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ARTICLE INFO ABSTRACT

Pupil diameter fluctuation throughout the respiratory cycle is autonomically controlled in the resting state, as
pupils dilate during inspiration and constrict during expiration. Furthermore, pupil size is differentially
modulated by cognitive states between task engagement and disengagement. To determine whether respiratory-
dependent fluctuations in pupil size are maintained during a cognitive task, we employed healthy human
subjects performing a delayed matching-to-sample task with a short delay and measured their pupil sizes and R
wave-to-R wave intervals (RRIs). We detected respiratory fluctuations in pupil size and the RRI during the delay
period immediately before the discrimination stage of the task. During the discrimination stage, the cognitive
state with the higher task engagement yielded more pupil dilation. However, respiratory fluctuations in pupil
size were abolished, whereas those in the RRI were still discernible during the discrimination stage. Our results
suggest that an alternative control mechanism involving the cognitive state associated with task engagement
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overrides the respiratory-related autonomic control of pupil diameter.

1. Introduction

Respiratory sinus arrhythmia (RSA) is a known natural variation in
the R wave-to-R wave interval (RRI) between heartbeats that occurs
during a respiratory cycle in animals and humans (Eckberg, 2003;
Dergacheva et al., 2010; Larsen et al., 2010) and is used as an accepted
index of parasympathetic cardiac vagal tone in the resting state (Gilad
et al., 2005; Denver et al., 2007; Tzeng et al., 2009). Meanwhile, pupil
diameters fluctuate throughout the respiratory cycle in animals and
humans (Borgdorff, 1975; Ohtsuka et al., 1988; reviewed by Héabler
et al., 1994): pupil diameter dilates during inspiration and constricts
during expiration, actions that are innervated by sympathetic and
parasympathetic activities, respectively (Borgdorff, 1975). Like RSA,
pupil size respiratory fluctuation is a potential indicator for monitoring
autonomic activity.

Pupil diameter is modulated by cognitive processes via the locus
coeruleus (LC) and prefrontal cortex (Joshi et al., 2016; Ebitz and Platt,
2015; reviewed by Aston-Jones and Cohen, 2005) and is used as an
index of the cognitive or arousal state (Beatty, 1982; Sirois and Brisson,
2014). In particular, changes in pupil size may be linked to two modes
of task performance: i) task engagement during high performance,
where the detection of known or “matching” events is associated with a
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decreased baseline pupil diameter, and subsequently, increased pupil
dilation, and ii) disengagement from the task (detection of “mis-
matching” events), which is associated with an increased baseline pupil
diameter, and subsequently, less pupil dilation (Richer and Beatty,
1987; Gilzenrat et al., 2010; Otero et al., 2011; de Gee et al., 2014;
Papesh et al., 2012).

While visual stimuli and cognitive states are involved in changes in
pupil size, whether respiratory fluctuation in pupil size is maintained
during cognitive tasks remains unclear (Ohtsuka et al., 1988; reviewed
by Hibler et al., 1994). Here, the present study investigated whether
respiratory fluctuation in pupil size is discernible during a cognitive
task. We employed healthy volunteers to perform a delayed matching-
to-sample (DMTS) recognition task (Nakamura et al., 2013; Nakamura
and Sauvage, 2016) with a short delay (Olsen et al., 2009; Jeneson
et al., 2011) while monitoring changes in their RRIs and pupil diameter
a simultaneously with respiration. Specifically, we focused on certain
periods of the task, before and during the discrimination stage (the
delay and test sections), in which “matching” events may have more
pupil dilation than “mismatching” events (Richer and Beatty, 1987;
Gilzenrat et al., 2010; Otero et al., 2011; de Gee et al., 2014; Papesh
et al., 2012).
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2. Methods
2.1. Subjects

Fourteen healthy right-handed volunteers (6 males, 8 females; aged
22.7 * 0.8 years; range 20-30 years) participated in the study. All
participants had abstained from caffeine-containing beverages for at
least 12 h before the psychophysiological experiment. No subjects were
taking medications regularly, and none had known histories of re-
spiratory, cardiovascular, or endocrine diseases. Written informed
consent was obtained from all participants. All procedures performed
on humans were in accordance with the Declaration of Helsinki (Ethical
Principles for Medical Research Involving Human Subjects) and the
Ethical Guidelines from Medical and Health Research Involving Human
Subjects, Japan, and were approved by the Ethics Committee of Hyogo
College of Medicine in Japan (No.1825).

