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Abstract

Purpose Findings concerning the effects of exhaustive
exercise on cognitive function are somewhat equivocal. The
purpose of this study was to identify physiological factors
that determine executive function after exhaustive exercise.
Methods Thirty-two participants completed the cognitive
tasks before and after an incremental exercise until exhaus-
tion (exercise group: N = 18) or resting period (control
group N = 14). The cognitive task was a combination of
a Spatial Delayed-Response (Spatial DR) task and a Go/
No-Go task, which requires executive function. Cerebral
oxygenation and skin blood flow were monitored during
the cognitive task over the prefrontal cortex. Venous blood
samples were collected before and after the exercise or rest-
ing period, and blood catecholamines, serum brain-derived
neurotrophic factor, insulin-like growth hormone factor 1,
and blood lactate concentrations were analyzed.

Results In the exercise group, exhaustive exercise did
not alter reaction time (RT) in the Go/No-Go task (pre:
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861 + 299 ms vs. post: 775 + 168 ms) and the number of
error trials in the Go/No-Go task (pre: 0.9 + 0.7 vs. post:
1.8 + 1.8) and the Spatial DR task (pre: 0.3 + 0.5 vs. post:
0.8 + 1.2). However, ART was negatively correlated with
Acerebral oxygenation (r = —0.64, P = 0.004). Other physi-
ological parameters were not correlated with cognitive per-
formance. Venous blood samples were not directly associ-
ated with cognitive function after exhaustive exercise.
Conclusion The present results suggest that recovery of
regional cerebral oxygenation affects executive function
after exhaustive exercise.

Keywords Executive function - Reaction time - Cerebral
oxygenation - Brain

Abbreviations

BDNF Brain-derived neurotrophic factor
DBP Diastolic blood pressure
Deoxy-Hb Deoxyhemoglobin

DR Delayed-response

IGF-1 Insulin-like growth hormone factor 1
NIRS Near-infrared spectroscopy

NTS Nucleus tractus solitarii

Oxy-Hb Oxyhemoglobin

RPE Ratings of perceived exertion

RT Reaction time

SBP Systolic blood pressure

SD Standard deviation

Total-Hb  Total hemoglobin

Introduction

Cognitive function is one of the major determinants of per-
formance in sports and may be impaired under exhaustive
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conditions. Recent studies summarized the effects of exhaus-
tive exercise on cognitive function, but the findings are
somewhat equivocal (Chang et al. 2012; McMorris 2016a).
Exercise has many physiological effects on the human brain
(Ide and Secher 2000; Nybo and Secher 2004; Ogoh and
Ainslie 2009). Thus, several physiological factors are likely
to be related to interaction between cognitive function and
exhaustive exercise. In the present study, we attempted to
determine physiological factors that affect cognitive function
under exhaustive conditions. To this end, cognitive function
was assessed after exhaustive exercise, since it is difficult to
complete a cognitive task that lasts for a long time during
exhaustive exercise.

Cerebral oxygenation reflects the balance between oxy-
gen availability and utilization (Boushel et al. 2001). Dur-
ing incremental exercise, cerebral oxygenation measured
from the prefrontal cortex increases up to moderate-to-hard
intensities, then decreases at very hard intensity near exhaus-
tion (Rooks et al. 2010). In contrast, cerebral oxygenation
quickly recovers after exhaustive exercise (Ando et al. 2010;
Gonzalez-Alonso et al. 2004). Provided that oxygen availa-
bility could be compromised under exhaustive condition, the
degree of recovery of cerebral oxygenation may be crucial
for cognitive function after exhaustive exercise. Therefore,
in the present study, we first hypothesized that recovery of
cerebral oxygenation is associated with cognitive function
after exhaustive exercise.

