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ABSTRACT 

 

Aim: The aim of this study was to examine the effect of long-term sports participation on cognitive and neural 

functions in aging by comparing cognitive performance and hemodynamic responses of the dorsolateral 

prefrontal cortex (dlPFC) in master athletes and sedentary elderly men 

Material and Methods: A total of 61 male individuals aged between 50 and 70 years participated in the study 

(x ± SD = 58.3 ± 6.3). Thirty of the participants were master athletes who had been regularly participating in 

sports for at least four years, and 31 were sedentary individuals. The computer-based Color-Word Stroop Test 

was administered to the participants, while hemodynamic activity in the bilateral dorsolateral prefrontal cortex 

was simultaneously measured using functional near-infrared spectroscopy (fNIRS). Reaction time, error rate, 

and changes in oxygenated hemoglobin (Oxy-Hb) were analyzed under neutral, concordant, and 

nonconcordant conditions of the Stroop test. 

Results: Master athletes were found to have significantly shorter reaction times compared to sedentary 

individuals, particularly in the incompatible task condition (p < 0.05).. fNIRS findings showed higher task-

dependent Oxy-Hb activation in the dlPFC region in master athletes. 

Conclusion: Long-term sports participation in male individuals aged 50–70 years is associated with increased 

cognitive processing speed related to executive functions and enhanced prefrontal cortex activation. The 

findings suggest that regular sports participation can support healthy aging and play a significant role in 

maintaining cognitive and neural functions. In contrast, the lower error rates observed in sedentary individuals 

may reflect a more conservative response strategy, potentially indicating a speed–accuracy trade-off. 

 

Keywords: Aging, Executive Function, Functional Near-İnfrared Spectroscopy (fNIRS), Cognitive 

Performance, Hemodynamic Responses; Master Athletes;  

 

ÖZET 

 

Amaç: Bu çalışmanın amacı, master atletler ile sedanter yaşlı erkeklerde bilişsel performans ve dorsolateral 

prefrontal korteksin (dlPFC) hemodinamik yanıtlarını karşılaştırarak, uzun süreli spor katılımının yaşlanma 

sürecindeki bilişsel ve nöral işlevler üzerindeki etkisini incelemektir.  

Materyal ve Metod: Araştırmaya yaşları 50–70 arasında değişen toplam 61 erkek birey katılmıştır (x ± SS = 

58,3 ± 6,3). Katılımcıların 30’u en az dört yıldır düzenli olarak spor yapan master atlerden, 31’i ise sedanter 

bireylerden oluşmaktadır. Katılımcılara bilgisayar tabanlı Renk–Kelime Stroop Testi uygulanırken, eş zamanlı 

olarak fonksiyonel yakın kızılötesi spektroskopi (fNIRS) yöntemiyle bilateral dorsolateral prefrontal 

korteksteki hemodinamik aktivite ölçülmüştür. Stroop testinin nötr, uyumlu ve uyumsuz koşullarında 

reaksiyon süresi, hata oranı ve oksijenlenmiş hemoglobin (Oxy-Hb) değişimleri analiz edilmiştir.  

Bulgular: Master atletlerin özellikle uyumsuz görev koşulunda sedanter bireylere kıyasla anlamlı derecede 

daha kısa reaksiyon sürelerine sahip olduğu belirlenmiştir (p < 0,05). Sedanter bireylerde hata oranlarının daha 

düşük olması, hız–doğruluk ilişkisi çerçevesinde bir denge eğilimini yansıtmaktadır. fNIRS bulguları, master 

atletlerde dlPFC bölgesinde göreve bağlı Oxy-Hb aktivasyonunun daha yüksek olduğunu göstermiştir.  

Sonuç: 50–70 yaş aralığındaki erkek bireylerde uzun süreli spor katılımı, yürütücü işlevlerle ilişkili bilişsel 

işlemleme hızının artması ve prefrontal korteks aktivasyonunun güçlenmesi ile ilişkilidir. Bulgular, düzenli 

spor katılımının sağlıklı yaşlanmayı destekleyebileceğini ve bilişsel ile nöral işlevlerin sürdürülmesinde 

önemli bir rol oynayabileceğini göstermektedir. Buna karşılık, sedanter bireylerde gözlenen daha düşük hata 

oranları, daha temkinli bir yanıt stratejisini yansıtıyor olabilir ve bu durum hız-doğruluk dengesi (speed–

accuracy trade-off) ile ilişkili olabilir.  