2.2. Apparatus

The inspiratory (I) and expiratory (E) phases of respiratory cycles
were continuously recorded via a flow sensor nasal cannula (Flow Nasal
Cannula A, Atom Medical, Japan) equipped with a differential pressure
transmitter (model KL17, Nagano Keiki, Japan) (Oku and Okada,
2008). An electrocardiogram (ECG) was recorded via lead II (voltage
between the left leg and right arm electrodes) using a differential bio-
logical amplifier (Bioamp, AD Instruments, Sydney, Australia). Images
with pupil diameter changes were acquired with an infrared video
camera (1920 x 1080 resolution, 60 Hz frames per second; HC-
W870 M, Panasonic, Japan), and subjects were placed at a viewing
distance of 75cm from the computer screen (47.7 cm X 26.8 cm,
1920 x 1080 resolution, 60 Hz refresh rate) under dim light. We
measured illuminance with a lux-meter positioned at the same distance
from the screen. Illuminance increases were ~ 1 1x during each figure
presentation (baseline was 0 1x; as a reference, changing from the black
to white screen in our setup was ~721x). The video camera was fixed
below the screen, and the distance from the camera lens to the subject’s
right eye was 62.6 cm (55 cm depth x 30 cm height). The respiratory
cycles, ECG, and trigger signals were sampled at 1kHz using the
PowerLab data acquisition system (PowerLab, AD Instruments) and
were computed online using LabChart software (LabChart 7.1, AD In-
struments).

2.3. Task paradigm

We developed a delayed matching-to-sample (DMTS) version
(Nakamura et al., 2013; Nakamura and Sauvage, 2016; Eichenbaum
et al., 2007) of a visual recognition task with a short delay for humans
(Olsen et al., 2009; Jeneson et al., 2011). The DMTS task consisted of a
study section, a delay section, and a test section and followed the DMTS
rule. Task paradigms were created using NBS Presentation” software
(Presentation 18.3, Neurobehavioral Systems).

The DMTS task required the memorization and recognition of a
figure (configuration), its color, its position, and the number of re-
plicated figures shown on a computer screen (47.7 X 26.8cm,
1920 x 1080 resolution, 60 Hz refresh rate). The shape (configuration)
was a circle, triangle, rectangle, cross, crescent, or heart; the color was
red, blue, green, yellow, pink, or sky blue; the number of figures was
one, two, three, four, five, or six; and the position on the screen was
center, right, left, top-center, bottom-right, or bottom-left (Fig. 1A).
Thus, 1296 (6 X 6 X 6 X 6 variables) possible combinations existed.

During the study section, each subject was exposed to a series of
four of 1296 total figures, which were displayed one at a time on a
computer screen under dim light in a darkened room (Fig. 1A and B).
After a short delay, each subject was tested three separate times on their
ability to distinguish between the figure presented during the study
section (“matching figure” or “old figure”) and a “mismatching figure”
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or “new figure” that was one of 1296 figures not presented during the
study section (Fig. 1A).

