequent improvement in inhibitory control. In the linear mixed-effects model, higher global PFC 
during exercise oxy-Hb was significantly associated with greater Flanker cost improvement. For 
interpretability, each 0.01 µM increase in PFC during exercise was associated with an estimated 3.71 
ms greater improvement in Flanker cost, SE = 0.81, 95% CI [2.13, 5.30], p<0.001. Expressed per 1.0 µM, 
the model coefficient was β = 371.49 ms, SE = 80.71, 95% CI [213.30, 529.69], p<0.001 (Figure 4). 

 

Figure 4. Association between global prefrontal oxygenation during exercise and Flanker cost improvement. 
Scatterplots show the association between global PFC oxy-Hb during exercise and Flanker cost improvement for 
the aerobic exercise condition, game-based exercise condition, and condition-difference contrast. Flanker cost 
improvement was calculated as pre-exercise Flanker cost minus post-exercise Flanker cost, with positive values 
indicating reduced interference after exercise. The condition-difference contrast represents game-based minus 
aerobic values for both global PFC oxy-Hb during exercise and Flanker cost improvement. PFC = prefrontal 
cortex; oxy-Hb = oxygenated hemoglobin. 

Exercise condition was not a significant independent predictor of Flanker cost improvement 
after accounting for global PFC oxy-Hb during exercise. The adjusted game-based versus aerobic 
condition effect was β = −2.56 ms, SE = 5.46, 95% CI [−13.26, 8.15] , p=0.640. This pattern suggests that 
the association between exercise and inhibitory control improvement was more closely related to 
individual differences in global PFC oxy-Hb during exercise than to exercise modality alone. 

Sensitivity analyses produced similar results. The association between global PFC oxy-Hb 
during exercise and Flanker cost improvement remained significant after adding randomized 
condition order to the model, β = 3.68 ms per 0.01 µM, p<0.001, and after separate adjustment for 
mean heart rate, accelerometer-derived activity counts, and RPE, all p<0.001. Randomized condition 
order was not a significant predictor, p=0.569. 

4. Discussion 

The present study examined whether global prefrontal oxy-Hb during exercise was associated 
with subsequent improvement in inhibitory control following intensity-monitored aerobic and game-
based exercise in young adults. The primary finding was that greater global PFC oxy-Hb during 
exercise was associated with greater improvement in Flanker cost from pre- to post-exercise. This 
association remained evident after accounting for randomized condition order and after sensitivity 
analyses that considered exercise intensity indicators. In contrast, no significant condition difference 
was observed for the primary behavioral outcome. Thus, the main contribution of this study is not 
that game-based exercise produced clearly superior inhibitory control performance, but that 
prefrontal oxygenation during exercise was related to individual differences in subsequent inhibitory 
control improvement. 

This finding extends current exercise-cognition research by suggesting that neurophysiological 
responses measured during exercise may provide information beyond traditional exercise intensity 
measures. Herold et al. proposed that fNIRS-derived brain parameters may be useful for 
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understanding individual responses to exercise and may eventually contribute to more 
individualized exercise prescription approaches [21]. In the present study, global PFC oxy-Hb during 
exercise was not interpreted as a direct marker of superior neural activation, but as a physiological 
response that may be meaningfully associated with subsequent cognitive change. This distinction is 
important because acute exercise-related cognitive benefits are likely influenced by interacting neural, 
vascular, systemic, and task-related processes rather than by a single mechanism. 

Game-based exercise elicited higher global PFC oxy-Hb during exercise than aerobic exercise. 
This finding is consistent with the view that open-skill or cognitively complex activities may impose 
greater attentional, visuomotor, response-selection, and adaptive demands than more predictable 
closed-skill exercise [14,15,24]. In the present study, the pickleball-based activity required 
participants to monitor ball movement, coordinate body position, select responses, and adapt to a 
changing environment. These features may have contributed to the higher PFC oxy-Hb observed in 
the game-based condition. However, because mean heart rate and accelerometer counts were also 
higher, although not statistically different, in the game-based condition, the relative contributions of 
cognitive-motor engagement and systemic physiological responses to the observed oxy-Hb 
difference cannot be disentangled in this design. 