 

Anahtar Kelimeler: Bilişsel Performans, Fonksiyonel Yakın Kızılötesi Spektroskopi (fNIRS), Hemodinamik 

Yanıtlar, İşlev, Usta Sporcular, Yaşlanma, Yürütücü 
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INTRODUCTION 

Aging is associated with declines in cognitive performance, physical fitness, and brain function, 

often leading to neurodegenerative disorders such as Alzheimer’s disease, vascular dementia, and mild 

cognitive impairment. Regular physical activity has been identified as a protective factor for maintaining 

brain health and reducing the risk of such conditions (Gallaway et al., 2017). Cortical activation under 

neurocognitive conditions is increasingly recognized as an important indicator of brain aging (Blum et 

al., 2021).  

Cognitive decline affects multiple domains—attention, memory, visuospatial ability, and executive 

function—and results from both structural and functional brain changes (Salthouse, 2004; Cabeza et al., 

2002). Age-related degeneration, particularly in the prefrontal cortex and hippocampus, leads to reduced 

working memory and processing speed (Fjell & Walhovd, 2010; Morrison & Baxter, 2012). 

Neuroimaging studies reveal an annual decrease of 0.5–1% in gray and white matter, reflecting synaptic 

loss and neural inefficiency (Hagen et al., 2014).  

Among current brain imaging methods, functional near-infrared spectroscopy (fNIRS) offers a 

noninvasive and practical means to measure cerebral oxygenation (Boushel et al., 2001; Ferari  & 

Quaresima, 2012). Although previous studies using EEG and fMRI have demonstrated that regular 

exercise enhances executive function and cortical activation (Hedden & Yoon, 2006), there is a notable 

lack of evidence regarding prefrontal hemodynamic responses associated with long-term physical 

activity, particularly in direct comparisons between master athletes and sedentary older adults. 

Furthermore, the combined use of fNIRS and executive function paradigms such as the Stroop test 

remains limited in this age group, restricting our understanding of how sustained sports participation 

influences both cognitive performance and its underlying neural mechanisms. This study aims to 

examine the effect of lifelong sports participation on cognitive function and brain hemodynamics in 

older adults and to determine whether regular physical activity promotes healthy and active aging by 

improving cortical activation patterns. It is hypothesized that master athletes will demonstrate faster 

cognitive processing and greater prefrontal hemodynamic activation compared to sedentary individuals. 

MATERIAL AND METHOD   

Ethical Approval 

All procedures were conducted at the Atatürk University Sports Sciences Application and Research 

Centre. Ethical approval was granted by the Atatürk University Faculty of Sports Sciences Ethics 

Committee, and written informed consent was obtained from all participants. The research was 

supported by the Atatürk University Scientific Research Projects Coordination Unit (Project Code: 

SDK-2021-9503). 

Research Design  

This study was designed as a cross-sectional comparative study to examine differences in cognitive 

performance and prefrontal hemodynamic responses between master athletes and sedentary older adults. 

The design incorporated laboratory-based assessment using a standardized cognitive task (Stroop test) 

alongside neurophysiological measurement through functional near-infrared spectroscopy (fNIRS). As 

no intervention was applied and participants were compared based on existing characteristics (physical 

activity status), the study can also be considered a quasi-experimental observational design. 
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Research Group   

The sample consisted of 61 men aged 50–70 years (M = 58.3, SD = 6.3), including 30 master thletes 

and 31 sedentary individuals. Participants were purposive sampling from elite sports clubs in Erzurum 

and local residents who met inclusion criteria. Eligible individuals: (a) could read, write, and use a 

keyboard; (b) had no psychiatric, neurological, or vision disorders; (c) were medication-free affecting 

cognition; (d) scored ≥ 24 on the Mini-Mental State Examination. Master athletes had participated in 

organized sport for ≥ 4 years and reported regular training ≥3 days per week (≥150 minutes/week), 

whereas sedentary individuals did not meet these criteria and reported no structured physical activity. 

