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ARTICLE INFO ABSTRACT

Keywords: Physical exercise, even stress-free very-light-intensity exercise such as yoga and very slow running, can have
Pupillometry beneficial effects on executive function, possibly by potentiating prefrontal cortical activity. However, the ex-
Physical activity act mechanisms underlying this potentiation have not been identified. Evidence from studies using pupillometry
Arousal demonstrates that pupil changes track the real-time dynamics of activity linked to arousal and attention, includ-
Prefrontal cortex . S . . . . 11

ENIRS ing neural circuits from the locus coeruleus to the cortex. This makes it possible to examine whether pupil-linked

brain dynamics induced during very-light-intensity exercise mediate benefits to prefrontal executive function in
healthy young adults. In this experiment, pupil diameter was measured during 10 min of very-light-intensity
exercise (30% V02peak). A Stroop task was used to assess executive function before and after exercise. Prefrontal
cortical activation during the task was assessed using multichannel functional near-infrared spectroscopy (fNIRS).
We observed that very-light-intensity exercise significantly elicited pupil dilation, reduction of Stroop interfer-
ence, and task-related left dorsolateral prefrontal cortex activation compared with the resting-control condition.
The magnitude of change in pupil dilation predicted the magnitude of improvement in Stroop performance. In
addition, causal mediation analysis showed that pupil dilation during very-light-intensity exercise robustly deter-
mined subsequent enhancement of Stroop performance. This finding supports our hypothesis that the pupil-linked
mechanisms, which may be tied to locus coeruleus activation, are a potential mechanism by which very light ex-
ercise enhances prefrontal cortex activation and executive function. It also suggests that pupillometry may be a
useful tool to interpret the beneficial impact of exercise on boosting cognition.

1. Introduction

An active lifestyle, including proper exercise habits, is expected
to promote brain health. Our previous work has revealed that not
only acute moderate-intensity exercise, but also short-duration, stress-
free, very-light-intensity exercise enhances executive performance
(Byun et al.,, 2014b; Yanagisawa et al., 2010). Very-light-intensity
exercise, such as yoga and very slow running, have clinical sig-
nificance due to a high exercise adherence without an unpleasant
mood or hypothalamic-pituitary-adrenal (HPA) axis stress response
(Ekkekakis et al., 2008; Soya et al., 2007a; Suwabe et al., 2018). The evi-
dence, including our studies, that exercise enhances neural response dur-
ing cognitive tasks has been investigated. Our previous study suggested

that very-light-intensity exercise elicits dorsolateral prefrontal cortex
(DLPFC) activation during cognitive conflict processing (i.e., Stroop in-
terference) (Byun et al., 2014b), however, why this occurs is an impor-
tant but unresolved question. A conspicuous missing point is the neu-
ral substrate during exercise that triggers executive function enhance-
ment. It is clear from animal studies that brain activation is increased
during exercise, even stress-free light-intensity (Kurosawa et al., 1993;
Nishijima and Soya, 2006; Ohiwa et al., 2006b, 2006a; Pagliari and
Peyrin, 1995; Soya et al., 2007b), which has been postulated as the fac-
tor for post-exercise cognitive enhancement and neural response change
during tasks. However, this is only a hypothesis and has not been proven.
Body movement and cardiovascular responses during exercise make it
difficult to apply MRI-based neuroimaging technology, so no studies
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have been able to identify the trigger neural mechanism during exer-
cise in real time for executive function enhancement.

The upregulation of the ascending arousal system, including the cat-
echolaminergic system originating from the locus coeruleus (LC), is a
potential candidate for the neuromodulatory mechanisms underlying
the beneficial effect of acute exercise and cortical cognitive function.
The catecholaminergic modulation from the LC to the PFC is essential
for executive function because they control optimal signal and noise
regulation of the DLPFC (Cools and Arnsten, 2022; Grueschow et al.,
2020) by interacting with two neuron activity patterns: tonic and phasic
(Aston-Jones and Cohen, 2005). Activation of the LC catecholaminergic
system increases the network of cortical excitatory and inhibitory neu-
rons resulting in increased cortical activity (Toussay et al., 2013) and
this effect may carry over to the post-activation period (Bari et al., 2020;
Pagliari and Peyrin, 1995; Totah et al., 2019). Post-exercise executive
function enhancement and task-induced prefrontal activity are hypoth-
esized to be triggered by upregulation of the ascending arousal system
during exercise.

