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Abstract
Background:

Long-term aerobic exercise is a key intervention for improving cognitive function as well as enhancing
musculoskeletal and cardiorespiratory system functions. Additionally, decision-making, in which
cognitive function is involved, can be an important factor for initiating and maintaining exercise.
According to Damasio’s somatic marker hypothesis, somatic experience plays a fundamental role in
decision-making. Interoception is a sense of physiological information related to emotions and is known
to in�uence cognitive function. Here, we investigated changes in interoception during moderate-intensity
aerobic exercise at a level that could improve cognitive function.

Methods:

Healthy university students were divided into an exercise group (n = 37) and a control group (n = 11). The
exercise group performed bench step exercises at an intensity of 50% heart rate reserve for 30 minutes a
day, three times a week, for three months. Cognitive function was assessed by measuring auditory
information/working memory processing speed with a Paced Auditory Serial Addition Task (PASAT), and
interoceptive accuracy (IA) was measured with a heartbeat tracking task.

Results:

There was a signi�cant positive correlation between IA and PASAT scores at pre-intervention. But exercise
did not lead to a signi�cant increase in PASAT scores in comparison with the control group. IA scores
were improved at 2- and 3-month post-intervention only in the exercise group.

Conclusions:

This suggested that interoception may be associated with the improvement in cognitive function
produced by long-term aerobic exercise. Further investigation is warranted to clarify the causal
relationship between interoception and cognitive function during exercise interventions.

Trial registration:

UMIN, UMIN000042891. 04/01/2021, retrospectively registered.

Background
Long-term aerobic exercise is expected as a key intervention for not only enhancing musculoskeletal and
cardiorespiratory system functions, due to the physical load it places on the body, but also improving
cognitive functions, such as memory, information processing speed (IPS), and decision-making [1]. It has
been demonstrated that the basal ganglia, which are involved in movement initiation, form a network with
the primary motor cortex and supplementary motor area to control subtle movements during voluntary
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movement in daily activities [2,3]. This network has been shown to be involved in higher-order functions,
such as learning or cognition, and to be controlled by increases in exercise-induced neurotrophic factor
release, angiogenesis, and neurogenesis [4]. These effects are, however, in�uenced by the condition of the
individual or the exercise dose [5,6]: there are fewer su�cient studies on young or healthy people [7].

Generally, decision-making is performed using higher-order brain functions [8]. In addition, Antonio
Damasio developed the somatic marker hypothesis (SMH), whereby emotional somatic awareness of the
preceding external stimulus in�uences decision-making through the activation of the anterior cingulate
cortex (ACC), the insular cortex (IC), the ventromedial prefrontal cortex, and/or ventrolateral prefrontal
cortex of the brain [9].

Interoception is a sense whereby physiological information, such as heartbeat and gastrointestinal
motility, is primarily projected to the ACC and IC via the hormonal, immune, and autonomic nervous
systems, resulting in perception [10]. It has been shown to be related to emotions such as anxiety [9,11]
and decision-making [12,13]. Interoception had been initially assessed only as interoceptive sensitivity
(IS) using a questionnaire; and interoceptive accuracy (IA) and interoceptive awareness has been
included as new assessment axes [14]. While both IS and interoceptive awareness are subjectively
evaluated, IA is an objective index measured by behavioral testing.

In the �eld of psychosomatic medicine, alexithymia is a condition in which individuals show poor
awareness of their own emotions; the consequent inability to select appropriate coping behaviors is
thought to be associated with the development of psychosomatic diseases [15]. Interoception is widely
considered a stable index re�ective of a �xed individual trait [16,17], and lack of interoception has been
suggested to be associated with alexithymia [18]. On the other hand, interoception has recently been
considered a status index affected by psychological conditions [19,20]. While mental training improves
interoception [21], the improvement of interoception relates to the reduction of symptoms in patients with
somatoform disorder [22].

We hypothesized that an increase in interoception is associated with exercise-induced improvements in
cognitive function through the improvement of decision-making. In this study, we aimed to identify the
changes in interoception induced by exercising at a level expected to improve cognitive function in
healthy university students.

Methods
Subjects

Subjects consisted of 48 university students recruited from Shijonawate Gakuen University. Student
athletes and students who frequently worked out were excluded. All students had undergone health
checkups, and those with a medical diagnosis of any disorder were excluded. In accordance with the
study protocol approved by the ethics committee of Kansai Medical University Hospital, written informed
consent was obtained from all subjects.
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The exercise group included 37 subjects, and the control 11 subjects matched for age, sex, and body
mass index (BMI). Both were directed not to make an extra habit of exercising in their leisure time during
the study. Four subjects in the exercise group reported di�culty in continuing with the task due to
changes in their circumstances; thus, the exercise group eventually included 33 subjects.

