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Abstract: The correlation of NIRS (near-infrared spectroscopy) and EEG (electro-cortical activity) in exercise studies has never been 

shown. Eight sport students performed an incremental bicycle exercise test under normoxic and hypoxic (12.7% O2) conditions 

respectively. EEG and NIRS recordings of the prefrontal cortex (PFC, Brodmann area 10. 46) were performed synchronously to shed 

light on their correlation. ANOVA revealed a higher absolute workload (231.3 ± 37.2 W), and relative PFC oxygenation under 

normoxic conditions, whereas hypoxic conditions resulted in earlier exhaustion (200 ± 26.7 W) and reduced PFC oxygenation. NIRS 

parameters increased remarkably with exercise intensity (P < 0.001) and differed between conditions (O2Hb: P < 0.001; HHb: P = 

0.023; tHb: P = 0.016) and hemispheres (O2Hb: P = 0.023). For EEG, higher prefrontal cortical current density during compared to pre 

and post exercise was revealed for both conditions (P < 0.001). No difference between conditions and hemispheres were found. In 

conclusion, brain cortical activity is not impaired by hypoxia. No correlation between NIRS and EEG, but a moderate correlation 

between EEG and cardio-vascular parameters and a moderate to high correlation between NIRS and cardio-vascular parameters were 

found. The results emphasize that the transfer of EEG and NIRS results need to be done with caution.  
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1. Introduction

 

The human brain function is widely oxygen 

dependent. If and how brain activity is affected by 

oxygen limitations during exercise is unclear, because 

it is still challenging to display acute cerebral changes 

during exercise due to the susceptibility of brain 

imaging methods to movement artefacts. 

Developments of more flexible and robust techniques 

like EEG (electroencephalography) using active 

electrodes or NIRS (near-infrared spectroscopy) now 

promise to permit examining changes in 
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electro-cortical and hemodynamic situation within the 

brain.  

While EEG records electro-cortical activity directly 

from the scalp, NIRS is used to measure it indirectly 

via concentration changes of O2Hb (oxygenated), HHb 

(deoxygenated) and tHb (total haemoglobin) in brain 

tissue [1]. Although, NIRS theoretically allows 

assessing of all cortical brain regions, in exercise 

studies, due to handling reasons, the PFC (prefrontal 

cortex) has predominantly been regarded. Using NIRS, 

investigations of cerebral hemodynamic changes 

during incremental exercise have shown increasing 

prefrontal oxygenation with exercise intensity [2, 3] 

and decreasing O2Hb, increasing HHb and stable tHb 

concentrations at the end of exhaustive exercise within 
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the PFC [4-6].  

In hypoxia, when oxygen availability is limited, 

cerebral oxygenation was found to decrease with 

hypoxia level under resting conditions already [7]. 

During exercise in hypoxia, lower O2Hb and higher 

HHb were observed with increasing exercise intensity, 

while tHb was reduced [2, 3, 8-11].  

Based on the fact that the PFC is associated with 

cognitive tasks, motivation and decision-making, 

decreasing oxygenation at high exercise intensity prior 

to exhaustion in the PFC has been assumed to trigger 

centrally mediated fatigue and the decision to stop 

exercise in numerous former studies [3, 6, 9, 12-15]. 

Hypoxia is proposed to accelerate cerebral 

deoxygenation, thus central fatigue [2, 8, 10, 11, 15, 

16]. The underlying mechanism of central fatigue is 

widely unknown at present. However, as NIRS is 

supposed to assess changes in neural activity, PFC 

deoxygenation is presumed to reflect impaired PFC 

activity and by this may disturb motor output [3, 4, 6, 

13, 17, 18].  

Using EEG, even less research has been done 

regarding electro-cortical changes in hypoxia or during 

exercise. Many former studies during exercise are 

difficult to interpret due to: use of single electrodes; the 

missing localization, but multi-functional nature of the 

brain; heterogeneous findings of changes in frequency 

bands [19]. Applying a complete 32-electrode system 

and analysing total cortical current density, increased 

cortical current density within the primary motor 

cortex with exercise intensity was found; whereas, no 

significant enhancements of activity within the PFC 

have been identified [20]. The found stable EEG 

activity within the PFC during exercise is contradictory 

to the found changes of NIRS studies reported earlier. 

