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SHORT COMMUNICATION

Pupil‑linked arousal with very light exercise: 
pattern of pupil dilation during graded exercise
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Abstract 

Although it has been hypothesized that moderate to vigorous exercise immediately modulates cognition via ascend-
ing arousal system activation, such activation during very-light to light exercise has remained uncertain. Here, we 
aimed to uncover the exact exercise intensity necessary for ascending arousal system activation using pupillometry. 
The pupil diameter, psychological arousal, and ventilation during graded exercise of 26 young males were analyzed 
based on % ̇VO2peak

 . Pupils dilated with very-light exercise compared to rest, stabilized, and then drastically increased 
again with moderate exercise and above. Pupil dilation with very-light exercise was positively correlated with 
increases in psychological arousal. Thus, we have shown that there are two phases of pupil dilation during graded 
exercise: one with very-light exercise coinciding with psychological arousal response, and the other with moderate 
exercise or above similar to the ventilation increase pattern. This unique pupil dilation pattern provides physiological 
evidence of ascending arousal system activation with very-light exercise.
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Background
Physical activity has been shown to induce a change of 
mood, cognition, and brain health [1–4]. In particular, 
it has been supposed that moderate-intensity exercise 
and above, based on markers, such as circulating cat-
echolamine threshold (CT), lactate threshold (LT), and 
ventilatory threshold (VT), which are collectively called 
the “anaerobic threshold”, affect cognitive performance 
coinciding with stress-related hormonal response [4, 5]. 
The neural mechanism is still unclear, but one hypothesis 
is the ascending arousal system, including the brain cat-
echolamine system, arising from the locus coeruleus (LC) 
[6–8]. At moderate-intensity exercise and above, there is 
an exponential increase in lactate, hypothalamic–pitui-
tary–adrenal axis-related stress response, and circulating 

catecholamine increase in an intensity-dependent man-
ner [9, 10]. Because blood catecholamines possibly acti-
vate the LC indirectly [11, 12], it has been hypothesized 
that there is an exponential brain arousal response as well 
as an exponential peripheral catecholamines response 
that occur in an exercise-intensity-dependent manner 
[7]. This is called the catecholamine hypothesis [7, 8].

Recently, very-light-/light-intensity exercises, such as 
yoga, that do not achieve moderate to vigorous intensi-
ties, have become popular for improving mental health 
[13, 14]. According to the catecholamine hypothesis 
explained above, the effect of very-light-/light-inten-
sity exercise on the ascending arousal system remains 
doubtful. In graded exercise, increased circulating cat-
echolamines have not been observed during very-light-/
light-intensity exercise, during which lactate also does 
not increase [9, 15, 16]. If blood catecholamines accu-
rately account for activation of the ascending arousal 
system, then it can be speculated that exercise intensities 
below the CT do not induce activation of the ascending 
arousal system [6, 7]. However, it is too early to arrive at 
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a such a conclusion: our sequential translational studies 
from rodents to humans have shown that even exercise 
below the LT immediately elicits hippocampal activation 
and post-exercise task-related prefrontal and hippocam-
pal activation coinciding with increased psychological 
arousal [17–19]. This leads us to the hypothesis that the 
ascending arousal system, including the LC, is robustly 
activated even with very-light-/light-intensity exercise 
below the CT compared with a resting control. However, 
there is little physiological evidence that very-light-/light-
intensity exercise activates the ascending arousal system.