Exercise affects brain circuits involving neurotransmit-
ters including dopamine, noradrenaline, serotonin, adreno-
corticotropic hormone, and cortisol (Dietrich and Audif-
fren 2011; McMorris 2016a; Meeusen and De Meirleir
1995; Nybo and Secher 2004). Some of these physiological
changes are potential candidates that affect cognitive func-
tion (Brisswalter et al. 2002; Chmura et al. 1994; McMorris
2016a). Exhaustive exercise substantially increases circulat-
ing catecholamine concentrations (Chmura et al. 1994; Gon-
zalez-Alonso et al. 2004). Given that catecholamine does not
readily cross the blood—brain barrier (Cornford et al. 1982),
venous blood catecholamine concentrations are almost
entirely the result of peripheral activity (McMorris 2016a).
However, increases in circulating adrenaline and noradrena-
line activate f-adrenoceptors on the afferent vagus nerve
(McGaugh et al. 1996; Miyashita and Williams 2006), which
terminates in the nucleus tractus solitarii (NTS) within the
blood—brain barrier (McMorris 2016b). Noradrenergic cells
in the NTS project to the locus coeruleus (LC) and stimu-
late noradrenaline synthesis and release to other parts of the
brain (McMorris 2016a). Thus, increases in circulating cat-
echolamines induced by exhaustive exercise may be critical
to cognitive performance. Therefore, it is worth investigating
whether cognitive performance after exhaustive exercise is
associated with alterations in venous blood catecholamine
concentrations. Furthermore, alternations in brain-derived
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neurotrophic factor (BDNF) (Lee et al. 2014; Piepmeier
and Etnier 2015; Winter et al. 2007), insulin-like growth
hormone factor 1 (IGF-1) (Cassilhas et al. 2012; Cotman
and Berchtold 2002; Ding et al. 2006), and blood lactate
(Tsukamoto et al. 2016) may be contributing factors that
affect cognitive function after exercise. We also examined
whether alterations in BDNF, IGF-I, and blood lactate are
associated with cognitive function after exhaustive exercise.
The purpose of this study was to examine the effects of
exhaustive exercise on cognitive function and to identify
physiological factors that determine cognitive function. The
findings from the present study extend our prior knowledge
and may help to develop methods to prevent impairments in
cognitive performance under exhaustive conditions.

Materials and methods
Participants

Thirty-four healthy male participants were recruited in this
study. However, two participants were not able to complete
cognitive task after exhaustive exercise due to total exhaus-
tion. Thus, 32 healthy male participants completed the cog-
nitive tasks [exercise group: N = 18, age = 23.2 + 2.1 years;
height = 1.71 + 0.06 m; body mass = 66.8 + 5.9 kg;
peak oxygen uptake (VOy.,) = 48.2 + 6.6 ml/kg/
min, control group: N = 14, age = 22.3 + 2.3 years;
height = 1.70 + 0.06 m; body mass = 64.4 + 9.5 kg;
VOzpeak = 47.7 + 7.4 ml/kg/min]. The participants were
physically active and did not have any history of cardiovas-
cular, cerebrovascular, or respiratory disease. All partici-
pants gave written informed consent to participation. This
study was approved by the ethics committee of Fukuoka
University and was in accordance with the Declaration of
Helsinki.

Cognitive task

Cognitive task was a combination of Spatial Delayed
Response (Spatial DR) and Go/No-Go tasks (Harada
et al. 2004; Komiyama et al. 2015). The Spatial DR
task required working memory, and the Go/No-Go task
required response inhibition and executive control. Hence,
the present cognitive task required executive function. The
details of the cognitive task were previously described
(Komiyama et al. 2015). Figure 1 summarizes the present
cognitive task. In the Spatial DR task, a visual stimulus
was presented in one of the eight locations surrounding
a fixation point. The participants were asked to remem-
ber the location, where the visual stimulus was presented.
Then, the Go/No-Go task was started. On each trial, one
of a pair of figures was presented at the center of the
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Fig. 1 Spatial delayed response [
(Spatial DR) task and Go/

No-Go task. At the beginning
of the Spatial DR task, a visual
cue was presented at one of the
eight locations. The participants

1

remembered the location during
the Go/No-Go task. After the
Go/No-Go task, participants
responded by pressing the but-
ton of the ten-key correspond-
ing to the remembered location.
In this case, participants had to
press the number 6

Spatial stimulus
DR task

Response

Go/No-Go task

No/Go Response

computer display. One figure was identified at the outset
as the target. On any given trial, if the presented figure was
the target (“Go trial”), participants released a shift key as
quickly as possible. If the figure was not the target (“No-
Go trial”), participants continued holding the shift key
down. After the Go/No-Go task, participants continued
with the Spatial DR task. Visual stimuli were presented
at eight locations surrounding the fixation point. The par-
ticipants pressed the button on a portable ten-key pad to
indicate the location that they remembered. The portable
ten-key pad and computer keyboards were horizontally sit-
uated above both sides of the ergometer’s handlebars. The
participants pressed the ten-key pad with their right index
finger (Spatial DR task) and pressed the shift button on
the keyboard with their left index finger (Go/No-Go task).