Our recent work has demonstrated that pupil dilation occurs not
only with moderate or higher intensity exercise (assumed to be associ-
ated with the HPA-axis-mediated stress-response), but also robustly with
very-light-intensity exercise (i.e., < 37% V 0y and stress-free exer-
cise below ventilatory threshold), corresponding to increases in psycho-
logical arousal states (Kuwamizu et al., 2022). Accumulating evidence
suggests that pupil dynamics, which are part of the autonomic nervous
system, can provide a noninvasive readout of brain states related to
arousal, attention, and cortical network activity (Joshi and Gold, 2020;
Schwalm and Jubal, 2017; Strauch et al., 2022). Mechanistically, there is
strong evidence linking pupil dynamics and LC-associated catecholamin-
ergic activity as well as other ascending arousal pathways (e.g., cholin-
ergic activation) (Breton-Provencher and Sur, 2019; Joshi et al., 2016;
Lu et al., 2020; Reimer et al., 2016). Pupil dynamics possibly reflect ei-
ther phasic or tonic LC activity modes (Joshi et al., 2016; Privitera et al.,
2020). Recent rodent studies reported that pupil fluctuation correlates
with catecholaminergic activity in the cortex (Breton-Provencher and
Sur, 2019; Reimer et al., 2016) and cortical physiological signatures
(McGinley et al., 2015), synchronizing with locomotion in real time.
This evidence from moving rodents suggests that pupil diameter is a
powerful tool for elucidating the neural substrate during human ex-
ercise. Recently, we confirmed that pupil dilation during very-light-
intensity exercise correlates with changes in psychological arousal and
LC integrity as measured by neuromelanin imaging (Yamazaki et al.,
2023). These results support the theory that pupil change during very-
light-intensity exercise can be considered a biomarker of brain arousal
state including LC activation.

As described above, pupillometry is a useful brain arousal state
marker, but it is both physiologically and anatomically complex and
subject to luminosity and cognitive influences (Mathot, 2018), so a
valid methodology is important. Previous human studies have found
that cognitive task demands lead to increases in pupil dilation by apply-
ing pupillometry during cognitive tasks (van der Wel and van Steenber-
gen, 2018). In an attempt to build on this, recent studies have challenged
the relationship between acute exercise and pupil change during cogni-
tive tasks (Ayala and Heath, 2021; McGowan et al., 2019; Shigeta et al.,
2021), but the results of cross-over designs are notable for failing to de-
tect significant pupil change and associations with executive function
(McGowan et al., 2019; Shigeta et al., 2021). There might be limita-
tions in extracting components of acute exercise effects from dynamic
pupil change that interact with cognitive state change, screen-derived
light stimuli, and spontaneous fluctuations. In contrast to these previous
studies, the current study focused on pupil dynamics during exercise.

Based on the current evidence, we hypothesized that the upregu-
lation of the pupil-linked neural substrates described above is simi-
larly engaged for very-light-intensity exercise-induced PFC function en-
hancement. Interestingly, there are large inter-individual differences in
exercise-induced pupil dilation compared to heart rate and expiratory
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parameters (Kuwamizu et al., 2022). Thus, we hypothesized that inter-
individual difference in exercise-induced pupil dilation would predict
the beneficial effect of exercise on executive function. We used pupil-
lometry to investigate real-time redouts of brain states during exer-
cise and combined it with multichannel functional near-infrared spec-
troscopy (fNIRS), which enabled us to examine the association between
pupil dilation during exercise and exercise-potentiated PFC activation
underlying executive performance enhancement on a color-word Stroop
task. Our previous work used the combination of fNIRS and the color-
word Stroop task as a test of PFC inhibitory control to examine the acute
effects of very-light-intensity exercise on executive function mechanisms
(Byun et al., 2014b). Thus, we used the same task and method here,
with the addition of pupillometry to investigate the associated mech-
anisms. This experimental design has been established as an experi-
mental model for exercise-neuroimaging that minimizes the effects of
non-cortical-derived fNIRS signals generated by exercise (Byun et al.,
2014b, 2014a; Yanagisawa et al., 2010). We note that fNIRS allows for
an environment with minimal physical restriction compared to other
neuroimaging modalities and in which possible environmental effects
on cognitive performance and neural activation can be kept to a mini-
mum.