Therefore, a correlation of EEG and NIRS has to be 

questioned. Moreover, the fundamental linear 

relationship of hemodynamic and metabolic changes of 

the neurovascular coupling principle, on which NIRS is 

based on, has meanwhile been shown to be non-linear 

and locally different [21, 22]. No study investigated 

electro-cortical changes during exercise in hypoxia so 

far. Thus, it is unclear whether PFC activity is impaired 

when oxygen availability is reduced and if this 

contributes to earlier occurring fatigue. Furthermore, 

hemispheric differences in the PFC have been shown 

earlier in regard to exercise and mood [12]. Irrespective 

of these hemispheric differences, most previous NIRS 

studies in regard to exercise neglected to differentiate 

changes between hemispheres.  

Accordingly, this study aimed to measure both, 

electro-cortical current density and hemodynamic 

changes synchronously, and within both PFC 

hemispheres, during an incremental bicycling exercise 

test using a combination of NIRS and EEG. It is 

hypothesized that NIRS, but not EEG parameters, 

increase within the PFC in the course of an incremental 

exercise test; and hemispheric differences will be 

found. Moreover, it is hypothesized that in hypoxia, 

performance will be impaired, and PFC oxygenation is 

lower than in normoxia accompanied by impaired PFC 

activity. Hemispheric changes will be measured with 

EEG and NIRS to shed light on the correlation between 

electrocortical and hemodynamic changes.  

2. Experimental Procedures 

2.1 Participants 

Ten healthy male sport students (age 27  4.2 years; 

weight 79  12.6 kg; height 180  3.9 cm) voluntarily 

took part in this study. Volunteers have been informed 

about the subject and potential risks of the study. All 

accepted and signed a written informed consent 

approved by the local ethic committee in accordance 

with the Declaration of Helsinki. None of the 

volunteers suffered from any neurological or medical 

problems or diseases, which would have consequences 

on exercise performance or neurophysiological 

measurements.  

Participants have randomly been assigned to two test 

groups. The first group performed an incremental 

bicycle exercise test, first under normoxic conditions 

(21.0% O2), and at the second test day under hypoxic 
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conditions (12.7% O2, simulating acute altitude 

exposure of 4000 m). The second group completed the 

two exercise tests in reversed order. Test days were 

separated on average by 25  16.6 days. All tests were 

carried out in a temperature-controlled laboratory. 

Beside from wearing silicon breathing half mask 

(x-plore 4740, DRÄGER AG & Co. KGaA, Lübeck, 

Germany) over nose and mouth for administration of 

the hypoxic gas mixture (starting 15 minutes prior to 

the exercise protocol until the end of the test), 

participants completed the same protocol on the two 

test days. Oxygen saturation was shown reduced by 

about 10%-15% after 10 minutes of 12.7% O2-hypoxic 

gas exposure [23]. 

2.2 Exercise Protocol 

A continuous incremental exercise test on a bicycle 

ergometer (Ergoliner 900, ERGOLINE, Bitz, Germany) 

commenced at 50 Watt (W), increased every 5 minutes 

by 50 W until subjective exhaustion or up to a heart rate 

of maximally 180 beats per minute was conducted. The 

heart rate limit was set at 180 beat per minute in order 

to keep the strain below the cardio circulatory and 

metabolic maximum to avoid potential complications 

of acute oxygen deficit, such as orthostatic collapse, 

cardiac arrhythmia, fainting, etc. Pedalling cadence 

was to be kept constant during the tests at 70  5 

rotations per minute provided to the athletes by a 

visible digital display at the handlebar of the 

ergometer.  

2.3 Heart Rate, Lactate and Ratings of Perceived 

Exertion 

Before the start and during the last minute of each 

exercise stage, the heart rate was measured (Polar 

S810i, POLAR ELECTRO, Buettelborn, GER). 

Ratings of perceived exertion [RPE, 24] were 

requested at the end of each stage. 20-μl capillary 

bloods from the earlobe for lactate analysis 

(BiosenC_Line Glucose-/Lactate Measurement 

System—EKF DIAGNOSTICS, Barleben, GER) were 

taken prior to exercise and during the last minute of 

each exercise stage.  