Human evidence is lacking due to insufficient tech-
niques that can be used to measure the ascending arousal 
system during dynamic exercise. Thus, pupillometry 
could be an important tool as a biomarker of arousal 
system activation during exercise. Beyond its visual 
function, pupil dilation, part of the autonomic nerv-
ous system, can sensitively reveal LC neuron activation 
[20–22]. In rodents, pupil dynamics allow the tracking of 
the activation of LC axon terminals in the cortex and of 
the cortical physiological signature synchronizing with 
locomotion in real time [23–25]. The pharmacological 
blocking of LC-arousal activation reduced pupil dilation 
during locomotion [26]. While pupillometry has recently 
become popular in neuroscience as a reliable indicator 
of the ascending arousal system [27, 28], it has not been 
applied much in exercise physiology. Several previous 
studies suggest that physical exercise leads to dilation of 
the human pupil [29–33], but most of these were based 
on handgrip exercise, which is a static and localized exer-
cise [29, 32, 33]. For dynamic aerobic exercise, Hayashi 
and colleagues found that pupil diameter increases 
with exercise intensity during graded exercise up to the 
equivalent of moderate-intensity exercise as predicted 
by heart rate (HR)[31]. It should be noted, however, that 
their findings were limited to an exercise range of rest to 
moderate intensity and did not include maximal exer-
cise. In addition, metabolic and arousal responses corre-
sponding to graded-exercise-induced pupil dilation were 
not examined. It is necessary to accurately identify the 
pupil dilation corresponding to each exercise intensity 
with reference to oxygen intake ( ̇VO2 ) (the gold standard 
for measuring exercise intensity), carbon dioxide output 
( ̇VCO2 ), and minute ventilation ( ̇VE ) (used for inspecting 
VT), and corresponding to arousal response to grow into 
a new physiological indicator that could reveal the brain’s 
state of arousal during exercise. This is essential informa-
tion for identifying the pupil response that denotes acti-
vation of the ascending arousal system with very-light-/
light-intensity exercise below the VT, which was our 
target.

To this end, the current study examined the exact 
exercise intensity that leads to pupil dilation to provide 

physiological evidence that very-light-/light-intensity 
exercise activates the ascending arousal system. First, we 
hypothesized that the pupil dilates with exercise inten-
sity and possibly has inflection points, such as do the CT, 
VT, and LT. In addition, we hypothesized that the pupil 
dilates robustly with the arousal response with very-
light-/light-intensity exercise below inflection points cor-
responding to the CT, VT, and LT.

Methods
Participants
Twenty-nine healthy young males, with no self-reported 
history of neurological or psychiatric disorders, were 
recruited for the study. The following exclusion crite-
ria were used: taking medication that affects the cen-
tral nervous and/or endocrine systems (N = 1), failed 
to achieve V̇O2peak

 criteria (N = 1), and failed to observe 
exercise intensity during the “very-light-intensity” con-
dition (N = 1). Ultimately, 26 participants were included. 
Post-hoc sensitivity analysis, computed using G*Power 
3.1, performed based on the current sample size (26 
participants) with 80% power and multiple testing cor-
rected alpha of 0.05 demonstrated sufficient sensitivity 
for detecting t test differences exceeding d = 0.81 (with 
a two-tailed alpha). Table 1 depicts the characteristics of 
the participants.

Procedure
After confirmation of the participants’ physical condi-
tions, they performed a graded exercise test. Participants 
were asked to refrain from exercise and the consumption 
of alcohol for at least 24  h prior to the experiment and 
caffeine on their experimental day so as to control for 
outside factors. The intensity of illumination in the room 
was maintained at about 1440–1530 lx, measured with an 

Table 1  Participant details

Values are presented as mean ± SD

BMI, body mass index; V̇O2peak
 , peak oxygen uptake; HR, heart rate; WR, work rate; 

RPE, ratings of perceived exertion

Measure Mean ± SD

Sample size (n) 26

Age (years) 22.4 ± 1.5

Height (cm) 171.3 ± 5.5

Weight (kg) 71.7 ± 14.1

BMI (kg/m2) 24.3 ± 4.2

Graded exercise test

V̇O2peak
(ml/min/kg) 43.3 ± 7.4

 HRpeak (bpm) 179.8 ± 12.0

 WRpeak (watt) 249.6 ± 31.1

 RPEpeak (score) 19.8 ± 0.4
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illuminance meter placed on a central desk in the experi-
ment room.