After the participants had completed four or five succes-
sive trials (pseudorandomly determined) in the Go/No-Go
task, the other figure became the target. After the next four
or five successive trials were completed, a new pair of fig-
ures was presented. The participants did not know when the
correct response and the figure would be reversed or when
the new pair of figures would be presented. The cognitive
tasks continued until the participants had completed 20 trials
of each task. To assess cognitive function, we used reaction
time (RT) of the Go trial in the Go/No-Go task and number
of error trials of each task. In the Go/No-Go task, error tri-
als were defined as omitting the response in the Go trial, or
an incorrect response in the No-Go trial. For calculation of
number of error trials, we excluded trials immediately after
the relationship between correct response and figure was
reversed or one of a new pair of figures was presented. In
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the Spatial DR task, error trials were defined as incorrect
responses to the remembered location.

Experimental procedure

A few days before the experiment, the participants com-
pleted practice blocks of the cognitive task at rest and during
cycling until RT decreased within three SD from the mean.
On the day of the experiment, the participants arrived at the
laboratory at least 1 h before the experiment. At the begin-
ning of the experiment, venous blood sample was collected
from the antecubital vein. The left earlobe was pricked
with a safety lancet and 2 pl capillary blood was collected.
Systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were measured from the right arm in a sitting posi-
tion. Then, the participants performed the cognitive task at
rest sitting on a cycle ergometer (75XLII, COMBI Wellness,
Tokyo, Japan). After the cognitive task, ratings of perceived
exertion (RPE; 6-20 Borg scale) (Borg 1975) were recorded.
In the exercise group, the participants started an incremental
exercise test until exhaustion. Following a warm-up period
at 10 W for 1 min, the maximal exercise test was initiated
with 20 W increments every minute in a ramp manner. The
pedaling rate was freely chosen over 50 revolution per min-
ute (rpm) by each participant. The maximal exercise test
was stopped when the participants were no longer able to
maintain a pedaling rate of 50 rpm. We measured ventila-
tory parameters using a gas analysis system (ARCO-2000,
ARCO System, Chiba, Japan), and peak oxygen uptake was
determined as the highest oxygen uptake attained. RPE was
recorded after the cessation of exercise. The participants
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performed the cognitive task 2 min after the maximal exer-
cise test. Then, venous and capillary blood sample was
collected, followed by blood pressure measurement. In the
control group, the participants completed the measurement
in the same manner except for exercise. We used the average
time (16 min 1 s) of the maximal exercise in the exercise
group as the duration of resting period in the control group.
Thus, the experiments in the control group were conducted
after all experiments in the exercise group had completed.
The participants in the control group also performed the
incremental exercise test until exhaustion within a week
after the main experiment and confirmed that VOZPeak was
not different between groups (P = 0.86, two-sample 7 test).
Throughout the experiment, the ambient temperature was
maintained at 22 °C and the relative humidity was controlled
approximately at 50%.

Measurement

Cerebral oxygenation was continuously monitored over the
prefrontal cortex with a near-infrared spectroscopy (NIRS)
(BOM-L1 TRW, Omegawave, Tokyo, Japan), as previously
described (Ando et al. 2010). A probe holder contained one
light source probe and two detectors placed at 2 cm (detec-
tor 1) and 4 cm (detector 2) from the source. The probe
holder was attached at the right side of the forehead, so
that midpoint of the detectors covers the Fp2 position of
the international electroencephalographic 10-20 system.
We used positions of Fpz and F8 as landmarks. The source
generated three wavelengths of near-infrared light (780, 810,
and 830 nm). Based on the modified Beer—Lambert law,
continuous measurement of concentration changes in oxy-
hemoglobin (oxy-Hb) and deoxyhemoglobin (deoxy-Hb),
and tissue scattering and attenuation coefficients were meas-
ured with the three wavelengths of near-infrared light. After
movement artifacts were removed, hemoglobin concentra-
tions were calculated using near-infrared light received by
each detector without detrend. Total hemoglobin (total-Hb)
is calculated as the sum of oxy-Hb and deoxy-Hb. Cerebral
oxygenation is expressed as oxy-Hb/total-Hb x 100 (i.e., as
a percentage). Hence, cerebral oxygenation reflects propor-
tion of oxy-Hb, and the definition of cerebral oxygenation
is different from other studies using different devices (e.g.,
Tobias et al. 2008). We assessed relative changes in cerebral
oxygenation from the baseline in response to exhaustive
exercise and the cognitive tasks. In the present study, the
hemoglobin concentrations received by detector 1 were sub-
tracted from those received by detector 2, which allowed us
to reduce effects of near-surface blood flow on hemoglobin
concentrations in the cortical tissue (see also limitation in
“Discussion”).