2.4 EEG (Electroencephalography) 

Information about set-up and processing of EEG is 

published in Abeln, Harig, Knicker, Vogt & Schneider 

[25] unless otherwise noted. Prior to and approximately 

five minutes after a passive break following the 

exercise protocol a 1-minute rest-EEG was performed. 

Therefore, participants were asked to sit relaxed on the 

bicycle ergometer, arms resting on the handlebar and 

feet on the pedals, to keep their eyes closed. Raw data 

was filtered using Butterworth Zero Phase Filters 

including a notch filter at 50 Hz, low cut-off at 2 Hz 

and high cut-off at 70 Hz with a time constant of 

0.1592 sec and 48 decibel per octave. Based on triggers, 

data was afterwards segmented into the rest 

measurement prior to (pre) and after the exercise test 

(post), as well as each exercise stage (50 W, 100 W, 

etc.), of which at least 1 minute has been completed) 

without overlap. Minute 5 of each exercise stage was 

excluded from analysis because of distraction and 

interruption within brain activity due to taken heart rate, 

lactate and ratings of perceived exertion assessments. 

Loreta analysis was used in order to export the cortical 

current density μV
2
/mm

4
 within the anterior 

prefrontal cortex (Brodmann area 10 (BA10, superior + 

middle + medial + inferior frontal gyrus) and within the 

dorsolateral prefrontal cortex (BA46, inferior + middle 

frontal gyrus). The latter two areas correspond to the 

investigated region by NIRS and were pooled as PFC, 

which was regarded in most of the former studies due 

to handling reasons (no hair, easy to fix probes etc.). 

We refrained from functional differentiation of the two 

regions of interest, because the behaviour/role of both 

BA are quite similar and/because the number of EEG 

channels is low.  

2.5 NIRS (Near-Infrared Spectroscopy) 

O2Hb, HHb as well as tHb (O2Hb + HHb) were 

recorded over the left and right PFC of the brain with a 
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frequency of 50 Hz using a NIRS system (Oxymon, 

Artinis, NL). Black near-infrared light emitter- 

(wavelength: 764 and 856 nm) and receiver- 

(emitter-receiver distance: 4.5 cm) probe holders were 

integrated into the EEG cap at positions AF7 and AF3 

for left and at AF8 and AF4 for right hemisphere of a 

64-channel EEG-cap above BA10 and BA46. Forehead 

skin has been cleaned with alcohol-impregnated pads 

before. Special care was taken for the correct and 

secure fit of the sensors and double-sided adhesive tape 

underneath the probe holders was used to avoid sensor 

shift. For age dependent differences in the scattering 

medium of human tissue, differential path length factor 

was individually calculated based on participants age 

[26]. 

At first data has been baseline corrected. Based on 

triggers, data were then segmented into rest (pre, post) 

and exercise measurements (50 W, 100 W, 150 W, 200 

W etc.). The mean of the O2Hb, HHb and tHb μmol/l 

of a 60-second period starting from the trigger pre and 

post were exported. For during exercise, minutes 1 to 4 

of each stage starting from the exercise stage trigger 

were exported. Minute 5 of each stage was excluded for 

the same reason as for EEG analysis. Segments that 

have visibly been affected by movement artefacts were 

rejected.  

2.6 Statistics 

Eight participants were included into the analysis (N 

= 8). Two volunteers had to be rejected from the 

analysis, because one quit the test under hypoxic 

conditions after two stages due to dizziness, and the 

data set of the second was incomplete. In order to 

compare similar level of strain and fatigue (same Watt 

load was perceived harder and test ended earlier under 

hypoxic conditions), the last three stages of each trial 

were averaged and exported. These averaged three 

final exercise stages, plus the pre- and post- 

measurement stages, were included into the statistical 

analysis.  

Statistics were run using the Statistica 7.1 software 

(STATSOFT INC., Tulsa, USA). Two-way repeated 

measures ANOVA (analysis of variance) was used to 

assess changes in heart rate and lactate concentration. 