Graded exercise test protocol
The seat height of the cycle ergometer (Corival Recum-
bent, Lode, The Netherlands) was adjusted to allow each 
participant to sit comfortably in a semi-supine position. 
After resting for 4 min and then warming up for 3 min 
at 30  W, the workload was increased by 20  W per min 
constantly and continuously until maximal effort was 
reached. Exhaled gas was analyzed using a gas analyzer 
(Aeromonitor AE280S, Minato Medical Science, Japan). 
Ventilation parameters, V̇O2 , V̇CO2 , and V̇E , were measured 
in expiration mode at a sampling rate of every 5 s. HR was 
recorded (Polar RS800CX, Polar, Finland) throughout. 
These sampling data were averaged every 15 s for further 
analysis. The pedaling rate was maintained at 60  rpm. 
All participants performed exercise until they could no 
longer maintain a pedal rotation speed of 60 rpm. V̇O2peak 
was determined when at least two of the following cri-
teria were satisfied: (1) the respiratory exchange ratio  
exceeded 1.10; (2) 90% of age-predicted peak HR (220—
age) was achieved; and (3) Borg Rating of Perceived Exer-
tion (RPE) reached 18 or more [34].

Measurement of psychological arousal and rating 
of perceived exertion
Participants were asked about their psychological arousal 
and perceived exertion every minute. Psychological 
arousal was measured using the two-item version of the 
Two-Dimensional Mood Scale (TDMS-2), which is a 
short version of the eight-item TDMS (TDMS-8) [3, 18, 
19, 35, 36]. Participants were asked to indicate their state 
at the time on an 11-point scale from − 5 to + 5. Arousal 
scores were calculated by subtracting the Stability score 
(− 5 indicates "irritated" or "not at all calm," 0 indicates 
neutral, and + 5 indicates "relaxed" or "very calm") from 
the Vitality score (− 5 indicates "lethargic" or "not at all 
energetic," 0 indicates neutral, and + 5 indicates "lively" 
or "full of energy”). Previously, a high correlation between 
the TDMS-2 and TDMS-8 was confirmed in a mild-exer-
cise condition (N = 168; r = 0.71)[37]. Perceived exertion 
was measured using the Borg Rating of Perceived Exer-
tion (RPE). The TDMS and RPE questionnaires were pre-
sented on a screen attached to the ergometer 70 cm from 
the participant. The TDMS and RPE screens alternated 
every 30 s.

Acquisition and preprocessing of pupillometry data
Participants’ pupil diameters were recorded using a 
screen-based eye-tracker (Tobii pro nano, Tobii AB, Dan-
deryd, Sweden). The eye-tracking data were recorded 
continuously from resting before exercise to the end of 

the exercise. This measurement method allows for the 
monitoring of longer-lasting pupil dilation during exer-
cise compared to the baseline pupil diameter at rest. Par-
ticipants were instructed to keep their eyes on the screen 
(background: RGB: 120, 120, 120, letters: RGB: 0, 0, 0) in 
front of them during the session, not just when answer-
ing TDMS and RPE questions. During the graded exer-
cise, participants were asked not to move their heads for 
as long as they were able. The data were sampled at 60 Hz. 
The analysis software (Tobii Pro Lab, Tobii AB, Dan-
deryd, Sweden) automatically removed missing and inva-
lid pupil data in cases, where the participant blinked or 
looked away from the screen. Raw data were taken at an 
average of every 15 s as were the gas sampling data. Pupil 
detection rates tended to decrease around near-maximal 
to maximal intensity exercise (53% compared to rest), 
because participants blinked, moved their faces or looked 
away from the screen. However, there was rarely a com-
plete loss of pupil detection for 15 consecutive seconds 
(99.6% acquisition rate) and the sample number for raw 
pupil data used to calculate the 15-s mean was 281 ± 148 
at this intensity. As explained in the data analysis section 
below, the 15-s mean data were averaged once more by 
intensity category. In this way, a sufficient sample size was 
maintained to produce a valid average of pupil diameter.

