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Abstract.	 [Purpose] To examine the influence of different exercise intensities on cortical activity. [Participants 
and Methods] Twenty-six healthy adults aged 20–30 years performed exercise at three intensities on a bicycle er-
gometer as follows: (a) 15-minute exercise at 40% peak oxygen uptake, (b) same as (a) but at 60% peak oxygen 
uptake, and (c) 15 minutes of rest. The cognitive function of the participants was measured before and after exercise 
by the Paced Auditory Serial Addition Test (PASAT) under these three conditions. The cerebral blood flow in the 
left prefrontal and temporal cortices was measured using near-infrared spectroscopy during the PASAT. [Results] 
The PASAT score was significantly higher after exercise under condition (b) than before exercise (41.4 ± 9.1 vs. 47.7 
± 8.3). The cerebral blood flow in the prefrontal cortex under condition (b) was significantly increased compared to 
that under condition (c), as determined by the Tukey method (0.019 ± 0.030 vs. −0.008 ± 0.044). Significant differ-
ences were not observed in the cerebral blood flow in the temporal cortex under these three conditions. [Conclusion] 
Cortical activation of the frontal lobe increased after high-intensity aerobic exercise with no change in the cortical 
activity of the temporal lobe.
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INTRODUCTION

Cognitive function is intellectual activity, including attention, execution, information processing, language, visual spatial 
skills, psychomotor ability, learning, and memory. Physical exercise not only improves the functional capabilities of the body, 
such as muscular strength and muscle endurance but also affects cognitive functions associated with structural changes in 
the brain1). Studies in mice have indicated that physical activity can regulate hippocampal neurogenesis and improve spatial 
memory2). Colcombe et al.3) have reported that cognitive functions in elderly people, in particular their executive functions, 
improved after aerobic exercise for 6 months. The volume of their cerebral white matter and gray matter had also increased4). 
These findings indicate that physical exercise plays an important role in the maintenance and improvement of cognitive 
function5). However, several questions still need to be addressed with regard to the different effects that physical exercise has 
on the brain according to the conditions under which the exercise takes place.

In long-term intervention studies, examining the factors that affect the brain is difficult as daily lifestyle rhythms differ 
from person to person and the amount of activity that each individual takes part in also affects study results6). For this reason, 
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transient exercise is used in studies that aim to examine the effects that physical exercise conditions have on the brain7–9). Test 
batteries are used in these studies, which test aspects of cognitive function such as reaction time, attention, crystallized intel-
ligence, executive function, and memory; the studies suggest that the results of each of these aspects of cognitive function 
will improve after exercise8). From the perspective of exercise intensity, results improved as the intensity level increased from 
low to a specified high-intensity peak. However, in contrast, the results worsened if the intensity level was increased beyond 
this point, indicating an inverse U-curve relationship10). Therefore, as a general rule, for exercise that aims at improving 
cognitive function, a moderate-intensity level is recommended9).

As possible reasons for the relationship between exercise intensity and cognitive function exhibiting an inverted U-shaped 
curve, Kashihara et al.11) cite the possibility that high-intensity exercise leads to the release of an excessive quantity of 
neurotransmitters, causing failure of the nerve network. In addition, they also cite the possibility of the effects of exhaustion 
and stress. Regarding changes in event-related potential, the P3 (or P300) amplitude after moderate-intensity exercise was 
larger than after high- and low-intensity exercise12). It has been previously reported that the P3 amplitude is associated with 
attention allocation13). Moreover, a study using near-infrared spectroscopy (NIRS) reported improved prefrontal cortex activ-
ity following 15 minutes of exercise with a 50% VO2 peak. Specifically, cognitive function might be improved by creating an 
appropriate environment in which brain neural activity can function easily after moderate-intensity exercise14).