However, the behavioral findings require a more cautious interpretation. Although Flanker cost 
decreased after both exercise conditions, the condition difference in Flanker cost improvement was 
not statistically significant. Therefore, the present results do not provide strong evidence that game-
based exercise produced greater inhibitory control improvement than aerobic exercise. This 
interpretation is consistent with methodological discussions in acute exercise-cognition research 
emphasizing that cognitive effects are often modest [25] and can vary depending on exercise modality, 
timing of assessment, cognitive task characteristics, and participant-level factors [1–3]. Accordingly, 
the behavioral findings should be interpreted as evidence of post-exercise improvement across 
conditions, with insufficient evidence for a clear condition-specific advantage in the primary 
behavioral outcome. 

Secondary behavioral outcomes provide additional context. Reaction time reductions were 
larger after game-based exercise, particularly for incongruent trials, whereas accuracy remained high 
across assessments. This pattern suggests that faster responses were not simply achieved at the 
expense of accuracy. Nevertheless, because Flanker cost improvement was specified as the primary 
behavioral outcome, these secondary findings should be interpreted as supportive rather than 
confirmatory. This distinction is important to avoid overstating the evidence for modality-specific 
cognitive benefits. 

The fNIRS findings should also be interpreted carefully. Although oxy-Hb is commonly used as 
an index of cortical oxygenation, fNIRS signals recorded during movement and exercise may reflect 
both cortical hemodynamic responses and systemic physiological influences. Scholkmann et al. 
emphasized that fNIRS signals measured at the head include components related to neurovascular 
coupling as well as cardiorespiratory and autonomic systemic physiology [10]. Kirilina et al. further 
demonstrated that superficial physiological artifacts can contaminate forehead fNIRS signals and 
may contribute to false-positive interpretations if not adequately considered [11]. Therefore, higher 
PFC oxy-Hb during game-based exercise should not be interpreted automatically as greater or more 
beneficial neural activation. 

The present study attempted to reduce this interpretive concern by monitoring exercise intensity 
using heart rate, accelerometry, and ratings of perceived exertion. The association between global 
PFC oxy-Hb during exercise and Flanker cost improvement remained evident after sensitivity 
analyses that considered intensity-related variables. This strengthens the interpretation that the 
primary association was not explained solely by gross differences in exercise intensity. However, 
these analyses cannot fully separate cortical oxygenation from extracerebral or systemic contributions. 
Future studies should incorporate more comprehensive physiological monitoring, including blood 
pressure, respiration, end-tidal carbon dioxide, and short-separation fNIRS channels when available, 
to better distinguish cortical hemodynamic responses from systemic artifacts [10,11,22]. 
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The regional fNIRS analyses showed higher oxy-Hb during game-based exercise across left, 
front, and right PFC regions. Although the front PFC region showed the highest values overall, the 
condition-by-ROI interaction did not provide strong evidence that modality-related differences were 
localized to a specific PFC subregion. This supports the decision to treat global PFC oxy-Hb as the 
primary fNIRS outcome. Given the spatial resolution limits of fNIRS and the potential influence of 
systemic physiology during exercise, regional ROI findings should be considered exploratory. 

The present results also have implications for how game-based exercise is conceptualized in 
exercise-cognition research [26]. Game-based exercise should not be framed simply as a more 
enjoyable version of aerobic exercise, but as a movement context that combines physical exertion with 
cognitive-motor demands. Prior work suggests that game-based and open-skill activities may 
influence cognition differently from closed-skill exercise, although findings vary across populations, 
tasks, and intervention characteristics [12,14–16]. In the present study, game-based exercise produced 
higher PFC oxy-Hb during exercise, but this did not translate into a significant condition difference 
in the primary behavioral outcome. This pattern highlights the importance of distinguishing between 
neurophysiological responsiveness during exercise and measurable cognitive performance after 
exercise. 