The factor TIME was defined by the measurement time 

points: pre, 3rd last, 2nd last and last exercise stage of 

the incremental exercise test, as well as post. Factor 

CONDITION was implemented for normoxic and 

hypoxic conditions. To compare the means of 

significant ANOVA effects, Fisher’s LSD (Least 

Significant Difference) post-hoc test was used. The 

tests were used for EEG and NIRS plus the factor 

HEMISPHERE (left, right). Non-parametric ratings of 

perceived exertion values were analysed using a 

Friedman’s ANOVA and, in case of significance, 

Wilcoxon tests for paired samples. Multiple regression 

analysis was used to check for correlations between 

NIRS (O2Hb, HHb, tHb), EEG and cardio-vascular 

parameters (heart rate, lactate concentration) and 

perceived exertion during exercise. Values of both 

conditions and hemispheres have been included into 

the regression analysis. The threshold for significance 

was set at P < 0.05 (*), P < 0.01 (**) and P < 0.001 

(***). 

3. Results 

In the following “interaction” means three-way 

interaction between TIME, CONDITION and 

HEMISPHERE unless otherwise noted.  

For five out of eight trials of the normoxic and four 

out of eight of the hypoxic tests, the exercise protocol 

were ended as their heart rate exceeded 180 

beats/minute, which was the maximal heart rate 

defined for safety reasons. On average, participants 

exercising under normoxic conditions reached 231.3 ± 

37.2 W and 200 ± 26.7 W under hypoxic conditions 

respectively. Please again, take into account that the 

following results represent relative states of intensity 

during the 3rd last, 2nd last and last exercise stage 

respectively, and not absolute intensity levels  

(intensity in hypoxia is on average lower than in 

normoxia). 
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3.1 Heart Rate, Lactate, Perceived Exhaustion 

For heart rate, ANOVA for repeated measures (F(3, 

21) = 3.7472) revealed a significant effect for TIME (P 

< 0.001) and an interaction (P = 0.027). No effect for 

CONDITION (P = 0.117), but slightly higher heart rate 

values at rest and during exercise in hypoxia up to the 

2nd last exercise stage was found (see Fig. 1). Heart 

rate increased for normoxic and hypoxic conditions 

from pre to the 3rd last, 2nd last and last exercise stage 

(for all P < 0.001).  

ANOVA including capillary lactate concentration 

values for the factor TIME and CONDITION (F(3,21) 

= 1.651) result in a significant effect for TIME (P < 

0.001), but not CONDITION (P = 0.373) and no 

interaction (P = 0.208). Lactate concentration 

significantly increased for normoxic and hypoxic 

conditions from the 3rd last to the 2nd last (P = 0.005) 

and from the 2nd last to the last stage (P < 0.001; see 

Fig. 1).  

Friedman’s ANOVA (degree of freedom = 5) 

revealed CHI
2
 = 37.408 and P < 0.001. Wilcoxon Test 

for nonparametric, paired variables revealed significant 

higher ratings of perceived exertion values from the 3rd 

last to the 2nd last (normoxic P = 0.012; hypoxic P = 

0.012) and from the 2nd last to the last exercise stage 

(normoxic P = 0.012; hypoxic P = 0.018). No 

difference between CONDITIONs was found (3rd last 

P = 0.402; 2nd last P = 0.116; last P = 0.686). 

3.2 NIRS 

O2Hb: Concerning O2Hb concentration within the 

PFC, ANOVA for repeated measures revealed a main 

effect for TIME (P < 0.001), HEMISPEHRE (P = 

0.023) and CONDITION (P < 0.001) as well as an 

interaction (P = 0.002) (see Fig. 2).  

Regarding the left prefrontal hemisphere, for 

normoxic conditions O2Hb increased from pre-exercise 

to all other measurement points (for 3rd last P = 0.011, 

for other P < 0.001), and from the 2nd last to the last 

stage (P = 0.008). For hypoxic conditions, O2Hb only 

changed from “pre” to “last” (P = 0.033) and “post” (P  

 
Fig. 1  Results heart rate, lactate concentration and RPE 

(ratings of perceived exertion). Results are provided for 

normoxic (black) and hypoxic conditions (grey) for 

measurement points pre, 3rd last, 2nd last and last exercise 

stage. Points and squares represent the mean values, bars 

standard deviations. Significant differences are indicated by 

* (P < 0.05). 
 