2. Materials and methods
2.1. Participants

Thirty-four healthy young adults (6 females), with no self-reported
history of neurological or psychiatric disorders, were recruited for the
study. This study was approved by the Institutional Ethics Committee of
the University of Tsukuba and was in accordance with the latest version
of the Declaration of Helsinki. Written informed consent was obtained
from all participants. The following exclusion criteria were used: taking
medication that affects the central nervous and/or endocrine systems
(N = 4), suffering from an abnormal eye condition (N = 1), Stroop inter-
ference inverse efficiency scores (IES) exceeding 2 SD from the average
or a correct response rate < 80% in the pre-session (N = 3), and excess
fNIRS signals in all regions of interest (ROIs) greater than 2 SD from the
average in the pre-session (N = 1). In addition, one participant did not
follow the instructions and performed the tasks inappropriately. Thus,
twenty-four participants (three female) were included in the final anal-
ysis. All participants had normal or corrected-to-normal vision and nor-
mal color vision. They were all Japanese native speakers. Table 1 depicts
the characteristics of the participants. This sample size is acceptable for
the following reasons. Based on calculations in Green (1991), at least 31
data sets are required in the case of three predictor variables for multiple
regression analysis assuming a large effect size (% >0.35) used in causal
mediation analyses. The current study exceeded this number because
24 participants performed 2 conditions (EX and CTL) and a total of 48

Table 1
Participant demographics data.

Measure Male Female

Sample Size [n] 21 3

Age [year] 22.2 + 1.5 21.7 + 1.2
Height [cm] 1715 + 54 159.3 + 31
Weight [kg] 68.8 + 134 516 + 5.8
BMI [kg/m?] 23.3 + 39 20.3 + 20
Graded Exercise Test

VOspeq [ml/min/kg] 486  + 7.1 39.2 + 50
HR e, [bpm] 180.8 + 10.8 181.0 + 3.6
WR e [W] 243.0 + 301 156.3 + 225
RPE,, i [score] 19.7 + 0.6 19.0 + 1.0
BDI-II [score] 6.1 + 5.3 11.7 + 4.6

Values are presented as mean + SD. BMI, body mass index; I'/ozpeak,
peak oxygen uptake; HR, heart rate; WR, work rate; RPE, rating of
perceived exertion; BDI, Beck Depression Inventory.
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Fig. 1. (A) Example of experimental paradigm and the Japanese version of the color-word-matching Stroop task. Examples of the task stimulus for single trials of
the neutral, congruent, and incongruent tasks are presented. (B) The spatial profiles of fNIRS channels and ROI segmentation used in the present study (introduced

in previous studies (Okamoto and Dan, 2005; Tsuzuki et al., 2007)).

data sets were analyzed. Additionally, post-hoc sensitivity analysis, com-
puted using G*Power 3.1, performed based on the current sample size
(24 participants) with 80% power and an alpha of 0.05 demonstrated
sufficient sensitivity for detecting t-test differences exceeding d = 0.60
(with a two-tailed alpha), which is consistent with our previous studies
(Byun et al., 2014b; Damrongthai et al., 2021; Yanagisawa et al., 2010).

2.2. Procedure

The main experiment consisted of two trial conditions: the resting
control (CTL) condition and the very-light-intensity exercise (EX) condi-
tion. In the EX condition, participants performed very-light-intensity ex-
ercise, an individualized load corresponding to 30% of each participant’s
I'/ozpeak using a cycle ergometer (see Cardiorespiratory fitness assessment
in the Supplemental information for detailed instructions). We set the
exercise duration to 10 min because our previous work has suggested
that a minimum of 10 min of exercise improves Stroop task performance
(Yanagisawa et al., 2009). According to the American College of Sports
Medicine (ACSM, 2018), 30% I'/ozpeak is classified as "very light”. In the
CTL condition, participants sat on the ergometer and remained at rest
(Fig. 1A). All participants underwent the CTL and EX conditions on sepa-
rate days in a quasi-randomized order using a crossover design. The two

visits were separated by a minimum of 48 h. Participants were asked to
refrain from exercise and the consumption of alcohol for at least 24 h
prior to the experiment and caffeine on experimental days so as to con-
trol for outside factors. In the EX condition, participants performed the
Stroop task before and 6.5 min after the exercise. Pupil diameter and
mood were measured before, during, and after the exercise. For mea-
surements taken during exercise, the exercise time was divided into two
5-min periods (start to 5 min: 1st half of exercise; 5 min to end: 2nd
half of exercise; no break). During each 5-min period, 3 min were spent
looking at a fixation cross (pupillometry) and two min were spent an-
swering mood-state questions (see Psychological mood states in the Sup-
plemental information for detailed results) which were displayed on the
screen (Fig. 1A). Eye blink rate was also measured before and after the
exercise (data not shown). The intensity of illumination in the room was
maintained at about 1440-1530 lx, measured with an illuminance meter
placed on a central desk in the experiment room.