Data analysis
First, we examined how pupils dilated in response to 
increased exercise intensity. Exercise intensity was cat-
egorized according to American College of Sports 
Medicine (ACSM) criteria based on % ̇VO2peak

 , the gold 
standard for determining exercise intensity. The data are 
divided into the following intensity intervals: rest, very-
light (< 37% V̇O2peak

 including warm-up), light (37–45% 
V̇O2peak

 ), moderate (46–63% V̇O2peak
 ), vigorous (64–90% 

V̇O2peak
 ), and near maximal to maximal (> 91% V̇O2peak

 ) for 
each individual [38]. Based on these criteria, we exam-
ined the differences between intensities using repeated 
measures one-way ANOVA and post-hoc multiple com-
parisons with Holm–Sidak correction.

In addition, the Δ pupil diameter between each inten-
sity was calculated [i.e., (very-light–rest), (light–very-
light), (moderate–light), (vigorous–moderate), (near 
max/max–vigorous)] to examine the exercise intensity 
intervals at which pupil dilation was prominent. The 
pupil dilation values were adjusted by dividing them by 
the corresponding % ̇VO2peak

 changes and determining the 
increase in dilation for each 1% V̇O2peak

 increase between 
intensity intervals. For comparison of the Δ pupil diam-
eter changes between intensities, repeated measures one-
way ANOVA and post-hoc multiple comparisons with 
Holm–Sidak correction were conducted. For reference, 
% ̇VO2peak

-adjusted Δ HR and Δ V̇E were calculated in the 
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same way; HR is a linearly increasing index, while V̇E has 
an inflection point (VT).

Next, we examined the association between interin-
dividual differences in pupil diameter and psychological 
arousal level, which increased with very-light-intensity 
exercise. The change from rest was calculated [i.e., (very-
light–rest)], and a Pearson correlation analysis of the 
increase in arousal and pupil diameter was performed. As 
an additional exploratory analysis, the changes between 
one rank of intensity and the previous rank were cal-
culated [i.e., (light–very-light), (moderate–light), (vig-
orous–moderate), (near-max/max–vigorous)], and 
correlation between pupil diameter and psychological 
arousal level at other exercise intensities were tested. Sta-
tistical significance was set a priori at P < 0.05. Statistical 
analyses were performed using Prism 9 (Version 9.1.1).

Results
Respiratory gas parameter, heart rate, and pupil changes
V̇O2 , V̇E , V̇CO2 , HR, and RPE increased with graded exer-
cise in an intensity-dependent manner (Fig.  1). The 
repeated measures one-way ANOVA for pupil diam-
eter revealed significant differences between intensi-
ties (F (2.17, 54.32) = 119.2, P < 0.001). The post-hoc test 
showed significant differences between all intensities (all 
t (25) > 2.91, P < 0.008, Holm–Sidak corrected) (Fig. 2).

Next, the prominent exercise intensity at which pupil 
dilation increased was examined (Fig.  3). The repeated 
measures one-way ANOVA for % ̇VO2peak

-adjusted Δ 
pupil diameter revealed significant differences between 

intensities (F (2.47, 61.77) = 18.64, P < 0.001). The post-
hoc test showed that the Δ pupil diameter between rest 
and very-light significantly increase compared with that 
between very-light and light, and light and moderate. In 
addition, Δ pupil diameter between moderate and vig-
orous significantly increased compared to that at very-
light to light, and Δ pupil diameter between vigorous and 
near-max/max significantly increased compared to that 
between rest and very-light, very-light and light, light and 
moderate, and moderate and vigorous. % ̇VO2peak

-adjusted 
Δ HR exhibited no significant differences between inten-
sities (F (3.30, 82.59) = 0.70, P = 0.57), which indicates 
that Δ HR increased linearly with increasing V̇O2 . In con-
trast, % ̇VO2peak

-adjusted Δ V̇E increased exponentially (F 
(1.51, 37.76) = 199.9, P < 0.001).