Skin blood flow was monitored from the right side of
the forehead with a laser Doppler flow probe (FLO-C1,
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Omegawave, Tokyo, Japan). The probe of skin blood flow
was placed side by side with the probe of NIRS, and both
probe holders were wrapped by a black cloth to shield them
from the light. Before the experiment, we confirmed that
there was no cross-talk when we measured cerebral oxygena-
tion and skin blood flow simultaneously. Before the cogni-
tive task at rest, we measured averaged oxy-Hb, deoxy-Hb,
total-Hb, cerebral oxygenation, and skin blood flow for 30 s
as a baseline while sitting on the ergometer. Oxy-Hb, deoxy-
Hb, total-Hb, and cerebral oxygenation during the cognitive
tasks were averaged and expressed relative to the baseline.
Relative changes in skin blood flow were expressed as a
percentage.

Plasma samples were obtained from heparinized blood
samples at centrifugation at 3000 rpm for 15 min and stored
at —80 °C until analysis. Plasma adrenaline, noradrena-
line, and dopamine concentrations were determined using
a high-performance liquid chromatography system (Shi-
madzu, Kyoto, Japan). Relative changes in adrenaline,
noradrenaline, and dopamine were expressed as a percent-
age. Serum samples were obtained from venous blood by
centrifugation and were stored until analysis. Serum BDNF
concentration was measured using the Quantikine Human
BDNF Immunoassay (R&D systems, Minneapolis, USA).
For BDNF analysis, data from one participant in the control
group were excluded due to technical problem. Serum IGF-1
concentration was determined using an immunoradiometric
assay (IGF-1 IRMA Daiichi, TFB, Tokyo, Japan) and a Wal-
lac 1460 Gamma Counter (Wallac, Turku, Finland). Blood
lactate concentration was determined by the lactate oxidase
method, using an automated analyzer (Lactate Pro, Arkray,
Kyoto, Japan).

Data and statistical analysis

Two-way analysis of variance (ANOVA) with time (pre
and post) as the within-subject factor and group as the
between-subject factor was performed. When an interaction
was observed, we performed a paired ¢ test with Bonfer-
roni correction. Sample size was calculated from our pre-
liminary results and we observed that, at least, 13 partici-
pants would be needed. We performed the Shapiro-Wilk
test before correlation analysis to test if data are normally
distributed. Pearson’s correlation test was used to establish
a correlation between alterations in cognitive performance
and physiological parameters when data are normally dis-
tributed. Spearman’s correlation test was used when data are
not normally distributed. For correlation analysis, provided
p values were corrected with false-discovery rate correction
(Glickman et al. 2014) for each physiological variable. All
data are expressed as mean = SD. The significance level was
set at P < 0.05.
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Results
Cognitive function

Figure 2 illustrates RT in the Go/No-Go task (A), num-
ber of error trials in the Go/No-Go (B), and the Spatial
DR (C) tasks. We observed no significant main effects
of time [F(1,30) = 1.33, P = 0.26, 171% = 0.04] and group
[F(1,30) = 0.02, P = 0.88, 17}2, = 0.001] on RT. No interac-
tion was observed between time and group [F(1,30) = 1.02,
P =0.32, ;7[2) = 0.03]. These results indicate that RT did
not change in the exercise (pre: 861 + 299 ms vs. post:
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Fig. 2 Reaction time (a) and number of error trials in the Go/No-Go
(b) and Spatial DR tasks (c) in the exercise and control groups