Measures  

fNIRS Measurement Protocol: Hemodynamic responses were measured using a continuous-wave 

functional near-infrared spectroscopy (fNIRS) system (NIRx Medical Technologies LLC, New York, 

USA). Data were acquired at a sampling rate of 7.81 Hz. The system utilized dual-wavelength near-

infrared light to assess changes in oxyhemoglobin (Oxy-Hb) and deoxyhemoglobin (Deoxy-Hb) 

concentrations associated with cortical activity. 

Optodes (sources and detectors) were arranged over the bilateral dorsolateral prefrontal cortex 

(dlPFC) according to the extended international 10–20 EEG system. A total of 16 channels (8 per 

hemisphere) were used to monitor dlPFC activity. Channels of interest were defined a priori based on 

anatomical landmarks, including channel 7 (AF7–F5) for the left dlPFC and channels 11 (AF8–F6), 13 

(F4–F6), and 17 (F4–FC4) for the right dlPFC. A source–detector separation of approximately 3 cm was 

maintained to ensure sensitivity to cortical hemodynamics. 

Raw light intensity data were converted to optical density and subsequently to concentration 

changes in Oxy-Hb and Deoxy-Hb using the modified Beer–Lambert law. Signal preprocessing included 

band-pass filtering (0.01–0.1 Hz) to reduce physiological noise such as cardiac and respiratory signals. 

Motion artifacts were corrected using wavelet filtering, and channels with excessive noise were excluded 

from analysis. 

A block-design paradigm was employed in accordance with the Stroop task structure. A baseline 

period of 10 seconds was recorded prior to each task block. Hemodynamic data were segmented into 

task epochs corresponding to the neutral, congruent, and incongruent conditions of the Stroop test. For 

each epoch, mean changes in Oxy-Hb (primary outcome) and Deoxy-Hb (secondary outcome) were 

calculated relative to baseline. Oxy-Hb signals were prioritized in statistical analyses due to their higher 

sensitivity to task-related cortical activation. 

Stroop Test Protocol: The Stroop test was used to assess executive function, including selective 

attention, cognitive control, and processing speed. The task induces cognitive interference by presenting 

color words in incongruent ink colors, resulting in increased reaction time and error rates, known as the 

Stroop interference effect (Williams, Mathews & MacLeod, 1996). 

The task was programmed using MATLAB with Psychtoolbox to ensure precise stimulus 

presentation and response recording (Brainard, 1997; Pelli, 1997). Participants responded via keyboard 

inputs by indicating the ink color of each stimulus as quickly and accurately as possible. 
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Three stimulus conditions were included: 

✓ Neutral: The stimulus “XXX” was presented in blue, red, or green ink, and participants responded 

based on the ink color. 

 

 
Figure 1. Stroop Test Neutral Task Screenshot (Neutral Task) 

 

✓ Congruent: Color words (e.g., “BLUE”) were presented in matching ink colors. 

 

Figure 2. Stroop Test Congruent Task Screenshot (Congruent Task) 

 

✓ Incongruent: Color words were presented in non-matching ink colors (e.g., “RED” in green), 

requiring participants to inhibit the word meaning and report the ink color. 

 

Figure 3. Stroop Test Incongruent Task Screenshot (Incongruent Task) 

A total of 12 blocks (four repetitions per condition) were administered in a single session. The order 

of stimulus conditions was randomized across participants to minimize order effects. Outcome measures 

included reaction time (ms) and accuracy (percentage of correct responses). Examples of the three 

stimulus conditions used in the Stroop task are presented in Figures 1, 2, and 3, respectively. 
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                                LEFT dlPFC                                                              RIGHT dlPFC  

 Figure 4. Montage Design for the Dorsolateral Prefrontal Cortex, An Area Of The Brain Lobes 

Associated With The Stroop Test (Optod Placement)  

 

Figure 4 illustrates the optode layout used to monitor the left and right dorsolateral prefrontal cortex 

(dLPFC), a region associated with executive functions and Stroop task performance. The setup follows 

the extended international 10–20 EEG system, with EEG electrodes (1–32) in green, complementary 

electrodes (33–64) in yellow, fNIRS sources in red, and detectors in green. The schematic (left) and 3D 

reconstruction (right) were created using the NIRx Assembly Organizer (Zimeo Morais et al., 2018). 

The REF position is marked with a blue circle.  