Association between inter‑individual differences in pupil 
change and arousal levels induced by very‑light‑intensity 
exercise
The repeated measures one-way ANOVA for psycho-
logical arousal revealed significant differences between 
intensities (F (1.72, 43.0) = 42.68, P < 0.001). The post 
hoc test showed significant differences between all 
intensities (all t (25) > 3.33, P < 0.006, Holm–Sidak cor-
rected), with the exception of those between vigorous 
and near-max/max (t (25) = 1.56, P = 0.13, Holm–Sidak 
corrected) (Fig. 4A). There was a significant positive cor-
relation between Δ pupil diameter [very-light–rest] and 
the Δ arousal level [very-light–rest] (r = 0.55, P = 0.0034)
(Fig.  4B). On the other hand, there were no significant 

Fig. 1  V̇O2
 , V̇CO2

 , V̇E , HR, RPE, and Load. The data for each intensity are plotted against % ̇VO2peak
 . on the x-axis and each parameter on the y-axis. The 

plots from left to right show rest, very-light, light, moderate, vigorous, and near maximal/maximal intervals. V̇O2
 , oxygen intake; V̇CO2

 , carbon dioxide 
output; V̇E , minute ventilation; HR, heart rate; RPE, ratings of perceived exertion. Data are presented as mean. The gray bands represent 95% CI, 
although some are too small to clearly visualize. The horizontal error bars (95% CI) cannot be visualized as all were smaller than 1.0% V̇O2peak
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correlations between Δ pupil diameter and  Δ arousal 
level in other adjacent intensities (Δ  [light–very-light]: 
r = − 0.18; Δ  [moderate–light]: r = 0.11; Δ  [vigorous–
moderate]: r = 0.08 and Δ  [near-max/max–vigorous]: 
r = − 0.08; all P > 0.05).

Discussion
This study aimed to delineate the pupil dilation that occurs 
during graded exercise ranging from very-light intensity, 
to obtain a comprehensive understanding of arousal sys-
tem activation in relation to exercise intensity. The results 
reveal that pupils dilated with very-light-/light-intensity 
exercise, and this was then correlated with an increase in 
psychological arousal states. At stronger intensities, pupils 
dilated drastically when participants were pedaling all out, 
as with V̇E . The unique pupil dilation pattern observed 
during the initial stage of graded exercise may explain the 

beneficial workings of the ascending arousal system even 
with very-light-/light-intensity exercise.

We observed that graded exercise leads to pupil dila-
tion in an exercise-intensity-dependent manner. This 
result replicates and expands upon the previous study 
by Hayashi and colleagues [31]. They similarly found sig-
nificant intensity-dependent pupil dilation at intensities 
from very-light to moderate referenced, in their study, 
against HR increase. The current study replicated their 
results based on % ̇VO2peak

 , the gold standard for meas-
uring exercise intensity. In addition, the current study 
examined the intensities at which the pupil is promi-
nently dilated and found that the increase in dilation is 
exponential in an exercise-intensity-dependent man-
ner as is V̇E . These results suggest that, such as VT, pupil 
dilation has inflection points, which we name the pupil 
dilation threshold (PDT), rather than a linear trajectory 

Fig. 2  A Typical example of the change in pupil diameter. B Change in pupil diameter compared to rest. The data for each intensity are plotted for 
% ̇VO2peak

 . (x-axis) and Δ pupil diameter (y-axis). The plots from left to right show rest, very-light, light, moderate, vigorous, and near maximal/maximal. 
Uncorrected pupil diameter data were used for statistical analysis. Data are presented as mean. The gray bands represent 95% CI, although some are 
too small to clearly visualize. The horizontal error bars (95% CI) cannot be visualized as all were smaller than 1.0%V̇O2peak

Fig. 3  Δ%V̇O2peak
-adjusted Δ pupil diameter, Δ V̇E, and Δ HR for each intensity interval. R, rest; VL, very-light; L, light; M, moderate; V, vigorous; NM, 

near maximal/maximal; V̇O2peak
 , peak oxygen uptake; HR, heart rate; V̇E , minute ventilation; aP < 0.05 greater than R-VL; bP < 0.05 greater than VL-L; 

cP < 0.05 greater than L-M; dP < 0.05 greater than M-V.  Data are presented as mean ± SE
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[note that the intensity at which the PDT occurs may 
differ between individuals (Additional file  1: Fig. S1)]. 
Although we did not measure circulating blood param-
eters to minimize external stimuli that may affect mood 
and pupil diameter via arousal in the present study, the 
pupil dilation profile we have observed seems to corre-
spond to increasing circulating catecholamines as found 
in past studies [9, 39]. Interestingly, there were major dif-
ferences between changes in pupil dilation and changes 
in  V̇E for the rest/very-light-intensity exercise compari-
son. The change in Δ%V̇O2peak

-adjusted pupil dilation for 
[rest to very-light-intensity] was greater than that for 
[very-light to light], [light to moderate] intensities. This 
demonstrates not only that pupil diameter has an inflec-
tion-like VT, but also that the pupil clearly dilates with 
very-light-intensity exercise below the PDT.