775 + 168 ms) and control (pre: 833 + 234 ms vs. post:
827 + 221 ms) groups. In contrast, we found a significant
interaction between time and group on number of error trials
in the Go/No-Go task [F(1,30) =7.43, P =0.01, '7;2) =0.20].
The difference in number of error trials in the Go/No-Go
task was not significant in the exercise (pre: 0.9 + 0.7 vs.
post: 1.8 + 1.8, P = 0.04) and control (pre: 1.0 + 0.8 vs.
post: 0.6 + 0.6, P = 0.06) groups after Bonferroni correc-
tion. Error trials in the Spatial DR task was affected by nei-
ther time [F(1,30) = 1.44, P = 0.24, ’7; = 0.05] nor group
[F(1,30) =3.13, P = 0.09, 773 = 0.09], which indicates that
accuracy of the Spatial DR task was not altered in both
groups.

Physiological parameters

Figure 3 illustrates an example of alterations in cerebral oxy-
genation and skin blood flow in the exercise group. Cerebral
oxygenation gradually increased during low-to-moderate
exercise, then decreased until exhaustion. Nevertheless,
cerebral oxygenation quickly recovered after the cessation
of exercise, and recovered to the baseline level during the
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Fig. 3 Example of alterations in cerebral oxygenation (a) and skin
blood flow (b). Black bars show the duration of the cognitive task.
Gray bars show the duration of the incremental exercise. Horizontal
dashed lines indicate the respective baselines. Note that data were
resampled for clarification
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cognitive task. In contrast, skin blood flow increased during
incremental exercise until exhaustion, and remained elevated
after exercise.

Table 1 summarizes the results of physiological param-
eters. In the exercise group, we found no differences in oxy-
Hb, deoxy-Hb, total-Hb, and cerebral oxygenation between
pre- and post-values. In contrast, skin blood flow increased
after exercise (P = 0.003), showing that skin blood flow
remained elevated during the cognitive task after exhaus-
tive exercise. Plasma adrenaline, noradrenaline, and dopa-
mine concentrations significantly increased after exercise
(P =0.03, P <0.001, and P < 0.001). Serum BDNF did
not change after exercise, whereas serum IGF-1 significantly
increased after exercise (P < 0.001). Blood lactate concentra-
tion and RPE significantly increased after exercise (P < 0.001
and P < 0.001). DBP slightly but significantly decreased after
exercise (P = 0.02). In the control group, we found no altera-
tions in physiological parameters between the measurements.

Correlation analysis

In the exercise condition, ART was not correlated with
Anumber of error trials in the Go/No-Go task (r = —0.03,
P = 0.90), showing that there was no speed-accuracy
tradeoff.

Table 2 summarizes the results of correlation analysis
between cognitive performance and physiological param-
eters. In the exercise group, we observed that ART was neg-
atively correlated with Acerebral oxygenation (r = —0.64,

Table 1 Physiological parameters in the exercise and control groups

P =0.004, Fig. 4). Alterations in other physiological param-
eters were not correlated with cognitive performance in the
exercise and control groups (all Ps > 0.05).

In the exercise group, Askin blood flow was not cor-
related with Aoxy-Hb (r = 0.43, P = 0.08), Adeoxy-Hb
(r=20.19, P = 0.44), Atotal-Hb (r = 0.38, P = 0.12), and
Acerebral oxygenation ( = 0.20, P = 0.44). In the Control
group, Askin blood flow was not correlated with Aoxy-Hb
(r =0.09, P = 0.76), Adeoxy-Hb (r = —0.01, P = 0.99),
Atotal-Hb (r = 0.05, P = 0.86), and Acerebral oxygenation
(r=-0.01, P =0.97). These results indicate that alterations
in skin blood flow were not associated with alterations in
oxy-Hb, deoxy-Hb, total-Hb, and cerebral oxygenation.

Discussion

The major findings of this study were: (1) ART was nega-
tively correlated with Acerebral oxygenation and (2) altera-
tions in BDNF, IGF-1, and blood lactate concentrations
were not correlated with cognitive function after exhaustive
exercise. These results suggest that recovery of cerebral oxy-
genation affects speed of response in the cognitive task after
exhaustive exercise. Venous blood samples were not directly
associated with cognitive function after exhaustive exercise.
The present results suggest that recovery of prefrontal oxy-
genation affects executive function after exhaustive exercise.