To examine Stroop task-related brain activation, the fNIRS headband was positioned over 16 

regions (8 per hemisphere) targeting the dLPFC. Sources (S) emitted light signals, while detectors (D) 

captured hemodynamic responses—specifically oxy- and deoxyhemoglobin levels—to assess prefrontal 

cortex activity.  

Anatomical and Functional Details of Key Channels  

Left dLPFC  

7th Channel: Between AF7 (detector) and F5 (source)  

✓ Region: Brodmann Areas 9 and 46  

✓ Functions: Working memory, inhibition, planning  

✓ Connections: Orbitofrontal cortex, motor and parietal reas  

Right dLPFC  

11th Channel: Between AF8 and F6  

✓ Functions: Attentional control, emotional regulation o  

✓ Connections: Amygdala, ACC, frontal regions  
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13th Channel: Between F4 and F6  

✓ Functions: Spatial awareness, memory, language 

✓ Connections: Parietal and temporal lobes  

17th Channel: Between F4 and FC4  

✓ Functions: Behavioral regulation, cognitive flexibility o 

✓ Connections: Basal ganglia, thalamus, prefrontal areas   

This montage enabled precise measurement of dLPFC activity during Stroop task performance, 

highlighting the region’s critical role in executive functioning, cognitive control, and decision-making, 

particularly in aging populations (Cui et al., 2010; Tak & Ye, 2014; Zimeo Morais et al., 2018). 

 

Figure 5 . Stroop Test Details Applied to Participants 

(A) Schematic representation of a single experimental cycle, illustrating the temporal sequence of 

the baseline period and the three task conditions (Neutral, Congruent, Incongruent) interleaved with rest 

periods. (B) Full protocol timeline showing all 12 task blocks. The fNIRS recording session began with 

a 60-second baseline, followed by four cycles of three task conditions. Each task block lasted 40 seconds 

(16 stimuli × 2500 ms; 2000 ms stimulus presentation + 500 ms inter-stimulus interval) and was 

separated from subsequent blocks by a 30-second rest period. Total session duration was approximately 

900 seconds (~15 minutes). 
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Statistical Analysis  

All statistical analyses were conducted using JASP software (JASP Team,2022). Prior to hypothesis 

testing, the normality of the data was assessed using the Shapiro–Wilk test and visual inspection of Q–

Q plots, indicating that the data were approximately normally distributed. Behavioral outcomes included 

reaction time (ms) and error rate (%), while neurophysiological outcomes included changes in 

oxyhemoglobin (Oxy-Hb) concentrations. Initial group comparisons were performed using independent 

samples t-tests. To examine task-related effects, a two-way repeated measures ANOVA was conducted 

with Stroop condition (neutral, congruent, incongruent) as the within-subject factor and group (master 

athletes vs. sedentary individuals) as the between-subject factor. Separate analyses were conducted for 

reaction time, error rate, and Oxy-Hb measures. When significant main or interaction effects were 

observed, Bonferroni-adjusted pairwise comparisons were conducted to identify specific differences 

between conditions. Effect sizes were reported as partial eta squared (η²p) for ANOVA and Cohen’s d 

for pairwise comparisons. Statistical significance was set at p < 0.05. The assumption of sphericity was 

tested using Mauchly’s test, and Greenhouse–Geisser corrections were applied when necessary. 

RESULTS  

Table 1. Normal Distribution Table  

     Neutral. 

Mis. 

N Reac. 

Time 

Congruent Mis.  C Reac. 

Time 

Inc  Mis. Ic Reac. Time 

Valid  61 61 61 61 61 61 

Missing  0 0 0 0 0 0 

Mean  2.835 1.326 2.937 1.278 11.591 1.507 

Std. Deviation  13.405 0.152 13.271 0.147 16.218 0.156 

Skewness  6.759 1.333 6.841 2.053 2.700 0.307 

Std. Error of Skewness  0.306 0.306 0.306 0.306 0.306 0.306 

Kurtosis  48.188 5.081 49.730 8.418 8.648 −0.466 

Std. Error of Kurtosis  0.604 0.604 0.604 0.604 0.604 0.604 

Shapiro-Wilk  0.210 0.920 0.222 0.853 0.669 0.979 

P-value of Shapiro-Wilk  < .001 < .001 < .001 < .001 < .001 0.365 

Minimum  0.000 1.008 0.000 1.016 0.000 1.206 

Maximum  100.000 1.990 100.000 1.991 87.500 1.903 

  

Normality Analysis and Justification for Parametric Tests   

 Following Tabachnick and Fidell's (2007) guidelines, slope and mass values were examined to 

assess normality. While all mass values were within acceptable limits (−0.466 to +8.418), slope values—

especially in error rate variables like Neutral Mis. and Congruent Mis.—exceeded the ±2 range, with 

some values over +6, indicating skewness.  