< 0.001), from the 2nd last to the last exercise stage (P 

= 0.018) and from the “last” to “post” exercise (P = 

0.011). Beside “pre”, all measurements of the left 

hemisphere under normoxic condition were higher 

compared to hypoxic condition (for all (P < 0.001). 

Within the right hemisphere, normoxic measurements 

increased from “pre” to all other measurements (P < 

0.001), from “3rd last” to “2nd last” (P = 0.005) and 

from “2nd last” to “last” P < 0.001). Under hypoxic 

conditions, “pre” was lower than “post” (P < 0.001) 
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and “3rd last” lower than “last” (P < 0.011). 

Measurements “3rd last”, “2nd last”, “last” and “post” 

of the normoxic condition were higher than the hypoxic 

measurements (for all P < 0.001). In addition, 

measurements of the normoxic condition were lower in 

the left compared to the right hemisphere (P = 0.023). 

HHb: In regard to HHb concentration, a main effect 

for TIME (P < 0.001), CONDITION (P = 0.023), but 

not for HEMISPHERE (P = 0.254) and no interaction 

(P = 0.109) was observed (see Fig. 2). 

Within the left hemisphere under normoxic 

conditions, significant increases from “pre” to all 

measurement points (for 3rd last P = 0.029, for 2nd last 

P = 0.003; for last and post P < 0.001) and from “2nd 

last” to “last” (P = 0.032) were found. Under hypoxic 

conditions, increases were observed from “pre” to all 

measurement points during exercise (P < 0.001) and 

from “2nd last” to “last” (P = 0.005). A decrease from 

“last” to “post” (P < 0.001) was revealed. Within the 

right hemisphere under normoxic conditions, “pre” 

was lower than all other measurement points (for 3rd 

last P = 0.001, for other P < 0.001) and “2nd last” 

lower than “last” (P = 0.032). Under hypoxic 

conditions, “pre” was lower than all measurements 

during exercise (P < 0.001), “2nd last” lower than “last” 

(P = 0.045) and “last” higher than “post” (P < 0.001). 

Comparing conditions, measurements “3rd last”, “2nd 

last” and “last” were higher under hypoxic conditions 

than under normoxic conditions (for all P < 0.001) 

within both hemispheres, whereas for “post” 

significantly higher values under normoxic than 

hypoxic conditions have been observed only in the 

right hemisphere (P = 0.002). 

tHb: For tHb concentration, a main effect for TIME 

(P < 0.001), CONDITION (P = 0.016) as well as an 

interaction (P = 0.029) resulted out of the ANOVA. 

The factor HEMISPHERE missed level of significance 

(P = 0.055) (see Fig. 2).  

In the left prefrontal hemisphere, under normoxic 

conditions measurement “3rd last” was higher than 

“pre” (P = 0.028), “2nd last” higher than “3rd last” (P = 

0.023) and “last” higher than “2nd last” (P = 0.001). 

All measurements were higher than “pre” (P < 0.05). 

Higher activity within the left hemisphere under 

normoxic compared to hypoxic conditions was 

observed for “2nd last” (P = 0.012), “last” (P = 0.006) 

and “post” (P = 0.027). Under hypoxic conditions,  

tHb increased towards the end of the exercise test from 
 

 
Fig. 2  Results NIRS. Progression of O2Hb (top), HHb 

(middle) and tHb (bottom) within the left and right 

hemisphere of the prefrontal cortex for the last three 

exercise stages (3rd last, 2nd last and last) as well as pre and 

post exercise under normoxic (black) and hypoxic (grey) 

conditions. Points and squares represent the mean values, 

bars standard deviations. Significant differences (P < 0.05) 

between measurement points are indicated by *. Significant 

differences between conditions are demonstrated by #. 
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“pre” to “last” and “post” (P < 0.001) and from “2nd 

last” to “last” (P = 0.003). Within the right hemisphere, 

tHb increased from “pre” to all other measurement 

points (P < 0.001), from “3rd last” to “2nd last” (P = 

0.010) and from “2nd last” to “last” (P < 0.001) under 

normoxic conditions. Under hypoxic conditions, tHb 

for “pre” was lower compared to all other 

measurements (for 3rd last P < 0.012, for other P < 

0.001). Normoxia revealed significantly higher values 

compared to hypoxia for measurements “3rd last”, 

“2nd last”, “last” and “post” (for all P < 0.001). 