A previous study indicated that decreases in cerebral oxy-
genation were not related to cognitive impairments during

Variable Exercise group Control group P value
Main effect Interaction
Pre Post Pre Post Group  Time

Oxy-Hb. (a.u.) 0.02 +0.08 0.01 £0.18 -0.02 +0.13 0.00 +£0.14 0.52 0.70 0.69
Deoxy-Hb (a.u.) -0.06 +0.07 —0.05+0.16 -0.06+0.12 —0.01 £0.13 0.56 0.15 0.32
Total-Hb (a.u.) —-0.05+0.14  —-0.04 +0.30 -0.08 +£0.25 —0.01 £0.27 0.97 0.33 0.44
Cerebral oxygenation (%) 2.06 + 1.61 1.53 +£4.21 1.62 + 1.80 0.22 +£2.08 0.25 0.13 0.49
Skin blood flow (%) 39+ 135 97.5+112.84*%*% 6.8 +16.8 29+18.6 0.006  0.007 0.003
Adrenaline (pg/ml) 50 +£24 166 + 209* 69 + 41 51+28 <0.001 0.09 0.02
Noradrenaline (pg/ml) 426 + 156 1333 & 489*** 305+ 98 344 +70 <0.001 <0.001 <0.001
Dopamine (pg/ml) 9+3 39 + 16%%* 8+2 8§+2 <0.001 <0.001 <0.001
BDNF (pg/ml) 26,906 + 7133 24,556 + 7101 24,649 + 6001 22,263 + 6020  0.37 0.14 0.99
IGF-1 (ng/ml) 186 + 42 204 + 45%%* 192 + 51 197 £ 50 097  <0.001 0.03
Blood lactate concentration (mmol/l) 1.0+£03 9.1 £ 2.2%%* 09+0.2 09+0.2 <0.001 <0.001 <0.001
RPE 6.8+1.0 18.3 + 1.6%** 69+19 73+£2.1 <0.001 <0.001 <0.001
SBP (mmHg) 123 +9 121 + 11 123 +7 123 + 12 0.67 0.43 0.53
DBP (mmHg) 2+7 67 + 9* 73+5 74 +£7 0.13 0.14 0.03

Values are mean + SD

#x P < (0.001, ** P <0.01, * P <0.05, vs. Pre
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Table 2 Correlation coefficient

o Variable Exercise group Control group
between cognitive performance
and physiological parameters ART ANumber of error trials ART  ANumber of error trials
GNG task Spatial DR task GNG task Spatial DR task

AOxy-Hb -0.25 -0.19 -0.26 -0.11  0.12 0.50
ADeoxy-Hb 034 -0.02 -0.24 -0.12  0.06 0.40
ATotal-Hb 0.01 -0.13 -0.29 -0.12  0.11 0.56
ASkin blood flow -0.08 -0.36 0.05 0.00 -0.07 0.27
ACerebral oxygenation —0.64* —0.05 0.23 0.14 0.04 -0.20
ABDNF 0.08 0.22 -0.42 -0.23 -0.02 0.02
AIGF-1 0.34 -0.09 -0.07 029 0.23 —-0.03
ABlood lactate concentration —0.20 —0.06 0.05 0.26  0.39 0.32
ARPE -0.31 0.41 0.30 -0.11 -0.14 0.00
AAdrenaline 0.35 0.04 -0.20 024 0.05 0.30
ANoradrenaline 024 -0.38 -0.33 0.17 -0.01 0.07
ADopamine 043 -0.50 —-0.40 0.10 0.29 0.50

* Significant after false-discovery rate correction
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Fig. 4 Relationship between Acerebral oxygenation and ART (a) and
between Aadrenaline and ART (b)

strenuous exercise (Ando et al. 2011). Another study also
reported that inhibitory control was maintained despite
decrease in cerebral oxygenation during exercise near
exhaustion (Schmit et al. 2015). In contrast, impaired cogni-
tive performance during heavy exercise was associated with
decrease in cerebral oxygenation (Mekari et al. 2015). The
discrepancies are probably due to the differences in exer-
cise intensity, duration, and physical fitness of participants.
In the present study, we observed that ART was negatively
correlated with Acerebral oxygenation after exhaustive exer-
cise, which indicates that recovery of prefrontal oxygena-
tion affected cognitive function after exhaustive exercise.
Exercise may facilitate implicit information by enhanced