Several limitations should be acknowledged. First, the sample size was modest, which may have 
limited statistical power to detect small-to-moderate condition differences in Flanker cost 
improvement. Second, both exercise conditions were completed during a single laboratory visit. 
Although the randomized, counterbalanced design and 10-min seated rest interval were used to 
reduce order and carryover effects, residual fatigue, learning, or carryover cannot be fully excluded, 
and the Flanker task was administered four times within one visit, introducing potential practice 
effects on reaction time. Third, only oxy-Hb was analyzed. Although oxy-Hb is commonly used in 
fNIRS exercise-cognition research, future studies should consider deoxy-Hb, total hemoglobin, and 
systemic physiological measures to provide a more complete interpretation of hemodynamic 
responses. Fourth, oxy-Hb during exercise was summarized across the full exercise bout. This 
approach was consistent with the primary aim, but it may have obscured time-dependent changes in 
PFC oxygenation. 

Despite these limitations, the study has several strengths. The randomized, counterbalanced, 
within-subject design reduced between-person variability and allowed direct comparison of aerobic 
and game-based exercise under intensity-monitored conditions. The study also combined behavioral 
assessment with neurophysiological monitoring during exercise, addressing an important 
methodological gap in acute exercise-cognition research. Methodological guidance in this field 
emphasizes careful control of exercise dose, assessment timing, cognitive task selection, and 
transparent reporting of both significant and non-significant findings [1,2,23]. The present study 
contributes to this direction by focusing not only on whether acute exercise improves inhibitory 
control, but also on whether prefrontal oxygenation during exercise is associated with individual 
cognitive change. 

5. Conclusions 

In conclusion, greater global PFC oxy-Hb during exercise was associated with greater 
subsequent improvement in inhibitory control. Game-based exercise elicited higher PFC oxy-Hb 
during exercise than aerobic exercise, but no significant condition difference was observed for the 
primary behavioral outcome. These findings suggest that within-person variation in prefrontal 
oxygenation during exercise may be associated with acute exercise-related improvements in 
inhibitory control. Replication in larger samples and with more comprehensive fNIRS and systemic 
physiological monitoring is needed before drawing mechanistic conclusions about whether oxy-Hb 
during exercise reflects beneficial cognitive engagement, systemic physiological load, neural 
efficiency, or a combination of these processes. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 May 2026 doi:10.20944/preprints202605.0018.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0018.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 15 

 

Author Contributions: Conceptualization, Y.S. and Y.J.; Methodology, Y.S. and Y.J.; Formal analysis, Y.S.; 
Investigation, Y.J.; Resources, Y.J.; Data Analysis, Y.S.; writing—original draft preparation, Y.J.; Writing—review 
and editing, Y.S. and Y.J.; visualization, Y.S. and Y.J.; supervision, Y.J.; project administration, Y.J. All authors 
have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of Helsinki, 
and approved by the Institutional Review Board of California State University, Northridge, on September, 2023 
(IRB-FY22-295). 

Informed Consent Statement: All participant information remained confidential, and written informed consent 
was obtained from all subjects involved in the study. 

Data Availability Statement: The data presented in this study are available on reasonable request from the 
corresponding author. The datasets generated during the current study are not publicly available due to ethical 
and privacy considerations associated with neural activity and physical assessment data. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Garrett, J.; Chak, C.; Bullock, T.; Giesbrecht, B. A systematic review and Bayesian meta-analysis provide 
evidence for an effect of acute physical activity on cognition in young adults. Communications Psychology 
2024, 2, 82. https://doi.org/10.1038/s44271-024-00124-2. 

2. Walzik, D.; Javelle, F.; Oberste, M.; Joisten, N.; Zimmer, P.; Bloch, W. Effects and moderators of acute 
aerobic exercise on subsequent interference control: A systematic review and meta-analysis. Frontiers in 
Psychology 2019, 10, 2616. https://doi.org/10.3389/fpsyg.2019.02616. 