3.3 EEG 

ANOVA for repeated measures for the activity in the 

PFC (BA10 + BA46) resulted in a significant main 

effect for TIME (P < 0.001), but neither for 

CONDITION (P = 0.208), HEMISPHERE (P = 0.496) 

nor a three-way interaction (P = 0.578, see Fig. 3). An 

interaction between TIME and HEMISPHERE (P = 

0.046) was found.  

Regarding normoxia, a main effect of TIME (P < 

0.001), but not for HEMISPHERE (P = 0.933) and no 

interaction between TIME and HEMISPHERE (P = 

0.229) was found. Cortical current density during “pre” 

and “post” was significantly lower compared to all 

measurements during exercise (for 3rd last P < 0.01; 

for 2nd last and last P < 0.001). In addition, “3rd last” 

was lower than “last” (P = 0.022). For hypoxia, a main 

effect for TIME (P < 0.001) and an interaction between 

TIME and HEMISPHERE was observed (P = 0.042). 

Significant higher values for “3rd last”, “2nd last” and 

“last” compared to “pre” (to “3rd last” P = 0.01; to 

“2nd last” P < 0.001; to “last” P < 0.001) and to “post” 

(to “3rd last” P = 0.017; to “2nd last” P < 0.001; to “last” 

P < 0.001) were found.  

3.4 Correlation 

No correlation was found between NIRS and EEG 

parameters during exercise (correlation coefficient (R-) 

and P-values are provided in Table 1). EEG did 

moderately correlate with heart rate and lactate 

concentration, but not ratings of perceived exertion. 

O2Hb, HHb and tHb showed a moderate to high 

positive correlation with heart rate, lactate and ratings 

of perceived exertion. Correlations were also found 

between heart rate, lactate and ratings of perceived 

exertion as well as between O2Hb and tHb and between 

HHb and tHb.  
 

 
Fig. 3  Results EEG. Progression of CCD (cortical current density) within the left and right hemisphere of the PFC (BA10 + 46) 

of the 3rd last, 2nd last and last exercise stage as well as pre and post exercise under normoxic (black) and hypoxic (grey) 

conditions. Points and squares represent the mean values, bars standard deviations. Significant differences (P < 0.05) between 

measurement points are indicated by *. 
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Table 1  Correlation. Results of multiple regression analysis for correlation between the NIRS parameters O2Hb (oxygenated 

haemoglobin) concentration, HHb (deoxygenated haemoglobin) concentration and tHb (total haemoglobin) concentration, 

EEG (cortical current density) within the prefrontal cortex as well as HR (heart rate), LAC (lactate concentration) and RPE 

(ratings of perceived exertion) during exercise. Given are the allocated multiple regression coefficient (R-) and P-values. 

 

4. Discussion 

This study aimed to show hemodynamic and 

electro-cortical changes in parallel within the left and 

right hemispheres of the PFC during an incremental 

bicycle exercise test under normoxic and hypoxic 

conditions for correlation. For haemodynamic 

parameters, significant changes with exercise intensity 

as well as differences between conditions and 

hemispheres were found. Electro-cortical activity 

within the PFC did not result in differences between 

conditions and hemispheres. No correlations between 

hemodynamic and electro-cortical parameters were 

found. 

4.1 Heart Rate, Lactate Concentration and Ratings of 

Perceived Exertion 

Regarding absolute intensity, exercise test ended 

earlier under hypoxic than normoxic conditions 

(decrease of about 19.1%) as expected [4, 27]. After 

adjusting the data to the last three exercise stages 

respectively for both conditions instead of regarding 

absolute intensity levels, heart rate, lactate 

concentration and ratings of perceived exertion did not 

differ between conditions. Thus, the same intensity 

under hypoxic conditions is on physical and mental 

basis more demanding than normoxic conditions. Heart 

rate and ratings of perceived exertion values indicate 

that exercise has been discontinued shortly before 

reaching the subjective maximum, which is due to the 

maximum heart rate limit of 180 beats/minute. This 

should be kept in mind for the following discussion. 