2.3. Acquisition and preprocessing of pupillometry data

Participants’ pupil diameters were recorded using a screen-based
eye-tracker (Tobii pro nano, Tobii AB, Danderyd, Sweden). Since we
forcused on long-lasting pupil dilation during exercise compared to the
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pupil diameter at resting states, the eye-tracking data were recorded
continuously for 3 min during each session. Participants focused on a
fixation cross presented on a screen attached to the ergometer and lo-
cated 70 cm from the participant. The fixation cross was a black cross
presented at the center of a blank gray screen (background: RGB: 120,
120, 120, fixation cross: RGB: 0, 0, 0). During this time, participants
were asked not to move their heads or look away from the fixation cross
for as long as they were able. The data were sampled at 60 Hz. The analy-
sis software (Tobii Pro Lab, Tobii AB, Danderyd, Sweden) automatically
removed missing and invalid pupil data in cases where the participant
blinked or looked away from the screen. Raw data were averaged every
155, and the average pupil diameter over 3 min of looking at the fixation
cross was calculated. The right eye was used for analysis, as in previ-
ous studies (Hayashi et al., 2010; Kuwamizu et al., 2022). There was a
high correlation with the left eye (median within-participant correlation
coefficient r = 0.94).

2.4. Stroop task

Executive function was assessed using the event-related version of
the color-word-matching Stroop task as in our previous fNIRS stud-
ies (Byun et al., 2014b; Damrongthai et al., 2021; Fukuie et al., 2022;
Kuwamizu et al., 2021; Suwabe et al., 2021; Yanagisawa et al., 2010).
Participants were required to respond using either “yes” or “no” buttons
with their left or right forefingers. The percentage of answers assigned
to yes and no was 50%. Two rows of letters (or words) were displayed on
the screen, and participants were asked to respond to whether the color
of the letters in the upper row corresponded to the color name shown
in the lower row (Fig. 1A). The task consisted of 30 trials, including
10 neutral, 10 congruent, and 10 incongruent trials, presented in ran-
dom order. For the neutral condition, the upper row contained crosses
(XXXX) printed in yellow (RGB: 255, 244, 38), blue (RGB: 4, 0, 159),
green (RGB: 8, 162, 0), or red (RGB: 255, 0, 0) and the bottom row con-
tained the words YELLOW, BLUE, GREEN, or RED printed in black. For
the congruent condition, the upper row contained the words YELLOW,
BLUE, GREEN, or RED printed in a color congruent with the color name
printed in black in the lower row. For incongruent conditions, the color
word in the upper row was printed in a color incongruent with the color
name printed in black in the lower row to elicit cognitive interference
between the color word and the color name (i.e., Stroop interference).
All words were written in Japanese. Each trial was separated by an in-
terstimulus interval showing a fixation cross for 10-12 s to avoid predic-
tion of the timing of the following trial (Damrongthai et al., 2021). The
lower row was presented 0.1 s after the upper row to achieve sequential
visual attention of participants (Byun et al., 2014b; Damrongthai et al.,
2021; Ochi et al., 2022; Suwabe et al., 2021; Yanagisawa et al., 2010).
The stimulus was presented on the screen for 2 s. Mean reaction time
(RT) and accuracy rate were recorded for the neutral and incongruent
conditions. Each RT was integrated with each accuracy using the IES
(inverse efficiency score = RT [ms]/accuracy [%] x100) to control for
the speed-accuracy trade-off as in our previous study (Kuwamizu et al.,
2021). Stroop interference was calculated as the [incongruent — neutral]
contrast, which is an index of executive function performance. Finally,
the Stroop interference IES [incongruent IES — neutral IES] was used as
a performance measure of executive function in the current study.