3. Moreau, D.; Chou, E. The acute effect of high-intensity exercise on executive function: A meta-analysis. 
Perspectives on Psychological Science 2019, 14, 734–764. https://doi.org/10.1177/1745691619850568. 

4. Eriksen, B.A.; Eriksen, C.W. Effects of noise letters upon the identification of a target letter in a nonsearch 
task. Perception & Psychophysics 1974, 16, 143–149. https://doi.org/10.3758/BF03203267. 

5. Ridderinkhof, K.R.; Wylie, S.A.; van den Wildenberg, W.P.M.; Bashore, T.R.; van der Molen, M.W. The 
arrow of time: Advancing insights into action control from the arrow version of the Eriksen flanker task. 
Attention, Perception, & Psychophysics 2021, 83, 700–721. https://doi.org/10.3758/s13414-020-02167-z. 

6. McMorris, T. Developing the catecholamines hypothesis for the acute exercise-cognition interaction in 
humans: Lessons from animal studies. Physiology & Behavior 2016, 165, 291–299. 
https://doi.org/10.1016/j.physbeh.2016.08.011. 

7. Müller, P.; Duderstadt, Y.; Lessmann, V.; Müller, N.G. Lactate and BDNF: Key mediators of exercise 
induced neuroplasticity? Journal of Clinical Medicine 2020, 9, 1136. https://doi.org/10.3390/jcm9041136. 

8. Herold, F.; Wiegel, P.; Scholkmann, F.; Müller, N.G. Applications of functional near-infrared spectroscopy 
(fNIRS) neuroimaging in exercise-cognition science: A systematic, methodology-focused review. Journal 
of Clinical Medicine 2018, 7, 466. https://doi.org/10.3390/jcm7120466. 

9. Miller, E.K.; Cohen, J.D. An integrative theory of prefrontal cortex function. Annual Review of 
Neuroscience 2001, 24, 167–202. https://doi.org/10.1146/annurev.neuro.24.1.167. 

10. Scholkmann, F.; Tachtsidis, I.; Wolf, M.; Wolf, U. Systemic physiology augmented functional near-infrared 
spectroscopy: A powerful approach to study the embodied human brain. Neurophotonics 2022, 9, 030801. 
https://doi.org/10.1117/1.NPh.9.3.030801. 

11. Kirilina, E.; Jelzow, A.; Heine, A.; Niessing, M.; Wabnitz, H.; Brühl, R.; Ittermann, B.; Jacobs, A.M.; 
Tachtsidis, I. The physiological origin of task-evoked systemic artefacts in functional near infrared 
spectroscopy. NeuroImage 2012, 61, 70–81. https://doi.org/10.1016/j.neuroimage.2012.02.074. 

12. Vazou, S.; Pesce, C.; Lakes, K.; Smiley-Oyen, A. More than one road leads to Rome: A narrative review and 
meta-analysis of physical activity intervention effects on cognition in youth. International Journal of Sport 
and Exercise Psychology 2019, 17, 153–178. https://doi.org/10.1080/1612197X.2016.1223423. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 May 2026 doi:10.20944/preprints202605.0018.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0018.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 15 

 

13. Mavilidi, M.F.; Pesce, C.; Mazzoli, E.; Bennett, S.; Paas, F.; Okely, A.D.; Howard, S.J. Effects of cognitively 
engaging physical activity on preschool children's cognitive outcomes. Research Quarterly for Exercise and 
Sport 2023, 94, 839–852. https://doi.org/10.1080/02701367.2022.2059435. 

14. Zou, L.; Quan, M.; Loprinzi, P.D.; Gu, Q.; Huang, T. Effects of open versus closed skill exercise on cognitive 
function: A systematic review. Frontiers in Psychology 2019, 10, 1707. 
https://doi.org/10.3389/fpsyg.2019.01707. 