noradrenergic and dopaminergic systems (Dietrich and
Audiffren 2011). This implies that brain neurotransmitters
could play a key role in alterations in speed of response dur-
ing and after exercise. At the cellular level, the turnover of
several neurotransmitters seems to be altered under hypoxia
(Raichle and Hornbein 2001). This means that oxygen avail-
ability is critical for the turnover of neurotransmitters. In
the case that oxygen availability was compromised in the
brain areas under exhaustive condition, it can be speculated
that reduced oxygen availability affected neurotransmitters
turnover and impaired speed of response in the cognitive
task. In contrast, sufficient recovery of oxygen availability
would impair less speed of response even after exhaustive
exercise. Therefore, it is plausible that degree of cerebral
oxygenation recovery affected RT after exhaustive exercise.
The present findings may suggest that the maintenance and
recovery of cerebral oxygenation are a key determinant of
cognitive performance in sports under exhaustive situations.
Howeyver, it should be noted that substantial decrease in cer-
ebral oxygenation did not impair cognitive function during
moderate exercise under hypoxia (Ando et al. 2013; Komiy-
ama et al. 2015). Given that cerebral blood flow does not
match the metabolic demand during heavy exercise (Ogoh
and Ainslie 2009), the present association between cogni-
tive function and cerebral oxygenation may be limited to the
exhaustive condition, where regional cerebral metabolism
could be compromised.

Moderate exercise has been suggested to increase arousal
level to an optimal level and improve cognitive function
(Brisswalter et al. 2002; Chang et al. 2012; Lambourne
and Tomporowski 2010). However, further increases in
arousal level (i.e., over-arousal) may produce neural noise
and impair cognitive performance (McMorris 2016a). Since

@ Springer



2036

Eur J Appl Physiol (2017) 117:2029-2038

the original hypothesis by Cooper (Cooper 1973), the asso-
ciation between arousal level and catecholamines has been
implicated (Chmura et al. 1994; McMorris 2016a). Indeed,
one would expect that increases in catecholamine concentra-
tions lead to over-arousal and have negative effects on cogni-
tive function following heavy exercise (McMorris 2016a).
In the present study, however, we observed no relationships
between alterations in cognitive function and circulating cat-
echolamines. These results indicate that circulating catecho-
lamines were not directly associated with cognitive func-
tion after exhaustive exercise. Hence, the present study may
suggest that cognitive performance is not predictable from
circulating blood catecholamines after exhaustive exercise.

It has been suggested that upregulation of BDNF expres-
sion is associated with neuroplasticity (Cotman and Berch-
told 2002; Voss et al. 2013). In contrast, less is known how
alterations in BDNF affect cognitive function after acute
exercise. In the present study, there was no association
between cognitive function and serum BDNF after exhaus-
tive exercise, suggesting that alterations in peripheral BDNF
are not related to cognitive function after exhaustive exer-
cise. Given that peripheral BDNF is merely indicative of
central concentration, the real effects of BDNF on cognitive
function are probably downstream of synthesis and release
(McMorris 2016a). Alternatively, a recent review summa-
rized that peripheral BDNF is closely related to memory task
and is not implicated more broadly in explaining the effects
of acute exercise on other types of cognitive performance
(Piepmeier and Etnier 2015). Thus, another possible expla-
nation for the absence of the association between alterations
in serum BDNF and cognitive function may be that execu-
tive function was assessed in the present study.

IGF-1 has multipotent neuroprotective effects and
has been demonstrated as a potent mediator of the multi-
beneficial effects of exercise on the brain (Nishijima et al.
2016). Previous studies using both human and rodent models
have suggested that serum IGF-1 increases following acute
resistance exercise or resistance exercise training (Borst
et al. 2001; Cassilhas et al. 2007, 2012; Tsai et al. 2014).
In the present study, serum IGF-1 significantly increased
after exhaustive exercise. We used the maximal exercise test,
which is thought to recruit motor units containing fast fibers
to a greater extent. Thus, it is reasonable that serum IGF-1
concentration increased after the exercise until exhaustion.
It has been suggested that increases in serum IGF-1 after
resistance exercise may contribute to cognitive improve-
ments (Cassilhas et al. 2012; Cotman and Berchtold 2002;
Ding et al. 2006). However, in the present study, alterations
in cognitive performance were not correlated with increases
in serum IGF-1. Hence, this result suggests that alterations in
serum IGF-1 are not directly associated with cognitive func-
tion after exhaustive exercise. Nonetheless, it is less clear
whether alterations in IGF-1 are associated with cognitive

@ Springer

function after acute exercise. Further studies are needed to
examine whether increases in IGF-1 may be responsible for
alterations in cognitive function after acute exercise.