2.4.1. fNIRS measurements

We assessed hemodynamic responses to the Stroop task in the
lateral prefrontal cortex using a multichannel fNIRS optical topogra-
phy system (ETG-7000, Hitachi Medical Corporation, Japan) applying
two wavelengths of near-infrared light (785 and 830 nm). With this
method, we were able to calculate signals reflecting the oxygenated
hemoglobin (oxy-Hb) concentration changes in a unit of millimolar-
millimeter (mMemm) (Maki, 1995). The configuration and placement
of the fNIRS probe holder followed the same procedure as in our previ-
ous studies (Byun et al., 2014b; Damrongthai et al., 2021; Ochi et al.,
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2022; Suwabe et al., 2021; Yanagisawa et al., 2010). We adopted a vir-
tual registration method to register fNIRS data to Montreal Neurological
Institute (MNI) standard brain space (Brett et al., 2002; Tsuzuki et al.,
2007; Tsuzuki and Dan, 2014). With this method, a virtual probe holder
is placed on the scalp. By simulating the deformation of the holder, the
probes and channels can be registered to the reference brain in the MRI
database (Okamoto, 2004; Okamoto and Dan, 2005). Statistical analysis
of the MNI coordinate values of the fNIRS channels was performed to
estimate the most likely location of a particular channel and its spatial
variability for a group of participants (Singh et al., 2005). Finally, the
estimated sites were given anatomical labels using a MATLAB function
that reads anatomical labeling information coded in a macro anatomical
brain atlas (Shattuck et al., 2008).

2.4.2. fNIRS data analysis

Each channel’s timeline data were preprocessed using a band-pass
filter (high-pass 0.04 Hz, low-pass 0.3 Hz). Channel-wise and subject-
wise contrasts were calculated using the inter-trial mean of differences
between the baseline (0-2 s before the onset of the trial) and the peak
(6-8 s after the onset of the trial) periods. Oxy-Hb signal change reflect-
ing the Stroop interference effect was calculated as the difference of [in-
congruent trial signal change — neutral trial signal change] (Byun et al.,
2014b; Damrongthai et al., 2021; Suwabe et al., 2021; Yanagisawa et al.,
2010). As in previous studies (Byun et al., 2014b; Damrongthai et al.,
2021; Suwabe et al., 2021; Yanagisawa et al., 2010), we combined 3 or
4 adjacent channels to form each ROI using LBPA40, which is a widely-
used method among anatomical labeling systems (Shattuck et al., 2008).
The ROIs included the left dorsolateral PFC (1-DLPFC; channels 13, 14,
16, and 17), the left ventrolateral PFC (I-VLFPC; channels 2, 6, and 9),
the left frontopolar area (1-FPA; channels 3, 7, and 10), the right dorso-
lateral PFC (r-DLPFC; channels 35, 36, 39, and 40), the right ventrolat-
eral PFC (r-VLPFC; channels 26, 29, and 33), and the right frontopolar
area (r-FPA; channels 25, 28, and 32) (Fig. 1B). This method is consid-
ered valid because the optical properties of adjacent channels are known
to be similar (Katagiri et al., 2010). To control for the low proportion of
false positives, we limited ROI analyses and used a statistical threshold
of g < 0.05 false-discovery-rate (FDR) corrected.

2.5. Statistical analyses

We assessed pupil diameter with a repeated measures two-way
ANOVA with condition (EX, CTL) and time (Prel, Pre2, Ex1, Ex2, Post)
as within-subject factors, followed by Bonferroni-corrected post hoc
tests. The effect of acute very-light-intensity exercise on task perfor-
mance (i.e., Stroop interference IES) and cortical activation (Oxy-Hb
change) was analyzed using a paired t-test. For cortical activation, ROI-
wise analysis with FDR was conducted to control for false positives. The
difference in the degree of task performance and cortical activation be-
tween post- and pre-sessions was examined: the contrasts ([incongru-
ent - neutral] of post-session Stroop) - ([incongruent — neutral] of pre-
session Stroop) for both the EX and CTL conditions were respectively
calculated to compare the EX and CTL results. Statistical analyses were
performed using the Statistical Package for the Social Sciences (SPSS)
version 28 (SPSS Inc., Chicago, IL). Statistical significance was set apri-
ori at P < 0.05.

2.6. Causal mediation analyses

Causal mediation analyses were performed in R 4.1.2. The R pack-
age “mediation” (Shigeta et al., 2021; Tingley et al., 2014) was used
to examine whether pupil dilation during exercise serves as an indi-
cation of the neural substrate, which is hypothesized to be linked to
pupil dilation, that mediates the effects of exercise on Stroop task per-
formance. The contrast (change in the EX and CTL conditions) was cal-
culated for pupil diameter and Stroop interference IES separately. The
changes were calculated as follows: APupil diameter: [mean of Ex1 and
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Ex2] — Pre2 and AStroop interference IES: Post — Pre. The total effect, av-
erage direct effect (ADE), and average causal mediation effect (ACME)
were calculated. A quasi- Bayesian approximation was used for confi-
dence intervals and the number of simulations was 1000. Additionally,
we performed a sensitivity analysis in order to examine the robustness
of the results of the ACME against potential violations of sequential ig-
norability (i.e., whether or not an unmeasured confounder affected the
mediation). The mediating effect of pupil diameter was also tested for
cortical activity in a method consistent with Stroop interference IES.