Procedure

This study was conducted in a quiet room at Shijonawate Gakuen University between July 2018 and
December 2018. The study protocol is schematically illustrated in Figure 1. In the sessions, the
measurements of both cognitive function and interoception were executed in this order, and the
instruction of a 30-minute step exercise was added after the measurements only for the exercise group.
This session was repeated once a month, up to a total of four times. The exercise group was assigned to
do the 30-minute step exercise once a day, three times a week, during the 3-month intervention. The
control group was directed to spend time as usual, without any interventions. In both groups, no adverse
events have occurred.

Assessment

Cognitive function

The Paced Auditory Serial Addition Task (PASAT) is an assessment tool for IPS [23]. Auditorily, 61 single-
digit numbers are presented at one-second intervals, and the subjects are required to answer with the sum
of two consecutive numbers. The percentages of correct answers are calculated as the score.

 

Interoception

We measured the IA using a heartbeat tracking task derived from the mental tracking task [24]. Although
its validity remains unclear due to beliefs related to heart-rate counting [25], the high reliability of this test
has been con�rmed [26]. The subjects were seated and wore a wearable electrocardiograph device with
electrode pads attached to their left chest (myBeat heart rate sensor, WHS-2 Union Tool Co., Ltd., Tokyo,
Japan). After a 10-minute adaptation period, they counted their heart rates without taking their own pulse
and with closed eyes during three different periods (25, 35, and 45 seconds), in a random order, while
electrocardiograms were recorded. Their IA scores were calculated using the following formula:

IA = 1/3Σ[1 − (|recorded count − perceived count|)/recorded count]

The IA values ranged from 0 to 1, with values closer to 1 indicating a higher heartbeat tracking accuracy.

Exercise intervention

Nakayama et al. have reported a bench step exercise with a low height as an intervention to improve
cognitive function [27]. The exercise has two advantages: �rst, the low step (20 cm high) makes the
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execution safer and easier, and second, stairs can easily be substituted for the step, making it possible to
perform the exercise indoors without being in�uenced by the external environment. We employed the task
with moderate-intensity exercise in reference to ACSM’s Guidelines for Exercise Testing and Prescription
[28]. The individual’s target exercise intensity was set to 50% heart rate reserve (HRR) using the HRR
method. The target heart rate was calculated with the formula: [(maximum heart rate − resting heart rate)
× (target exercise intensity)] + resting heart rate, where the maximum heart rate = 220 − age.

During the step-exercise instruction, the examiner, a well-trained physical therapist who was not blind to
the group assignment of the study, monitored the subjects’ heart rates, and trained them to exercise at a
consistent level of intensity to maintain a 50% HRR value. The examiner counted the steps per minute at
that time, and informed subjects of the number of steps as a guide to perform the same-intensity exercise
at home.

Statistical analysis

Values are presented as mean ± SD. We used a chi-square test with Yates’ correction for the comparison
of sex distribution, and the t-test for comparison of age, BMI, resting heart rate, maximal heart rate, and
the calculated 50% HRR between the exercise and control groups. The correlation between IA and PASAT
scores in the pre-intervention phase in all subjects was examined using Spearman’s rank correlation
coe�cient. For the comparison of IA and PASAT scores between the exercise and control groups, we
conducted a two-way repeated measures analysis of variance (ANOVA) with “point” (four levels: pre-
intervention and 1, 2, and 3 months post-intervention) as the within-subjects factor and “group” (two
levels: the exercise and control groups) as the between-subjects factor. Subsequently, when the ANOVA
results were signi�cantly different, we used a Bonferroni correction as a multiple comparison test.
Statistical analyses were performed using SPSS statistics 20.0 for Windows (SPSS Inc., Chicago, IL,
USA). The α level was �xed at 0.05.

Results
Comparison between the exercise and control groups showed no signi�cant differences based on sex,
age, BMI, resting heart rate, maximal heart rate, or the calculated 50% HRR (Table 1).

Correlation between the IA and PASAT scores

The pre-intervention IA and PASAT scores in all subjects were 0.76 ± 0.15, 65.07 ± 14.92, respectively (n =
44). Figure 2 shows a scatter diagram with IA and PASAT scores in all subjects. Before intervention, the IA
and PASAT scores showed a signi�cant positive correlation (r = 0.347, p = 0.021).