Therefore, exercise is known to produce changes in neural activity in the brain resulting in changes in cognitive function. 
However, as the cortical activity is examined under a uniform intensity, the differences in cortical activity according to exer-
cise intensity remain unknown. Moreover, in terms of the contents of the cognitive aspects, auditory stimulation and visual 
stimulation are known, for example, to improve activity in the applicable cortical areas15, 16). However, whether any changes 
occur in cortical activation other than in the prefrontal cortex after exercise remains unknown. Therefore, we aimed in this 
study to examine the influences of different exercise intensity on cortical activity. We used the Paced Auditory Addition Task 
(PASAT) to evaluate cognitive function. The PASAT is a task that is often used for checking attention functions and is known 
to affect the temporal cortex8). In addition, fMRI was used to reveal the area activated during the task17).

PARTICIPANTS AND METHODS

The study included 26 healthy, right-handed adults aged 20–30 years (14 males, 12 females). The mean age, height, and 
weight were 24.3 ± 3.5 years, 164.3 ± 7.8 cm, and 59.5 ± 9.5 kg, respectively. The exclusion criteria included history of 
neurological disorder or difficulty riding a bicycle. The purpose and procedures of the study were explained verbally and 
in writing, and informed consent was obtained from all participants. This study was approved by the Ethics Committee on 
Human and Social Sciences, Kanazawa University (approval number: 2013-2).

The experiments for the study took place over 4 days. On the first day, an exercise test was carried out to determine the 
appropriate exercise intensity level. The peak oxygen uptake (VO2 peak) during testing was measured using a respiratory 
metabolism device (AE-300S, Minato Medical Science Co. Ltd., Osaka, Japan). Using a bicycle ergometer (Rehcor500P, 
Lode, the Netherlands), a 3-minute warm-up was followed by a cycling exercise with a ramp protocol of 20 W/min with the 
pedal frequency maintained at 60 rpm, wherein the participants cycled until exhaustion. The exercise test was terminated 
if the participant chose to stop, if the pedaling rate dropped to 50 rpm, or if the participant’s condition corresponded to the 
criteria set by the American College of Sports Medicine18). The exercise was followed by a 3-minute cool down. As a safety 
measure during testing, the participants’ heart rate was monitored by a medical telemeter (DS-2202, Fukuda Denshi Co., Ltd., 
Tokyo, Japan) and blood pressure was measured manually every 2 minutes.

Between the second and the fourth day of the study, the participants took part in 2 exercise groups and rested in a seated 
position (Control). For the exercise groups, each participant took part in a 15-minute exercise on the bicycle ergometer 
(EX90, Combi Corporation, Tokyo, Japan), at an intensity of 40% of the VO2 peak (G40) and 60% of the VO2 peak (G60), 
which was calculated from each participant’s VO2 peak level. In the Control condition, the participant sat on the bicycle 
ergometer and rested for 15 minutes. All participants underwent a cognitive function test before and after the exercise 
conditions and Control. After the exercise the participant was required to rest for 15 minutes to exclude the influence of the 
temporary increases in cerebral blood flow that occur after exercise, in accordance with Yanagisawa et al14). Participants were 
instructed to minimize movements of the head during the NIRS measurement and the PASAT. During the cognitive function 
test, the cerebral blood flow of the frontal and temporal areas was measured using a NIRS, as described below. The order of 
individual measurements was randomly determined. Each measurement was taken with a 3–7-day interval.

We assessed cognitive function using the Paced Auditory Serial Addition Test (PASAT) that is often used to assess at-
tention in neuropsychology. This test requires the participant to listen to a digital recording of digits presented one at a time 
and to mentally add the number they just heard with the number they heard before it. For example, if the numbers “3,” “1,” 
and “2” were presented, the participant should answer “4” and then “3.” In adults, scores have been reported to decline with 
age19). As for the interval between each number, 1-second and 2-second intervals were tested in a preliminary experiment. For 
the participants of this study, 1 second was decided to be more suitable as the level of difficulty. Therefore, the intervals were 
set at 1 second for the test. For the cerebral blood flow measurements to fit into a block design, the PASAT tasks were carried 
out for 15 seconds with 10 seconds of rest and were repeated 5 times. After completion of cerebral blood flow measurements, 
all 60 questions of the PASAT tasks were answered in succession by the participants, and the number of correct responses 
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was recorded.
For the cerebral blood flow measurements, a NIRS (ETG-4000, Hitachi, Ltd., Tokyo, Japan) that uses 2 near-infrared 