>
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3. Results
3.1. Verification of acute very-light-intensity exercise

We evaluated whether participants could perform 10 min of very-
light-intensity exercise by monitoring RPE and HR. Average RPE and
HR were 8.7 + 1.7 (points) and 105.3 + 12.3 (bpm), respectively, which
are within the range of very-light-intensity exercise according to the
guidelines of the American College of Sports Medicine (ACSM, 2018).
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3.2. Pupil diameter

Pupil diameter was measured as participants looked at a fixation
cross before, during, and after exercise. A repeated measures two-way
ANOVA for pupil diameter revealed a significant interaction between
condition and time (F (2.54, 58.30) = 17.47, P < 0.001,71132 = 0.43).
Bonferroni-corrected post hoc comparisons revealed that pupil diam-
eter in the EX condition was significantly higher than that in the CTL
condition during and after exercise (EX1 (i.e., 15 half of exercise): F (1,
23) = 21.18, P < 0.001, npz = 0.48; EX2 (i.e., 2" half of exercise): F (1,
23) = 28.88, P < 0.001, ”pz = 0.56; Post: F (1, 23) = 7.14, P = 0.014,
npz = 0.24), but not significantly different before exercise (Ps > 0.35,
np% < 0.037) (Fig. 2A).

3.3. Cognitive performance: Stroop interference

Fig. 3A shows the IES results for neutral and incongruent tasks. To
examine the exercise session interaction for Stroop interference IES, we
calculated the difference in the degree of Stroop interference IES be-
tween post- and pre-sessions. The change of Stroop interference IES
was significantly negative in the EX condition compared to that in
the CTL condition (t (23) = 2.98, P = 0.007, d = 0.61, paired t-test)
(Fig. 3C). These results demonstrate that very-light-intensity exercise
improved Stroop task performance (i.e., shorter reaction time and higher
accuracy) compared with resting control. This result is also supported
by the repeated measures two-way ANOVA (condition: EX/CTL, time:
pre/post) demonstrating a significant interaction between condition and

time factors for Stroop interference IES (F (1, 23) = 8.85, P = 0.007,
npz = 0.28). However, Stroop interference IES did not statistically differ
between pre-sessions (EX/CTL) (F (1, 23) = 2.89, P = 0.10,11p2 =0.11)
(Fig. 3B).

3.3.1. fNIRS results: cortical activation

To examine the exercise session interaction, we calculated the dif-
ferences in hemodynamic response due to Stroop interference between
post- and pre-sessions (Fig. 4). The paired t-test performed on each of the
six ROIs revealed significant differences between conditions in the left
DLPFC (¢ (23) = 3.00, P = 0.006, g < 0.05, d = 0.61, FDR corrected). The
left FPA had a significant difference between conditions (¢t (23) = 2.32,
P =0.030, d = 0.47), but this finding did not survive FDR-correction.

3.4. Correlation analyses

Inter-individual differences in pupil dilation with exercise correlated
with task performance change (i.e., reduced Stroop interference IES) (r
(24) = -0.63, P = 0.001) (Fig. 5A). There is no significant correlation
between increased left DLPFC activation and two variables: task perfor-
mance change (r (24) = 0.12, P = 0.56) and pupil diameter change (r
(24) = 0.05, P = 0.82).

3.5. Causal mediation analyses

To identify an underlying causal mechanism for very-light-intensity
exercise effects on Stroop task performance, we conducted causal me-
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represent individual data.

diation analyses (Imai et al., 2010) to examine whether pupil dilation
during exercise indicates a mediative effect of very-light-intensity ex-
ercise on task performance. It should be noted that the hypothesized
mediator is a neural substrate which is linked to pupil dilation. Consis-
tent with our hypothesis, pupil dilation (M) was associated in such a
way that it appeared as if it were mediating the association between
very-light-intensity exercise intervention (X) and Stroop task perfor-
mance enhancement (Y) (average causal mediation effect (ACME): -
102.9, 95% CI [-167.8, -45.5], P < 0.0001; average direct effect (ADE):
35.8, 95% CI [-26.0, 102.0], P = 0.27; total effect: 67.1, 95% CI [-111.7,
-22.5], P = 0.004; prop. mediated: 1.54, 95% CI [0.65, 4.5], P = 0.004)
(Fig. 5B). Fig. 5C shows a model of the mediation analysis. The sensitiv-
ity analysis indicated that the assumption of sequential ignorability for
the estimated ACME is maintained unless p < - 0.6, which shows that
the effect is reasonably robust to the violation of this assumption.