4.2 NIRS 

All together, NIRS parameters are in line with 

previous findings demonstrating a clearly better central 

oxygenation situation under normoxic, compared to 

hypoxic conditions within the PFC during bicycling 

exercise at moderate to submaximal exercise intensity 

[2, 3, 8-11]. Therefore, replicated NIRS results will not 

be discussed in detail and the following discussion will 

concentrate on relevant and new findings. 

tHb: The clear lower haemoglobin 

concentration—thus blood volume—under hypoxic 

condition within both hemispheres starting with onset 

of exercise and remaining up to post exercise is 

remarkable (please note that measurements have been 

baseline corrected—that is why pre measurements are 

on same level). This demonstrates that less blood is 

delivered to the PFC probably in favour of other 

cerebral and peripheral regions, which are of higher 

importance at that time to maintain exercise and vital 

tasks such as the working muscles, motor cortex, basal 

ganglia or thalamus, and brain stem [2, 6, 28-30].  

Moreover, during exercise under normoxic 

condition, the right hemisphere seems to be fed at 

higher extent compared to the left hemisphere, 

although marginally non-significant (P = 0.068). Prior 

 O2Hb HHb tHb HR LAC RPE 

EEG 
R = 0.03 

P = 0.75 

R = 0.09 

P = 0.28 

R = 0.03 

P = 0.67 

R = 0.33 

P < 0.001 

R = 0.22 

P = 0.01 

R = 0.16 

P = 0.11 

HR 
R = 0.43 

P < 0.001 

R = 0.52 

P < 0.001 

R = 0.58 

P < 0.001 
n/a 

R = 0.63 

P < 0.001 

R = 0.76 

P < 0.001 

LAC 
R = 0.31 

P < 0.001 

R = 0.28 

P = 0.001 

R = 0.35 

P < 0.001 

R = 0.63 

P < 0.001 
n/a 

R= 0.65 

P < 0.001 

RPE 
R = 0.40 

P < 0.001 

R = 0.31 

P = 0.002 

R = 0.48 

P < 0.001 

R = 0.76 

P < 0.001 

R = 0.65 

P < 0.001 
n/a 

HHb 
R = 0.04 

P = 0.66 
n/a 

R = 0.33 

P < 0.001 

R = 0.52 

P < 0.001 

R = 0.28 

P = 0.001 

R = 0.31 

P = 0.002 

tHb 
R = 0.87 

P < 0.001 

R = 0.33 

P < 0.001 
n/a 

R = 0.58 

P < 0.001 

R = 0.35 

P < 0.001 

R = 0.48 

P < 0.001 



Electrocortical and Hemodynamic Changes within the Brain during Incremental Bicycle  
Exercise in Normoxia and Hypoxia—A Combined EEG/NIRS Study 

  

113 

studies also report of higher right-sided O2Hb and tHb 

concentration for normoxic and hypoxic conditions [3]. 

Higher O2Hb and tHb concentration can either be an 

indicator of higher neuronal activity or higher blood 

supply. Here, higher activity within the left hemisphere 

was found in normoxia, which supports the notion that 

higher brain activity is not the reason for increasing 

tHb (and O2Hb). Consequently, the higher O2Hb values 

in normoxia seem to be a result of higher blood supply 

(tHb) to the right hemisphere and not be caused by 

higher right-sided PFC activation, as speculated before 

by Subudhi [3].  

O2Hb: Regarding normoxia, the higher the workload 

the more oxygen is present within the PFC, which 

seems to be mainly based on higher blood volume/flow 

as indicated by parallel increase of tHb and HR values 

[31]. Under hypoxic conditions, a far lower O2Hb 

concentration was found during exercise and after 

exercise compared to normoxia. Physical load under 

hypoxic conditions results in a high oxygen deficit, 

which is revealed by the initial dip of O2HB values 

during exercise compared to “pre” although tHb 

sustained or increased. The continuative increase 

post-exercise indicates that oxygen deficit is partly 

cleared by the decreasing oxygen consumption without 

exercise, as reflected by the decrease in HHb 

concentration and a constant tHb level. The expected 

decrease shortly before the end of the exercise test, as 

shown in prior NIRS studies [6, 9], could not be found 

here, which is due to the fact that more than half of the 

tests were not carried out until subjective exhaustion, 

but stopped at heart rate of 180 beats/minute.  