lights (695 nm and 830 nm) was used. This device applies the optical data based on the modified Beer–Lambert Law20) and 
can obtain data on oxygenated hemoglobin (oxygenated Hb), deoxygenated hemoglobin, total hemoglobin concentration, 
and changes in hemoglobin concentration (mM•mm)21). The sampling frequency was set at 100 ms.

The NIRS probes were positioned so they covered the participant’s left frontal lobe and the temporal lobe. With 24 
channels per 1 set (3 cm space), each set is composed of 8 irradiation probes and 8 light absorption probes. When the probes 
were installed onto the participant’s head, 2 multichannel probe holders (4 × 4) were used. During the PASAT tasks, the left 
prefrontal cortex, the outer premotor cortex, the supplementary motor area, the cingulate gyrus, the left parietal lobe, the 
superior temporal gyrus, the right temporal pole, and the visual association cortex were reported to be the brain’s activated 
regions17). The probes are installed in accordance with the international 10–20 system. The left frontal lobe is joined with 
the probe by fastening the Fp1 and F7 to it in a straight line, ensuring that the F7 is covered when installed, and the temporal 
lobe is joined with the vertical row of probes by fastening the Cz and T3 to it in a straight line, ensuring that the T3 is covered 
when installed (Fig. 1).

This study used a block design comprising the 5 PASAT tasks and the 5 rest periods, and the cerebral blood flow was 
measured using the NIRS to determine brain activity. The oxygenated Hb levels were used for the evaluation; the resting 
scores were subtracted from the PASAT task scores, and the resulting calculations were averaged using the NIRS. Changes 
in the cerebral blood flow during the cognitive tasks were calculated. Next, the difference between the post-exercise and 
pre-exercise scores was calculated to determine the changes in cerebral blood flow according to each condition.

The number of correct responses from the PASAT before and after exercise was compared using a t-test for each group. 
A one-way analysis of variance (ANOVA) was used for the number of correct responses from the PASAT in each before and 
after exercise, and a multiple comparison test was used if a significant difference was observed. After the one-way ANOVA, 
the cerebral blood flow among the groups was analyzed using a multiple comparison test. The significance level for all tests 
was set at <5%.

RESULTS

The number of the correct responses on the PASAT was significantly higher after exercise than before exercise only in 
G60 (p<0.05). As for the number of correct responses among the conditions, no significant difference was observed before 
exercise (F2,75=0.073, p=0.92). However, the post-exercise results showed a significant difference (F2,75=3.11, p<0.001). 
Moreover, the score for G60 was significantly higher compared with G40 and Control (p<0.05) (Table 1). The cerebral 
blood flow of the frontal lobe showed a significant difference (F2,75=4.11, p<0.05), and in Tukey’s method, the G60 was 
significantly increased compared with the Control (p<0.05). No significant difference was observed among the conditions for 
the cerebral blood flow in the temporal lobe (F2,75=0.32, p=0.73) (Table 2).

DISCUSSION

In the present study, we examined the influence of different exercise intensities on cortical activity in the frontal and 
temporal lobes. An increase in cortical activity after exercise was observed only in the frontal lobe at G60.

Concerning the changes in cognitive function task scores as a result of exercise, the graph, which represents exercise 
intensity on the x-axis and cognitive task scores on the y-axis, is said to produce an inverse U curve. Therefore, the optimum 
exercise intensity level to improve cognitive function, namely, the top of the inverse U curve, should extend to the anaerobic 
and lactate threshold (LT) areas12). The LT of adults who do not exercise regularly is 50–60% VO2 max22, 23), and should 
reach 65–75% VO2 max24) for athletes. As the participants of this study were young adults aged 20–30 years, the peak 
exercise intensity level that will improve cognitive function should be approximately 60%. Thus, we estimated that both G40 
and G60 would improve cortical activity, with G60 providing the greatest amount of improvement. However, our results 

Fig. 1.	  Positioning and installation of the probes.
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indicated that the G60 cortical activity increased compared with the Control but was not significantly different from G40. 
Also, there was no significant difference between G40 and the Control.