The Shapiro-Wilk test further confirmed deviations from normality in most variables (p < 0.001), 

except for Ic Reac and Time (p = 0.365), which showed no significant departure from normality. A p 

value below 0.05 leads to rejection of the normality assumption.  
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Despite these results, the sample size (n = 61) supports the use of parametric tests, which are 

generally robust to moderate violations of normality. Given that response time variables showed more 

normal distributions, applying independent t-tests and repeated measures ANOVA was appropriate.  

In conclusion, although some non-normality was observed, especially in error rate data, the use of 

parametric methods was justified due to the large sample size and the study’s focus on variables with 

acceptable distribution characteristics.  

Behavioural Data Analyses of the Error Rate Variable 

Table 2. Data on error rates by stimulus type  

Variable  x ̄ (%) Sd n 

N Wrong Answer  2,84 13,40 61 

C Wrong Answer  2,94 13,27 61 

IC Wrong Answer  11,59 16,21 61 
  

Table 3. Mauchly's Sphericity Test Result  

   
Eror 
Ratio  

Mauchly's W Approx. X2 DF Sig. 
Greenhouse 

Geisser ε 

0,404 53,539 2 0,001 0,626 

 As Mauchly's assumption of sphericity was violated (p<0.05), the Greenhouse-Geisser correction 

was applied.  

Table 4. One-Way Repeated Measures ANOVA Results According to Stimulus Type Error Rates  

Source 
Sphericity 

Correction 

Sum of 

Squares 
df 

Mean 

Square 
F p η²p 

Stimulus Type None 3082.22 2 1541.110 22.451 < .001 0.272 

 
Greenhouse-

Geisser 
3082.22 1.25 2460.301 22.451 < .001 0.272 

Error (Stimulus 

Type) 
None 8237.13 120 68.643    

 
Greenhouse-

Geisser 
8237.13 75.17 109.584    

  

Table 4 presents the results of the one-way repeated measures ANOVA conducted to examine the 

effect of stimulus type (neutral, congruent, incongruent) on error rates.Mauchly's test of sphericity 

indicated that the assumption of sphericity was violated, W = 0.404, χ²(2) = 53.539, p < .001. The 

Greenhouse-Geisser correction (ε = 0.626) was therefore applied to adjust the degrees of freedom. 

Following this correction, the ANOVA revealed a statistically significant main effect of stimulus type 

on error rates, F(1.25, 75.17) = 22.451, p < .001, partial η² = 0.272. This indicates that approximately 

27.2% of the variance in error rates can be attributed to differences in stimulus type, corresponding to a 

moderate-to-large effect size according to Cohen's (1988) conventions.Pairwise comparisons 

demonstrated that error rates in the incongruent condition were significantly higher than those in the 

neutral and congruent conditions, whereas no significant difference was observed between the neutral 
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and congruent conditions. This pattern reflects the cognitive interference characteristic of the Stroop 

effect, in which the automatic processing of word meaning conflicts with the goal-directed identification 

of ink color, thereby increasing cognitive load and response errors (Love et al., 2019; Vasta et al., 2018; 

Jamadar et al., 2015). The application of repeated measures ANOVA with the Greenhouse-Geisser 

correction was therefore statistically appropriate and provided robust support for the observed group-

level differences. 

 Table 5. Post-hoc Pairwise Comparisons for Error Rates (Bonferroni-adjusted) 

Comparison Mean Difference Direction Significance 

Neutral vs. Congruent -0.10 n.s. p > .05 

Neutral vs. Incongruent -8.76 ↑ Incong. p < .05 

Congruent vs. Incongruent -8.65 ↑ Incong. p < .05 

As presented in Table 5, Bonferroni-adjusted pairwise comparisons revealed that error rates in the 

incongruent condition were significantly higher than those in both the neutral and congruent conditions 

(p < 0.05). In contrast, no statistically significant difference was observed between the neutral and 

congruent conditions (p > 0.05). 