HHb: Striking is the difference between conditions 

with far higher HHb during exercise under hypoxic 

conditions. The higher HHb concentration under 

hypoxic conditions reflects the impaired oxygen 

situation as seen in O2Hb within the PFC, due to lesser 

blood delivery (tHb) and lower oxygen fraction of the 

air. Post exercise, HHb in hypoxia dropped 

dramatically and reached the level of post 

measurements in normoxia, which means that less 

oxygen is consumed when no physical load is present 

and the brain is able to clear the oxygen deficit present 

during exercise. 

4.3 EEG 

Regarding electro-cortical activity of the PFC, 

higher cortical current density during exercise 

compared to pre and post exercise was found. Earlier 

studies did not find elevations of PFC activity with 

bicycling intensity [19], but these included the whole 

prefrontal cortex and not only BA10 and BA46. Both 

brain regions are known to be involved into cognitive 

processes like attention, learning and memory in regard 

of motivation, decision-making, conflict monitoring, 

integration of separate cognitive operation outcomes in 

pursuit of higher behavioural goals and inhibition of 

non-appropriate actions [32-39]. Accordingly, these 

areas might be increasingly activated with intensity and 

progression of the test and fatigue, when it more and 

more comes to thoughts and motivational processes in 

regard to how far the person wants to and is able to go. 

Further studies are required to explore the role of the 

PFC hemispheres in regard to fatigue, especially at the 

moment of withdrawal/exhaustion. 

Different to what was identified in the NIRS data, no 

main effect for condition or hemisphere was found in 

EEG. Brain cortical activity within the PFC was 

slightly lower in hypoxia than normoxia almost 

throughout the test and the elevation of PFC activity in 

hypoxia is not as distinct as in normoxia, especially 

within the left hemisphere. However, the missing 

CONDITION effect for EEG data does not allow 

concluding onto a general impaired PFC activity in 

hypoxia, as it would be expected based on the NIRS 

results. Accordingly, lower PFC oxygenation (lower 

O2Hb, higher HHb) does not necessarily mean lower 

PFC activity as assumed in previous investigations [3, 

6, 9, 12-14]. Additionally, the missing main effect for 

HEMISPHERE regarding EEG but existing 

hemispheric difference in NIRS suggest that EEG and 

NIRS results cannot be directly transferred and that 
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hemodynamic changes assessed by NIRS might be 

influenced by other/additional factors than brain 

cortical activity.  

4.4 Correlation 

The fact that the multiple regression analysis did not 

show any correlation between EEG and NIRS 

parameters support the assumption that NIRS 

parameters of the PFC during intensive exercise are not 

primarily dependent on brain-cortical activity. The 

oxygenation situation does not truly reflect 

electro-cortical activity in exercise studies. Exercise 

per se is known to go along with fluid shifts and 

changes in blood volume distributions, as well as blood 

pressure and blood flow [40-42]. The systemic effect of 

exercise with higher perfusion is assumed to overlay 

the relatively small effects of active neurons on 

hemodynamic situation. It is even more evident when 

taking the strong positive correlation of O2Hb with 

heart rate into account. The data highlights that 

interpretation of NIRS data- in regard to neural 

activation and exercise- should be done with caution (it 

is not as easy as pulling a white rabbit out of a hat). 

Although the data demonstrate clear effects, results 

should be validated because of the limited number of 

participants. 

5. Conclusion 

Oxygenation of the brain is impaired during exercise 

in hypoxia, whereas brain cortical activity is not. No 

correlation between hemodynamic and electro-cortical 

parameters were found, which is supposed to be due to 

the high systemic hemodynamic changes 

predominating the NIRS signal and overlaying changes 

attributable to neural activity. The results shed light on 

the correlation between two different methods for brain 

imaging during high-intensity exercise and emphasize 

that transferability of results between methods have to 

be done with caution. It is recommended to use 

additional assessments like blood flow measurements, 

blood pressure, heart rate etc. are required to correct the 

NIRS data or to use supplementary brain assessment 

techniques, such as EEG or MRI, for correlation. 
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