Information processing speed

Figure 3 represents the change in PASAT scores across the four points of the study (pre-intervention and
1, 2, and 3 months post-intervention) in the exercise and control groups. The two-way ANOVA indicated
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that the point main effects were signi�cant [F(3,126) = 25.853, p < 0.001, η2 = 0.381]. Both the point-
group interaction [F(3,126) = 0.792, p = 0.500, η2 = 0.019] and the group main effects [F(1,42) = 2.193, p =
0.146, η2 = 0.050] were not. In the exercise group, PASAT scores were signi�cantly higher in the 3-month
post-intervention than in the pre-intervention (p < 0.001), 1-month post-intervention (p < 0.001), or 2-month
post-intervention phases (p = 0.001). The scores in the 2-month post-intervention were signi�cantly higher
than both in the pre-intervention (p < 0.001) and in the 1-month post-intervention phases (p = 0.011), and
the 1-month post-intervention scores were signi�cantly higher than in the pre-intervention phase (p <
0.001). Meanwhile, in the control group, the PASAT scores were higher in each of the 3-month and 2-
month post-intervention phases than in the pre-intervention (p = 0.001 and 0.011, respectively) or 1-month
post-intervention phases (p = 0.004 and 0.015, respectively).

Interoception

We compared the changes in IA scores over time between the exercise and control groups using a two-
way ANOVA (Figure 4). There were no signi�cant main effects of either point [F(3,126) = 0.716, p = 0.515,
η2 = 0.017] or group [F(1,42) = 0.015, p = 0.903, η2 < 0.001], and the point-group interaction was
signi�cant [F(3,126) = 3.334, p = 0.032, η2 = 0.074]. This simple main effects test revealed that IA scores
showed signi�cant differences only in the exercise group between the pre-intervention and 2-month post-
intervention phases (p = 0.014) and between the pre-intervention and 3-month post-intervention phases (p
= 0.003).

Discussion
In the present study, we investigated the changes in IA to learn more about the mechanism underlying the
effectiveness of long-term aerobic exercise in improving cognitive function in healthy individuals. There
was a signi�cant positive correlation between IA and cognitive function before the exercise intervention.
The exercise and control groups were found to exhibit different patterns of changes in their IA, and IA
increased signi�cantly after two and three months of exercise.

Our study demonstrated that interoception is a status index altered by long-term exercise intervention.
Williamson et al. reported a signi�cant increase in blood �ow volume in the ACC and IC during a hand
exercise task through the use of magnetic resonance imaging (MRI) and single-photon emission
computed tomography [29]. Using functional MRI, Critchley et al. showed that, when attention was paid to
a heartbeat tracking task, brain activation occurred not only in the ACC and IC, but also in the primary
motor cortex and supplementary motor area, which govern movements [30]. These studies pointed to the
existence of a neurological network in the regions that govern movement and interoception in the central
nervous system; our �ndings have, as such, provided additional evidence of this link.

Interoception may be the key element for an appropriate execution of physical exercise. Our results
support previous reports that have demonstrated the association between interoception and cognitive
function [30]. During decision-making, information transmitted from inside and outside of the body is
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collected in the frontal lobe, and is integrated with accumulated memory. Fully organized information is
re-transmitted to the brain cortex region that plays a role in the initiation of movement [31,32].
Interoception is assumed to be involved in both of these processes, and an association between high IA
scores and suitable decision-making has been reported [12,13]. Moreover, some studies have used
pedaling a cycle ergometer (for adults [33]) and 6-minute running (for children [34]) to con�rm that
subjects with high IA scores can adjust their amounts of physical activity more appropriately than those
with low IA scores. These previous studies suggest that the association between interoception and
decision-making will in�uence the effects of exercise.

In this research, we chose 50% HRR exercise, an intensity classi�ed as moderate, as a physical
intervention. High-intensity exercise has been shown to improve both cognitive and mental functions
[35,36]. Brain-derived neurotrophic factor (BDNF), a neuroendocrine biomarker that relates to improve
cognitive function, has been reported to increase after high-intensity exercise [37].

In recent years, moderate-intensity exercise has been also con�rmed to improve cognitive and mental
function [27,38], and it has been demonstrated that neurogenesis and neuroendocrine responses can be
induced by not only high-intensity exercise but also moderate-intensity exercise [39,40]. Also in healthy
young subjects, moderate-intensity exercise has been well assessed as an intervention to improve
cognitive function [39–42].

Moreover, exercise enjoyment has been reported to improve through moderate-intensity exercise, but not
through high-intensity exercise [43]. Steptoe and Bolton [44] have shown that high-intensity exercise did
not diminish anxiety. The di�culties in initiating and maintaining exercise therapy remain a signi�cant
concern, and individuals who dropped out showed lower baseline exercise enjoyment [43]. This points to
an association between mood and exercise maintenance. While the existence of neurological networks
where high-intensity exercise improves cognitive function have been demonstrated, another network
associated with the link between emotion and decision-making, known as the SMH, has been examined.
Moderate-intensity exercise is estimated to stimulate both networks to improve cognitive function.
Emotion has been shown to correlate with interoception [9,11], and these suggest that interoception can
increase more signi�cantly in moderate-intensity exercise than in high-intensity exercise.