These findings indicate that the incongruent stimuli imposed greater cognitive interference, leading 

to increased error rates, whereas performance in the neutral and congruent conditions remained 

comparable. 

Table 6. Stroop Test Stimulus Type Mean Error Rate Comparison by Groups Independent Sample T 

Test  

Stimulus Type Group n X Sd t p 

Neutral 
Sedentary 31 4,84 18,64 

1,191 0,238 
Athlete 30 0,77 1,86 

Congruent 
Sedentary 31 4,44 18,09 

0,895 0,374 
Athlete 30 1,39 4,59 

Incongruent 
Sedentary 31 17,81 19,65 

3,282 0,002* 
Athlete 30 5,17 7,79 

*p<0,05 

An independent samples t-test was conducted to compare error rates between sedentary and athlete 

participants, as the data met the assumption of normality.  

As shown in Table 6, the athlete group (5.17 ± 7.79) made significantly fewer errors than the 

sedentary group (17.81 ± 19.65) in the Incongruent (IC) task. No significant differences were found in 

Neutral (N) or Congruent (C) task error rates. Additionally, older athletes outperformed younger athletes 

in the incongruent condition, indicating better cognitive control under interference. 

Analyses for Reaction Time Variable  

Table 7. Stimulus Type Reaction Time Data  

Variable  x ̄ Sd n 

N Reac. Time.  1,33 0,15 61 
C Reac. Time.  1,28 0,15 61 
IC Reac. Time.  1,51 0,16 61 
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The frequency analysis was used to explain the reaction times of the sedentary and the athletic 

participants in the study to the Stroop test stimulus type. In Table 7, according to the participants' Stroop 

test stimulus type error rate results, the shortest reaction time is Congruent-C (Congruent Task) at 1.28 

seconds, then Neutral-N (Neutral Task) at 1.33 seconds, and finally the longest reaction time is 

Incongruent-IC (Incongruent Task) with 1.51 seconds.  

Table 8 One-Way Repeated Measures ANOVA Results According to Stimulus Type 

Reaction Times  

Source 
Sphericity 

correction 
SS df MS F p η²p 

Stimulus type None 1.780 2 0.888 118.158 
< 

.001 
0.663 

 
Greenhouse–

Geisser 
1.780 1.46 1.213 118.158 

< 

.001 
0.663 

Error (Stimulus 

type) 
None 0.900 120 0.008    

 
Greenhouse–

Geisser 
0.900 87.86 0.010    

Note. SS = sum of squares; MS = mean square; η²p = partial eta squared. Reaction times are reported in seconds. 

As shown in Table 8, the repeated measures ANOVA revealed a statistically significant main effect 

of stimulus type on reaction time, F(1.46, 87.86) = 118.158, p < .001, partial η² = 0.663, with the 

Greenhouse–Geisser correction applied. This represents a large effect size according to Cohen's (1988) 

conventions, indicating that approximately 66.3% of the variance in reaction time was attributable to 

stimulus condition. Consistent with the descriptive pattern shown in Table 7, reaction times were 

substantially longer in the incongruent condition than in the neutral and congruent conditions, in line 

with the predicted Stroop interference effect. 

Table 9. Stroop Test Stimulus Type Mean Reaction Time Comparison by Groups  

Stimulus Type  Group  n x ̄ Sd t p 

Neutral 
Sedentary  
Athlete  

31 
30 

1,36 
1,29 

0,18 
0,11 1,966 0,054 

Congruent 
Sedentary  
Athlete  

31 
30 

1,31 
1,25 

0,17 
0,11 1,751 0,085 

Incongruent 
Sedentary  
Athlete  

31 
30 

1,61 
1,40 

0,13 
0,10 7,518 0,001* 

*p<0,05 

 To compare reaction times between sedentary and athlete groups across stimulus types, an 

independent samples t-test was conducted, as the data met normality assumptions.  