A “matching figure” (or “old figure”) was defined as the figure
consisting of the same four elements: shape (configuration), color, po-
sition, and number of figures presented during the study section. A
“mismatching figure” (or “new figure”) was defined as a figure that did
not contain more than one of the four elements presented during the
study section. The subjects pressed the “Z” or “C” key on a standard
keyboard using fingers on their left hand once they had identified the
figure shown during the test section as a “matching figure” or “mis-
matching figure”, respectively. One “block” of the task was made up of
the study section (12 s), delay section (12s), test section (9s), and an-
swer section (Fig. 1B). Each subject performed ten blocks of the task
(one session), and 15 “matching figures” and 15 “mismatching figures”
were presented during the session in random manner. Each subject was
informed of the correct answers after the test section.

To increase difficulty of the DMTS task, inter-stimulus intervals
(ISIs) between retrieval cues and the exposure durations of the cues
were set as follows: i) ISIs were 3 s in duration with three different time
lags (0, 300, and 600 ms after a trigger signal, in random order), and ii)
the exposure durations of retrieval cues were set from 200 to 500 ms in
random order. We then used the test trials with cue exposure durations
from 200 to 300 ms (20 total test trials per subject) for further analysis.

2.4. Cognitive and cardiorespiratory parameter data

During the experiments, we measured cognitive parameters — the
time of cue exposure, time of button pressing, and accuracy — using NBS
Presentation software, and cadiorespiratory parameters — the RRI, onset
of every I and E phase, and time of each I and E nasal tidal pressure
amplitude peak in the respiratory waveform — using LabChart software.
At a preset level, the onset of every I and E phase was defined as the
time at which the flow first crossed the basal level and shifted toward
the opposite domain by over + 2 standard deviations from baseline
noise after reaching every I and E peak. Thus, the onsets of the I and E
phases corresponded to the expiratory-to-inspiratory phase (EI) transi-
tion and the inspiratory-to-expiratory phase (IE) transition, respec-
tively. The series of cardiorespiratory parameters in each trial was
synchronized with that of cognitive parameters. To identify the dis-
tribution of test cues between the I and E phases, the exposure timing of
individual test cues was rearranged on a scale according to the I/E
circular phase in degrees: 0° represented the EI transition, 180° re-
presented the IE transition, and 360° represented the next EI transition
(Fig. 3D), similar to a previous study (Deschénes et al., 2016). We also
identified the RRI variations in each respiratory cycle (Tzeng et al.,
2009). Generally, the RRI was defined as the interval from an R wave
(R,) to the next R wave (R, 1). Here, an interval from an R wave (R,)
to the previous R wave (R,,.;) was defined as RRI (Fig. 1C) because the
latter is thought to represent the input to output relationship appro-
priately. The z-score in each RRI was standardized by mean and stan-
dard deviation during the delay or test section in individual subjects
and was then used for further analysis.

2.5. Pupil data analysis

Pupil data were synchronized with the time courses of cognitive
parameters according to trigger signals at the starting and end points of
the task, captured by an infrared video camera. The pupil center posi-
tion and pupil diameter in an image series were detected using Eye
Tracking System software (Gazo, Niigata, Japan). Processing of image
series for pupil diameter was performed using Image J software (ImageJ
1.51k, Wayne Rasband, NIH, USA; https://imagej.nih.gov/ij) and
Matlab (MathWorks, USA, https://www.mathworks.com) with in-house
functions (Wainstein et al., 2017). Data analysis was restricted to the
periods of 3000 ms before and after the test trials. Test trials missing
more than 50% of the data (due to blinks) were not considered in the
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Fig. 1. Visual DMTS task, respiratory rate, and heart rate.