To control the effect of a temporary increase in blood flow during exercise14), we measured the tasks after the participants 
had rested for 15 minutes following their exercise activity. Regarding why cognitive function improves, Kashihara et al.11) 
state that cerebral blood flow, the quantity of brain-derived neurotrophic factor (BDNF) released in the blood, increase with 
exercise intensity. Moreover, blood glucose25) and BDNF26) have been found to return to the resting level once a certain 
amount of time passes after exercise. The blood concentration and quantity released into the blood of the substances affecting 
brain neural activity are thought to affect nerve activity and are expected to attenuate sooner with low-intensity exercise than 
with high-intensity exercise. Since it was confirmed that increased of cerebral blood flow caused by transient exercise reverts 
back to the resting level after 15 minutes14), the cognitive function tasks in this study were implemented 15 minutes after 
exercise was finished. The improvement in cortical activity might not have been observed at G40 because cerebral blood flow 
had already returned to the resting level when PASAT was measured after exercise.

The results of this study, similar to previous studies14, 27), showed that the cortical activity of the frontal lobe did increase 
after transient exercise. In the current study, the temporal lobe, as an area other than the frontal lobe, was measured. The NIRS 
measurement scores for the temporal lobe are thought to reflect the activity of the auditory association area. The results from 
this study thus suggest that the auditory association area bears no relationship with the improvement of cognitive function. 
However, the adaptability of the auditory association area with regard to repetitive sounds is remarkable. Therefore, the 
reaction is also thought to almost disappear once the sound has been presented a few times28). In the current study, a repetitive 
block design was used for the tasks and rest periods, so there is a possibility that it may have been influenced by the task 
conditions. We assume that the increased cortical activity in all areas is not necessarily directly related to improvement in 
function but, on the contrary, that a decline or lack of change in activity may be beneficial. We also think that this reflects the 
role difference in the domain.

The present study has several limitations. First, we did not assess the exercise habits of the participants. LT is well known 
to be higher in athletes24); therefore, it is thought to be also affected by exercise habits. There is a possibility that other than 
exercise intensity, factors such as gender, age, exercise habits, and the interval between exercise and performing the tasks 
affect cognitive function. Therefore, further research on cognitive function after transient exercise is needed with regards 
to such factors. An improvement in cortical activation was demonstrated at 60% in young adults in this study. However, 
age-related differences were not taken into consideration. It is likely that the optimum level of exercise intensity is lower in 
the elderly because cognitive function29) and physical fitness30) decrease year by year. Thus, further studies of elderly people 
are necessary.

Conflict of interest
None.

Table 2.	 Changes in cerebral blood flow (mM•mm)

Control G40 G60 Tukey’s  method
Frontal lobe −0.008 ± 0.044 0.012 ± 0.029 0.019 ± 0.030 Control < G60***
Temporal lobe −0.003 ± 0.045 −0.004 ± 0.033 0.005 ± 0.046
Mean ± standard deviation.
***p<0.05: Comparison between groups.

Table 1.	 Number of correct responses (score) to Paced Auditory Serial Addition Test

Control G40 G60 Tukey’s method

Number of 
correct responses

Before exercise 42.1 ± 9.9 41.1 ± 9.6 41.4 ± 9.1

After exercise 40.8 ± 8.4 41.9 ± 8.5 47.7 ± 8.3* Control < G60** 
G40 < G60**

Mean ± standard deviation.
*p<0.05: Comparison before and after exercise.
**p<0.05: Comparison between groups after exercise.
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