A recent study suggested that blood lactate may play a
key role in improvements in cognitive function after high-
intensity exercise (Tsukamoto et al. 2016). In the present
study, blood lactate concentration substantially increased
after exhaustive exercise. However, alterations in cognitive
performance were not correlated with increases in blood
lactate concentration. This result suggests that increases in
blood lactate are not directly associated with cognitive func-
tion after exhaustive exercise. Rather, lactate is well known
to be taken up in the brain, which serves as an energy fuel
(Quistorff et al. 2008; van Hall 2010). Hence, in the present
study, it is likely that lactate served as an energy fuel in the
brain areas after exhaustive exercise.

We have to acknowledge limitations in the present study.
First, although we proposed several candidates that affect
cognitive function, many physiological alterations occur
simultaneously in response to acute exercise. Changes in
cerebral circulation, blood catecholamines, and growth and
neurotrophic factors were not isolated with other physiologi-
cal changes induced by acute exercise. Hence, we cannot
exclude confounding factors, and sophisticated protocols are
still necessary to reveal contribution of each physiological
change. In the present study, we focused on how alterations
in physiological variables affect executive function. In that
sense, the present perspective may be more homeostatic than
allostatic. However, given that research investigating activity
and relationship among the multiple regulatory loops would
be helpful to understand physiological regulatory systems
(Ramsay and Woods 2014), further study should focus on
the integration and contribution of different systems (e.g.,
Ekkekakis et al. 2016).

Second, recent studies challenged the validity and/
or reliability of the measurement using NIRS (Sorensen
et al. 2012; Takahashi et al. 2011). In particular, con-
cerns raised by recent criticisms are the contamination of
skin blood flow. However, even if it might be difficult to
exclude the effects of extracranial blood flow completely,
we expected that the effects of near-surface blood flow on
cerebral oxygenation were reduced by subtraction of data
from different source-detector distances. The subtraction
was performed based on the assumption that NIRS sig-
nals are primarily originated from skin blood flow when
distance between the source and the detector was 20 mm.
Takahashi et al. (2011) suggested that NIRS signals pri-
marily reflect skin blood flow even when distance between
optodes was 30 mm. Furthermore, we observed that oxy-
Hb detected at channel 1 was significantly correlated with
skin blood flow (r = 0.61, P = 0.007), suggesting that
NIRS signals are affected by skin blood flow in the present
study. Hence, we expected that subtraction reduced the
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effects of near-surface blood flow. Nevertheless, we have
to admit that further evaluation using the state-of-the-art
method (e.g., Yucel et al. 2015) is needed to understand
how exhaustive exercise alters cerebral oxygenation.

Finally, the present study was not a randomized cross-
over study and number of participants was not equal,
which may limit the impact of the study. Given that psy-
chological as well as physiological factors determine
endurance performance (e.g., attentional strategies, Ber-
tollo et al. 2015), further studies are required to examine
the effects of exhaustive exercise on cognitive performance
in a randomized cross-over design.

Conclusion

We examined executive function after exhaustive exercise
and attempted to identify physiological factors that deter-
mine executive function. The present results indicate that
recovery of prefrontal oxygenation affects cognitive func-
tion after exhaustive exercise. In many sports, players are
required to make decisions quickly and accurately even
after exhaustive intermittent exercise. The present findings
suggest that quick recovery of cerebral oxygenation may
play a key role in cognitive performance in such a situa-
tion. In the present study, we focused on how physiologi-
cal factors affect executive function. However, the effects
of exhaustive exercise are multifaceted. Multimodal and
multidisciplinary perspective is necessary to understand
the issue. In addition to measurements used in the present
study, integration and contribution of different systems
should be further investigated.
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