For cortical activation, we conducted causal mediation analyses to
examine whether pupil-dilation-linked brain states during exercise me-
diated the effect of very-light-intensity exercise on Stroop interference-
related 1-DLPFC activation. There was no significant mediation effect of
pupil dilation (M) on the association between very-light-intensity exer-
cise intervention (X) and I-DLPFC activation (Y) (ACME: 0.0045, 95%
CI [-0.029, 0.04], P = 0.80; average direct effect (ADE): 0.030, 95%
CI [-0.011, 0.07], P = 0.15; total effect: 0.034, 95% CI [0.011, 0.06],
P = 0.004; prop. mediated: 0.12, 95% CI [-1.15, 1.45], P = 0.80).

4, Discussion

We found that pupil dilation during very-light-intensity exercise was
associated as if it were mediating the exercise-induced executive func-
tion enhancement with task-related subregion activation in the PFC.
This is the first evidence to support the hypothesis that the upregulation

of pupil-linked neural substrates, linking to arousal states and cortical
network activity driven by neuromodulatory systems, during very-light-
intensity exercise causes prefrontal cognitive potentiation.

Through the behavioral measurements showing a higher IES (i.e.,
integration score of longer RT and lower accuracy rate) in the incon-
gruent task compared with that in the neutral task, we verified that
the Stroop effect could be stably observed both before and after exer-
cise. Based on this observation, we tested the effect of an acute bout of
very-light-intensity exercise on Stroop interference IES, and confirmed
significant enhancement of performance. Hence, the present study con-
firmed that an acute bout of 10 min of very-light-intensity exercise en-
hances cognitive functions to cope with Stroop interference. This result
is consistent with previous studies, including our own, that have demon-
strated that an acute bout of moderate or very-light-intensity exercise
enhances inhibitory control functions (Byun et al., 2014b; Chang et al.,
2012; McGowan et al., 2019; Shigeta et al., 2021; Yanagisawa et al.,
2010).

Significant pupil dilation during exercise was observed, consistent
with our previous work (Kuwamizu et al., 2022). These pupil dynamics
suggest that pupil-synchronized brain states, related to arousal, atten-
tion, and cortical network activity, are upregulated during very-light-
intensity exercise (Joshi and Gold, 2020; Schwalm and Jubal, 2017;
Strauch et al., 2022). As we predicted, there were inter-individual differ-
ences (i.e., high and low responders) (Fig. 2B), which highly correlated
with inter-individual differences in Stroop task performance enhance-
ment. In addition, causal mediation analysis showed that pupil dilation
while exercising mediated the executive performance enhancement that
was observed after exercise. The ADE of exercise intervention on cog-
nitive performance, after excluding the pupil dilation effect, was not
significant, which indicates this effect is fully mediated by pupil dila-
tion, strongly suggesting a mechanistic connection with this peripheral
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biomarker. These results indicate that identifying the neurological un-
derpinning of cognitive enhancement after very-light-intensity exercise
depends on pupil dilation, which is to say the ascending arousal system
represented by LC-catecholaminergic modulation, during exercise. Sev-
eral previous studies have relied on peripheral circulating biomarkers,
such as plasma catecholamine, due to a lack of predictive measures of
brain activation during exercise; significant changes in these measures
were not observed with a short period of very-light-intensity exercise
(McMorris et al., 2016), and there were no significant associations be-
tween these biomarkers and the effect of acute exercise on cognitive
function (Ando et al., 2022). Two recent studies have examined pupil
diameter in post-exercise tasks but did not link it to cognitive function
improved by exercise (McGowan et al., 2019; Shigeta et al., 2021).