A. Schematic drawings showing examples of figures during the study and test sections of the DMTS task. B. The task is composed of a study section (green bars), a
delay section, a test section (blue bars), and an answer section (white bars). Following individual test cues, the subjects press a button (orange arrows) for their
decision. Specifically, we focused on the delay and test sections (red dotted rectangle). C. Schematic drawings showing electrocardiograms. The RRI was measured
from an R wave (R,) to the previous R wave (R,.1). D, E. Bar plots showing the respiratory rates (n = 14, D) and heart rates (HR; n = 14, E) during the delay section
and the mismatching and matching processes in the test section. * p < 0.05, and ** p < 0.0001 compared with relevant pairs.

analysis. Trial data were removed when the pupil center position
shifted more than 5.5 mm in an image series during the test trial period.
Of note, a 5.5-mm shift in the pupil center position in an image induces
pupil diameter shrinkage by 0.004%, while the present study showed
an approximate 1.5% change in pupil diameter during the test trial.
Then, we plotted every 50-ms pupil diameter window in each 3000 ms
period before the test section and during the test section. Pupil data
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surrounding blinks were removed from the time series, and the pupil
diameters during these periods were estimated using a linear inter-
polation. A z-score in each pupil size (every 50-ms window) was stan-
dardized by mean and standard deviation during the 3000-ms period of
the delay or test section in individual subjects and was then used for
further analysis.
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2.6. Statistical analysis

Across individual subjects, one-way repeated measures ANOVA and
the paired t-test were used to assess the significance of differences be-
tween relevant pairs. Two-way repeated measures ANOVA was used to
evaluate the significance of the main effects and interactions between
factors. To confirm whether a dataset of z-scores meets the necessary
assumptions for repeated measures ANOVA, we tested normality and
sphericity in respiratory fluctuating z-scores by the Shapiro-Wilk nor-
mality test and the Mauchly test for sphericity. The nonparametric
Friedman test was assessed if normality or sphericity was violated. Post
hoc comparison was conducted by pairwise comparisons using the
paired t-test with Bonferroni adjustment or the Wilcoxon signed rank
test with Bonferroni adjustment. All statistical analyses were performed
using R 3.3.1 software (R Core Team, R Foundation for Statistical
Computing, Vienna, Austria, 2016, https://www.R-project.org/).

3. Results
3.1. Delay and test sections during the DMTS task

In the present study, healthy subjects (n = 14) performed the DMTS
task, which contained two test trials (see Methods): i) the matching
process, in which each subject was tested to discriminate an “old” or
“matching” figure presented during the study section; and ii) the mis-
matching process, in which each subject was tested to discriminate a
“new” or “mismatching” figure that was one of 1296 figures not pre-
sented during the study section.

We particularly focused on two sections of the task, the delay sec-
tion and the test section to compare changes in RRI and pupil size be-
fore and during the task discrimination stage. One-way repeated mea-
sures ANOVA showed that the delay section had a lower respiratory
rate and a higher heart rate (HR) than the test section [respiratory: F(1,
27) = 42.87,p < 0.0001; HR: F(1, 27) = 29.39,p < 0.0001, Fig. 1D
and E]. Moreover, in the test section, the paired t-test showed that the
matching process had a lower respiratory rate and a higher HR than the
mismatching process [respiratory: t(13) = 2.27, p= 0.04; HR: t
(13) = 2.24, p = 0.04, Fig. 1D and E].

3.2. Respiratory fluctuations in RRI and pupil size during the delay section

We investigated whether respiratory phases in the cycle altered the
RRI and pupil size during the delay and test sections (Fig. 1B). We used
an “I/E circular phase”, expressed in degrees, based on the convention
from a previous study (Deschénes et al., 2016) (Fig. 2A), in which the I
phase occurred from O to =t (IE transition, yellow line), and the E phase
occurred from m to 25w (EI transition, red line). The respiratory phases
between 0 and & and between & and 2t were based on the time scale.