Our results pointed to the effectiveness of physical intervention for improving IA. Based on previous
�ndings, therapeutic interventions with a focus on improving interoception have been investigated in
clinical settings. Our study used a 30-minute step exercise three times a week for 12 weeks. Bornemann
and Singer reported improvement in IA at 24 weeks using meditative psycho-training, involving 30
minutes of mindfulness practice every day [45]. Mehling et al. used integrated training involving 50
minutes of yoga exercises or several types of resistance training, three times a week for 12 weeks, as well
as conventional mindfulness training [46]. These studies clinically indicate that several types of
interventions, such as psychotherapy and physical training, can improve interoception, and that even an
independent intervention consisting of aerobic exercise can be effective for it as well. Moderate-intensity
physical interventions, rather than psychological interventions, may effectively affect interoception within
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a shorter period, and the exercise load for interventions may not necessarily need to be high. Additionally,
mindfulness, a self-training psychotherapy aimed at making emotions conscious, is effective not only in
minimizing negative mood [47], but also in increasing working memory [48]. Neuroimaging studies have
also suggested that mindfulness is associated with the ACC, IC, temporoparietal junction, and limbic
network [49]. These studies demonstrate the potential of the concomitant use of psychotherapy, such as
mindfulness training, with physical interventions to accelerate exercise-induced improvements in
cognitive function through changes in interoception.

Limitations

First, while our results demonstrated a cross-sectional correlation between interoception and cognitive
function, as previously reported [30], we could not identify a causal relationship. The main limitation
involved the assessment of cognitive function. Indeed, the repetitive use of PASAT is the �rst main
limitation. While PASAT is an established tool to measure IPS, practice effects have been also reported
[50]. The other limitation comprised the subjects’ characteristics. PASAT was originally developed for
patients with neurological dysfunction. Our subjects were healthy, young, and intelligent individuals, and
under cognitive stimulation; each of these factors can independently increase IPS [51,52], and may
potentially lead to the ceiling effect. These factors might obscure results linked to the PASAT changes
induced by exercise intervention. However, some studies have also employed PASAT in healthy young
subjects [53,54]. The PASAT reference value for healthy Japanese individuals in their twenties is 57.7 ±
14.71 [55], which is similar to that reported here. Otherwise, it is possible that three months of exercise
was insu�cient to improve cognitive function.

Next, there is no objective data representing the subjects’ activities either in their daily lives or during
exercise intervention. However, we chose subjects whose base activities were expected to be low to best
elucidate the effects of the intervention.

Last, although the present study included subjects of both sexes, several studies have reported sex
differences in interoception [56]. Veri�cation of our �ndings across a wider age range, for both sexes
individually, and with an increased sample size of the general population, is warranted.

Conclusions
Our study found improved interoception, which may increase cognitive function, after long-term
moderate-intensity aerobic exercise, and a signi�cant correlation between interoception and cognitive
function before the intervention. Although we failed to effectively demonstrate the increase in cognitive
function induced by exercise, our �ndings point towards an association between interoception and the
effectiveness of aerobic exercise in improving cognitive function.
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Table 1. Demographic data of subjects

                     Exercise

 (N = 33)

Control

(N = 11)

P value

Female (%) 9 (27.3%) 5 (45.5%) 0.29

Age

(mean ± SD, years) 21.1 ± 1.1 21.4 ± 0.5 0.45

BMI

(mean ± SD, kg/m2) 22.4 ± 3.2 22.3 ± 3.6 0.95

HR-max 

(mean ± SD, bpm) 198.89 ± 0.98 198.64 ± 0.48 0.42

HR-rest 

(mean ± SD, bpm) 69.51 ± 9.36 73.27 ± 8.97 0.25

50% HRR

(mean ± SD, bpm) 134.07 ± 5.53 137.23 ± 8.32 0.15

N = Number; SD = Standard Deviation; BMI = Body Mass Index. HR = Heart Rate; HR-rest = resting Heart

Rate; HR-max = maximal Heart Rate; HRR = Heart Rate Reserve.

Figures

Figure 1
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Study protocol The session consists of the PASAT and IA measurements and the step exercise training in
this order. Both the exercise and control groups executed the sessions at pre-intervention and 1-, 2-, and 3-
month post-intervention. N = Number; HRR = Heart Rate Reserve; PASAT = Paced Auditory Serial Addition
Task; IA = Interoceptive Accuracy; M = Month.

Figure 2

Correlation between IA and PASAT in all subjects pre-intervention IA = Interoceptive Accuracy; PASAT =
Paced Auditory Serial Addition Task.



Page 16/17

Figure 3

PASAT change induced by exercise in the exercise and control groups PASAT = Paced Auditory Serial
Addition Task; M = Month.
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Figure 4

IA change induced by exercise in the exercise and control groups IA = Interoceptive Accuracy; M = Month.
** p < 0.01 (compared in the exercise group).