We observed a significant increase in Stroop interference-related 1-
DLPFC activation after exercise, corresponding to the enhancement of
Stroop interference processing detected via pupil dilation (Fig. 4). This
left-lateralized effect of ergometer exercise is consistent with our pre-
vious work in young adults, which demonstrated enhanced 1-DLPFC
activation with improved Stroop interference processing (Byun et al.,
2014b; Yanagisawa et al., 2010). The DLPFC is implicated in Stroop
interference processing (Frings et al., 2018; MacDonald et al., 2000)
and it is also the projection site of pupil-linked neuromodulatory sys-
tems such as the catecholaminergic and cholinergic systems (Cools and
Arnsten, 2022; Joshi and Gold, 2020; Strauch et al., 2022). The ascend-
ing arousal system is essential for executive function because it controls
the optimal signal and noise regulation of the DLPFC (Cools and Arn-
sten, 2022). Activation of LC-catecholaminergic neurons increases corti-

cal activity via the modulation of cortical glutamatergic neurotransmis-
sion, which is the main determinant for the coupling between increased
cortical activity and hemodynamic alterations (Toussay et al., 2013).
It is compelling that very-light-intensity exercise upregulates pupil-
linked neural substrates, possibly modulating oxy-Hb signal changes in
1-DLPFC-related Stroop interference. Although it was clear that 1-DLPFC
activation changed in the same direction mean-wise as both pupil dila-
tion and decreased Stroop interference, the correlation analysis, which
focused on individual differences, did not reach a significant linear as-
sociation between I-DLPFC activity, and two variables; Stroop interfer-
ence and pupil diameter. Therefore, the causal mediation analysis did
not support that pupil dilation mediates the effect of very-light-intensity
exercise on I-DLPFC activation. One reason for this is that the complex-
ity of the experimental model limits the parametricity of the repeated
subtracted components. As pointed out by previous studies (Byun et al.,
2014b; Hyodo et al., 2012; Kujach et al., 2018; Yanagisawa et al.,
2009), there are oxy-Hb signals that entail substantial individual dif-
ferences and a subtraction procedure to contrast out Stroop interfer-
ence (Incongruent-Neutral) further jeopardizes the quantification and
narrows the range of parameters. In addition, trial intervention models
that use the difference-in-difference model (i.e., EX(post-pre) - CTL(post-
pre)) reduce the power to detect significant linear relationships between
indicators. To close the further causal inference in the furture, it would
be helpful to investigate whether experimental pharmacological inhibi-
tion of the catecholaminergic arousal system, with noted ethical con-
siderations allowed, leads to a reduction in pupil dilation during exer-
cise and activation of I-DLPFC and consequent attenuation of improve-



R. Kuwamizu, Y. Yamazaki, N. Aoike et al.

ments in task performance. Another point that should be considered is
the brain regions that are involved in Stroop interference processing
by interacting with the DLPFC. LC-catecholaminergic neurons project
widely throughout the brain. The anterior cingulate and parietal corti-
cal regions form a network with the DLPFC and contribute to efficient
executive function processing (MacDonald et al., 2000; Mather et al.,
2020). LC activation may trigger the release of striatum dopamine from
the ventral tegmental area and the substantia nigra and the striatum
dopamine also may contribute to executive function by interacting with
the DLPFC (Nagano-Saito et al., 2008; Vernaleken et al., 2007). This
would be an excellent subject for further study.

Given the involvement of catecholaminergic modulation from the
LC to the cortex indicated by pupil dilation, which is a mechanism im-
plicated in Alzheimer’s, ADHD, and Parkinson’s disease (Kremen et al.,
2019; Poe et al., 2020), it is possible that brief mild exercise, such as
yoga and very slow running, could be developed into more promising
lifestyle interventions as natural and low-risk strategies to ameliorate
cognitive impairment. The evidence presented here demonstrates that
mild exercise works as an efficacious method of brain stimulation for
enhancing cognitive function and that this effect can be assessed by ob-
serving pupil dynamics. In addition, pupil dynamics were also demon-
strated to be significantly synchronized with psychological arousal and
pleasure moods (see Psychological mood states in the Supplemental infor-
mation for detailed results). These findings indicate that pupillometry
could be a new non-invasive tool to clarify the beneficial impact of exer-
cise in boosting brain health, something which cannot be accomplished
with neuroimaging technology that is affected by body movement and
cardiovascular responses.

There are remaining points with regard to the generalization of these
findings. First, although healthy young adults of both sexes were in-
cluded in this study, the male/female proportion was unbalanced. Fur-
ther research that addresses differences in gender and populace would
provide a generalization of this finding. Second, participants were seated
on the ergometer and at rest in the control condition to minimize pupil
responses to various environmental stimuli. While mind wandering may
remain a potential factor related to arousal and cognition, there were
no changes in pupil diameter during resting.

5. Conclusion

The current study reveals that very-light-intensity exercise-induced
cognitive enhancement, with task-related PFC subregion activation, de-
pends on pupil dilation during exercise. This suggests that neural mech-
anisms associated with pupil dilation may be associated with the bene-
ficial impact of exercise on prefrontal cognitive function.
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