To identify the RRI oscillation during breathing in the delay section,
R waves (R,) were divided into six phases (0 to 1/3m, 1/3x to 2/3mw, 2/
3w to 7, 7 to 4/3m, 4/3m to 5/3m, and 5/3 to 2x) in the respiratory cycle
(Fig. 2A), and the RRI was then analyzed for respiratory fluctuation
(Table 1). To determine whether RRI meets the necessary assumptions
for repeated measures ANOVA, we estimated normality and sphericity
in respiratory fluctuating RRI z-score by the Shapiro-Wilk normality test
and the Mauchly test for sphericity: RRI z-scores had normality and
sphericity during the delay sections. Thus, we used repeated measures
ANOVA for further analysis. One-way repeated measures ANOVA
showed that the RRI z-scores fluctuated during the respiratory cycle [F
(5, 65) = 44.54, p < 0.00001]. Post hoc comparison by pairwise
comparisons using the paired t-test with Bonferroni adjustment showed
that RRIs in the 5/3n-2n and 0-1/2w phases were higher than RRIs in
the 2/3mn-4/3n phases (ps < 0.0002, Fig. 2B).

Pupil sizes were divided into six phases in the respiratory cycle
during the delay section (Table 2). Then, pupil size z-scores were
compared in each 200-ms window. The Shapiro-Wilk test showed that

71

Respiratory Physiology & Neurobiology 265 (2019) 68-75

pupil diameter had normality during the test sections, but the Mauchly
test did not show sphericity in pupil diameter during the test section
(W = 0.034, p = 0.02). The nonparametric Friedman test showed that
pupil diameter fluctuated during the respiratory cycle [x*(5) = 13.03,
p = 0.02; of note, one-way repeated measures ANOVA showed a si-
milar effect, F(5, 50) = 2.98, p = 0.02], although post hoc comparison
by the nonparametric Wilcoxon signed rank test with Bonferroni ad-
justment did not show differences in the phase points (Fig. 2C). These
results revealed that both the RRI and pupil size oscillated simulta-
neously with the respiratory cycle immediately before the test section
of the task.

3.3. Respiratory fluctuations in RRI and pupil size during the test section

Pupil diameter is known to be differentially affected by the
matching and mismatching task processes, with the matching process
having more pupil dilation than the mismatching process (Richer and
Beatty, 1987; Gilzenrat et al., 2010; Otero et al., 2011; de Gee et al.,
2014; Papesh et al., 2012). Here, we investigated whether the test
section alters the respiratory fluctuation in pupil size.

The paired t-test revealed no differences in the exposure times of
visual cues and RT between the mismatching and matching processes
[exposure: t(13) = 0.55, n.s.; RT: t(13) = 1.32, n.s., Fig. 3A and B].
Meanwhile, the mismatching process exhibited higher accuracy than
the matching process [t(13) = 4.38, p = 0.0007, paired t-test, Fig. 3C].
We plotted the starting points (i.e., the time when the test cue was first
presented) of individual test cues with the RT against the I/E circular
phase (Fig. 3D), which indicated that the test cue onset scattered the
distribution during the respiratory cycle.

RRI was divided into six phases in the respiratory cycle (Table 1).
The Shapiro-Wilk test mostly showed normality in the RRI during the
test sections, except in mismatching in one phase (1/3w to 2/3m:
W = 0.81, p = 0.006). The Mauchly test showed sphericity in the RRI
during the test section. Thus, repeated measures ANOVA was conducted
for further analysis. Two-way repeated measures ANOVA of the main
effects of process and phase showed that the mismatching process had a
higher RRI z-score than the matching process, and the RRIs in both
processes fluctuated similarly in the respiratory cycle [process: F(1,
139) = 10.2, p = 0.002; phase: F(5, 139) = 29.4,p < 0.00001; phase
x process interaction: F(5, 139) = 0.77, n.s., Fig. 3E]. Post hoc com-
parison by pairwise comparisons using the paired t-test with Bonferroni
adjustment showed that RRIs in the 5/3n-25 and 0-1/2m phases were
higher than RRIs in the 2/3n-4/3n phases in the matching and mis-
matching processes (ps < 0.00001), which had similar tendencies to
those during the delay section (see Fig. 2B). These findings revealed
that the matching process had a higher HR (1/RRI) than the mis-
matching process during the test section.