According to Table 8, athletes (1.40 ± 0.10 seconds) completed the Incongruent (IC) task 

significantly faster than sedentary participants (1.61 ± 0.13 seconds). While no significant differences 

were found in Neutral (N) and Congruent (C) conditions, a significant difference in reaction time was 

observed in the Incongruent condition, favoring older athletes, who demonstrated superior cognitive 

performance under higher interference conditions.  
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fNIRS Data  

 Analyses of the Dorsolateral Prefrontal Cortex Variable  

  

                      LEFT dlPFK                                    RIGHT dlPFK 

Figure 6. Hemodynamic (OxyHb - DeOxyHb - TotalHb) Difference Map Between Groups 

Figure 6 presents hemodynamic concentration changes in the dlPFC, showing distinct variations 

in total hemoglobin (tHb), oxygenated hemoglobin (O₂Hb), and deoxygenated hemoglobin (HHb) 

between groups. The Hemodynamic Difference Map indicates reduced activation in the left dlPFC, 

which supports functions such as decision-making and working memory (Huang et al., 2022; Thomas 

& Stephane, 2008).  

Conversely, the right dlPFC shows increased activation, particularly in channels AF–F6 (11), F4– 

F6 (13), and F4–FC4 (17), suggesting greater recruitment of cognitive resources during demanding tasks 

(Brümmer et al., 2011; Hottenrott et al., 2013; Jung et al., 2015). The AF–F5 (7) channel on the left 

shows lower activation, implying a hemispheric imbalance in cognitive load.  

This right-dominant activation pattern aligns with previous findings that link right dlPFC 

engagement to executive control and complex decision-making (Rooks et al., 2010; Huang et al., 2022). 

Such lateralization supports the notion that the right hemisphere contributes more strongly to high-level 

cognitive processing and attentional control.  

DISCUSSION AND CONCLUSION  

This study investigated cognitive and neural mechanisms related to Stroop task performance, 

offering insights into how aging impacts error rates and reaction times. While not exclusively focused 

on aging, existing research helps contextualize age-related changes in attention and inhibitory control.  

Hemodynamic Difference Map   



 

Anatolia Sport Research 7(1), 2026, 69-83  Hemodynamic Responses and Cognitive Performance in Master Athletes and Sedentary Older Men 

 

  80 

 

Recent studies emphasize the Dorsolateral dorsolateral Prefrontal prefrontal Cortex cortex (dLPFC) 

as a key region in cognitive tasks, especially working memory. The Stroop test has frequently been used 

in studies analyzing behavioral metrics like error rate and reaction time (Cui et al., 2010; Tak & Ye, 

2014; Love et al., 2019; Jamadar et al., 2015).  

In this study, behavioral data (error rate and reaction time) from both sedentary and athletic 

participants were normally distributed. fNIRS analyses revealed lower oxyhemoglobin activation in the 

dLPFC of athletes, indicating that physically active older adults showed fewer errors and faster 

responses across all tasks. Supporting findings by Huang et al. (2022) showed significant group 

differences in error rates for incongruent tasks (F = 9.498, p = 0.001), but not for congruent ones (p = 

0.254).  

The study highlights that exercise may slow cognitive decline and enhance reaction speed in older 

adults.  

fNIRS, a non-invasive brain imaging method, was effectively used to assess brain function during 

Stroop tasks. It has become increasingly valuable in sports science and clinical research for measuring 

changes in haemoglobin concentrations (Scholkmann et al., 2014; Ross et al., 2021; Ross et al., 2021).  

Our findings showed significant differences between groups: sedentary participants had higher 

error rates, while athletic individuals had quicker reaction times (p < 0.05). Moreover, higher 

oxyhemoglobin activation was recorded in the dLPFC of active participants.  

Consistent with prior literature (Jamadar et al., 2015; Vasta et al., 2018; Arif et al., 2024), this study 

confirmed that the Stroop test activates the dLPFC. Using fNIRS during resting and task states, we 

observed improved attention and faster processing, especially in non-athletes. Increased 

oxyhaemoglobin levels supported these findings.  

Additionally, past studies using fNIRS revealed stronger cortical activation in elderly individuals 

but greater functional connectivity in younger ones. In both age groups, significant activation was noted 

in the bilateral dLPFC and right Broca’s area during Stroop performance (Byun et al., 2023). These 

results align with our findings and deepen the understanding of how aging affects brain activation and 

connectivity.  

In conclusion, regular physical activity appears to mitigate cognitive decline and enhance brain 

function in aging populations, highlighting the potential of exercise as a non-pharmacological 

intervention to support mental health and quality of life in older adults.  