We then considered psychological arousal, which 
was monitored during graded exercise, to test whether 
pupil dilation functioned as an indicator of activation 
of the ascending arousal system. Psychological arousal 
increased in an intensity-dependent manner with graded 
exercise beginning with very-light-intensity exercise, 
which is consistent with previous studies, including our 
own [1, 18, 19, 40]. Our previous neuroimaging stud-
ies have shown the functional significance of very-light-
intensity exercise inducing a psychological arousal 
response; this is associated with subsequent enhanced 
executive function with lateral prefrontal cortex activa-
tion and memory function with hippocampal activation 
[18, 19]. The present results demonstrate that the pupil 
dilation induced by very-light-intensity exercise cor-
relates significantly with inter-individual differences in 

psychological arousal with very-light-intensity exercise. 
Therefore, it is possible that very-light-intensity exercise 
activates the ascending arousal system in synchronic-
ity with pupil dilation and that this is expressed through 
psychological arousal. This psychological examination 
supports our hypothesis that the initial stage of pupil 
dilation functions as a physiological marker for activation 
of the ascending arousal system during very-light to light 
exercise.

Although the pupil may be an important marker for 
explaining body–brain interactions during exercise, fur-
ther studies are needed to understand the neural circuit. 
Pupil dilation during exercise is possibly mediated by 
signals from the breathing control center neurons, the 
cortex and the afferent nerves in working muscles (e.g., 
metaboreflex) to the brainstem, including LC neurons 
[21, 32, 41]. In particular, the physiological mechanism 
for pupil dilation during stress-free very-light-intensity 
exercise below LT/VT/CT is an interesting question for 
future study.

This study has some limitations with regard to gener-
alization. First, it included only healthy, young male par-
ticipants to avoid potential effects of the female cycle 
phase and to observe the same graded load protocols in 
participants with homogeneous fitness levels. Second, 
the results may have been influenced by the brightness 
of the room. As illumination affects pupil diameter, if the 
study was conducted in a dimly lit room (e.g., 10 lx illu-
mination), pupil diameter may encounter a ceiling effect 
rendering the effect of exercise undetectable [30]. Finally, 
the graded exercise method has methodological limita-
tions. Accumulation effects and time gaps may distort 

Fig. 4  A Arousal levels. The data at each intensity (y-axis) are plotted against % ̇VO2peak
 . (x-axis). The plots, from left to right, show rest, very-light, 

light, moderate, vigorous, and near maximal/maximal intervals. Data are presented as mean. The gray band represents 95% CI. The horizontal error 
bars (95% CI) cannot be visualized as all were smaller than 1.0%V̇O2peak

 . B Association between Δ pupil diameter (very-light–rest) and Δ arousal 
(very-light–rest). The black line represents linear regression and gray band represents 95% CI
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the results. Thereby, time-controlled validation would 
strengthen the current findings.

Conclusions
Exercise-intensity-dependent pupil dilation was found to 
have a threshold-like profile (Fig. 5). Specifically, not only 
does pupil diameter have an inflection, like that of VT, 
but the pupil also dilates at the initial exercise stage (i.e., 
very-light-intensity), which corresponds to enhanced 
psychological arousal. This unique pupil dilation pattern 
provides physiological evidence of a beneficial arousal 
mechanism with very-light-intensity exercise that could 
not be explained by previously examined peripheral 
markers. Pupillometry during exercise may become 
applicable to exercise prescription targeting adequate 
arousal states in the brain.
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