15. Heilmann, F.; Weinberg, H.; Wollny, R. The impact of practicing open- vs. closed-skill sports on executive 
functions: A meta-analytic and systematic review with a focus on characteristics of sports. Brain Sciences 
2022, 12, 1071. https://doi.org/10.3390/brainsci12081071. 

16. Takahashi, S.; Grove, P.M. Impact of acute open-skill exercise on inhibitory control and brain activation: A 
functional near-infrared spectroscopy study. PLoS ONE 2023, 18, e0276148. 
https://doi.org/10.1371/journal.pone.0276148. 

17. Thomas S, Reading J, Shephard RJ. Revision of the physical activity readiness questionnaire (PAR-Q). 
Canadian journal of sport sciences= Journal canadien des sciences du sport. 1992 Dec 1;17, 4:338-45. 

18. Craig, C.L.; Marshall, A.L.; Sjöström, M.; Bauman, A.E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.; Ekelund, 
U.; Yngve, A.; Sallis, J.F.; Oja, P. International physical activity questionnaire: 12-country reliability and 
validity. Medicine & Science in Sports & Exercise 2003, 35, 1381–1395. 
https://doi.org/10.1249/01.MSS.0000078924.61453.FB. 

19. Mueller, S.T.; Piper, B.J. The Psychology Experiment Building Language (PEBL) and PEBL Test Battery. 
Journal of Neuroscience Methods 2014, 222, 250–259. https://doi.org/10.1016/j.jneumeth.2013.10.024. 

20. Piper, B.J.; Li, V.; Eiwaz, M.A.; Kobel, Y.V.; Benice, T.S.; Chu, A.M.; Olsen, R.H.J.; Rice, D.Z.; Gray, H.M.; 
Mueller, S.T. Reliability and validity of neurobehavioral function on the Psychology Experimental Building 
Language test battery in young adults. PeerJ 2015, 3, e1460. https://doi.org/10.7717/peerj.1460. 

21. Herold, F.; Gronwald, T.; Scholkmann, F.; Zohdi, H.; Wyser, D.; Müller, N.G.; Hamacher, D. New directions 
in exercise prescription: Is there a role for brain-derived parameters obtained by functional near-infrared 
spectroscopy? Brain Sciences 2020, 10, 342. https://doi.org/10.3390/brainsci10060342. 

22. Pfeifer, M.D.; Scholkmann, F.; Labruyère, R. Signal processing in functional near-infrared spectroscopy 
(fNIRS): Methodological differences lead to different statistical results. Frontiers in Human Neuroscience 
2018, 11, 641. https://doi.org/10.3389/fnhum.2017.00641. 

23. Shen, Q.; Wang, S.; Chen, F.; Wu, J.; Wang, Y. Exercise promotes brain health: A systematic review of 
functional near-infrared spectroscopy studies. Frontiers in Psychology 2024, 15, 1327822. 
https://doi.org/10.3389/fpsyg.2024.1327822. 

24. Tam, C.-K.; Chang, Y.-H.; Tan, K.-H. The effects of single-bout exercise interventions with different exercise 
modalities on executive function in youths. Sports 2024, 12, 86. https://doi.org/10.3390/sports12040086. 

25. Cooper, S.B.; Dring, K.J.; Morris, J.G.; Sunderland, C.; Bandelow, S.; Nevill, M.E. High intensity intermittent 
games-based activity and adolescents’ cognition: moderating effect of physical fitness. BMC Public Health 
2018, 18, 603. https://doi.org/10.1186/s12889-018-5514-6. 

26. Pontifex, M.B.; McGowan, A.L.; Chandler, M.C.; Gwizdala, K.L.; Parks, A.C.; Fenn, K.; Kamijo, K. A primer 
on investigating the after effects of acute bouts of physical activity on cognition. Psychol. Sport Exerc. 2019, 
40, 1–22. https://doi.org/10.1016/j.psychsport.2018.08.015. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 May 2026 doi:10.20944/preprints202605.0018.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0018.v1
http://creativecommons.org/licenses/by/4.0/