Discussion of the Dorsolateral Prefrontal Cortex Variable  

Comparable studies have examined the relationship between cortical activation and exercise using 

fNIRS and EEG. Brümmer et al. (2011) reported that high-intensity running (≈80% of maximal power) 

was associated with reduced frontal beta activity, whereas cycling and arm ergometry protocols 

produced no significant changes in HbO₂ activation (Hottenrott et al., 2013; Jung et al., 2015). 

Collectively, these findings indicate that cortical activation patterns vary as a function of exercise type, 

rhythm, and muscle contraction mode. Rooks et al. (2010) and Thomas and Stéphane (2008) further 

described a curvilinear relationship between exercise intensity and cerebral oxygenation, suggesting that 

prefrontal hemodynamics depend jointly on cognitive load and physical demand. The present results 

align with this body of work and reinforce the utility of fNIRS for capturing cognitive–exercise 

interactions in field-relevant settings (Ferrari & Quaresima, 2012; Scholkmann et al., 2014).In cognitive 
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paradigms, Huang et al. (2022) reported prominent activation in the dlPFC and right Broca’s area during 

Stroop testing. These findings align with the present results, which demonstrated significant bilateral 

dlPFC activation in older adults. Similarly, Rooks et al. (2010) and Thomas and Stephane (2008) 

reported a curvilinear relationship between exercise intensity and cerebral oxygenation. These findings 

indicate that oxygenation dynamics in the PFC region vary depending on cognitive load and exercise 

intensity. 

Our findings reinforce that fNIRS reliably detects PFC oxygenation changes associated with both 

cognitive and emotional regulation processes during physical activity. Regular engagement in sports 

may shape both acute and long-term functional responses in prefrontal regions, contributing to cognitive 

resilience. These interpretations are consistent with EEG-based studies demonstrating enhanced cortical 

efficiency following exercise (Ludyga et al., 2016a, 2016b; Ludyga, 2017). Finally, our fNIRS heatmaps 

revealed group-specific prefrontal activation patterns between athletes and sedentary individuals, 

supporting the neuroplastic benefits of sustained physical activity. 

In conclusion, the present study provides compelling evidence that functional near-infrared 

spectroscopy (fNIRS) is a reliable and sensitive method for detecting prefrontal cortical oxygenation 

changes associated with both cognitive and emotional regulation processes during physical activity. The 

findings demonstrate that individuals with regular engagement in physical activity exhibit more efficient 

and differentiated prefrontal activation patterns compared to sedentary individuals, suggesting enhanced 

neural efficiency and adaptive functional responses. Moreover, the observed differences in activation 

under varying task conditions highlight the dynamic interplay between cognitive load, exercise intensity, 

and cortical oxygenation. These results support the growing body of literature indicating that sustained 

physical activity contributes not only to physical health but also to neurocognitive functioning by 

promoting neuroplasticity and cognitive resilience. Therefore, incorporating regular physical activity 

into daily life may play a critical role in optimizing brain function and maintaining cognitive 

performance across the lifespan. 

Practical Implications  

✓ Tailored Cognitive Training: Stroop tasks can inform cognitive training programs adjusted to 

the abilities of older athletes and sedentary individuals. • Inhibitory Control: Higher error rates 

in sedentary adults point to the need for focused interventions on attention and inhibition.  

✓ Accurate Assessment: Customizing task types enhances assessment precision, enabling 

bettertargeted cognitive rehabilitation.  

✓ Detecting Cognitive Decline: Tracking reaction times and error patterns may help identify early 

cognitive decline and guide timely interventions.  

✓ Boosting Athletic Performance: Integrating cognitive tasks into training may enhance mental 

functions critical for athletic success.  

These applications demonstrate how the study’s results can inform cognitive and athletic 

improvement strategies in older populations.  

Abbreviations  

✓ N : Neutral task;  

✓ C:Congruent task;  

✓ IC:Incongruent Task;  

✓ fNIRS: Functional near-infrared spectroscopy;  

✓ fMRI Functional Magnetic Resonance Imaging;  
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✓ EEG: Electroencephalography; dlPFC: dorsolateral prefrontal cortex  

✓ MRI Magnetic resonance imaging;  

✓ PFC Prefrontal cortex;  

✓ HbO Oxygenated hemoglobin;  

✓ HbR: Deoksihemoglobin  
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