Regarding changes in pupil size between the matching and mis-
matching processes, there was normality, except in the mismatching
process in the 1600-ms window (W = 0.86, p = 0.03, Shapiro-Wilk
normality test) and except in the matching process in 400-ms
(W=0.87,p = 0.04) and 2600-ms (W = 0.87, p < 0.05) windows.
Two-way repeated measures ANOVA showed the main effects of pro-
cess [F(1, 403) = 27.68, p < 0.00001] and time with a 200-ms
window [F(15, 403) = 290.9, p < 0.00001], but no significant inter-
action between the process and time was observed [F(15, 403) = 1.02,
n.s., Fig. 3F]. The paired t-test with Bonferroni adjustment showed that
the matching process had a higher pupil size z-score than the mis-
matching process at 0.6 s [t(13) = 3.62,p < 0.05; mean *+ S.E.M (mm
diameter): matching: 6.240 + 0.403, mismatching: 6.150 + 0.406].

To further determine whether pupil diameter fluctuates simulta-
neously with respiration during the test section, we extracted changes
in pupil size during two specific periods: i) Period A, which had a peak
pupil constriction from 0.6 to 0.95s (0.4 s duration) following the onset
of visual cues; and ii) Period B, the recovery period from 2.1 to 2.45s
(0.4 s duration, Fig. 3F). During Periods A and B of the test section,
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pupil sizes were divided into six phases in the respiratory cycle
(Table 2). Pupil diameter z-score had normality during the test sections,
except in mismatching or matching in one phase during Period A
(mismatching in x to 4/3w: W = 0.74, p = 0.001; matching in 4/3x to
5/3w: W= 0.83, p =0.01, Shapiro-Wilk test), and except in mis-
matching or matching in one phase during Period B (mismatching in 7
to 4/3m: W=0.87, p < 0.05; matching in & to 4/3m: W = 0.84,
p = 0.01). The Mauchly test revealed sphericity in pupil diameter
during both Periods A and B.

During Period A, two-way repeated measures ANOVA showed the
main effect of process with pupil size z-score [F(1, 133) = 5.65,
p = 0.02] but no main effect of phase [F(5, 133) = 1.10, n.s.] and no
significant interactions between the process and phase were observed
[F(5, 133) = 2.18, n.s., Fig. 3G]. The paired t-test with Bonferroni ad-
justment showed that the matching process had a higher pupil size z-
score than the mismatching process in 1/3n-2/3x [t(10) = 4.24, p =
0.01]. One-way repeated measures ANOVA showed no respiratory os-
cillation in the mismatching process [F(5, 57) = 0.74, n.s.], whereas
the matching process oscillated during the respiratory cycle [F(5,
63) = 2.36, p < 0.05, Fig. 3G]. However, within the matching pro-
cess, post hoc comparison by pairwise comparisons using the paired t-
test with Bonferroni adjustment did not clearly show the differences in
the phases.

During Period B, pupil sizes were divided into six phases in the
respiratory cycle (Table 2). No differences were observed between the
matching and mismatching processes during the respiratory phase
[process: F(1, 135) = 0.15, n.s.; phase: F(5, 135) = 0.33, n.s.; process X
phase interaction: F(5, 135) = 1.14, n.s., Fig. 3H]. These results re-
vealed that during the test section, the matching process maintained
more pupil dilation than the mismatching process following visual cue
exposure. Moreover, the pupil diameter fluctuated in opposite direc-
tions for a very short period (Period A) immediately after cue exposure
during the matching process in the task, whereas the pupil diameter
during the mismatching process did not fluctuate.

I/E circular phase during delay

4. Discussion

The present study showed that during the discrimination stage of
the DMTS task, the cognitive state abolished respiration-dependent
pupil diameter fluctuation, whereas the respiration-dependent RRI
fluctuation was maintained. However, the cognitive state with the
higher task engagement (matching process) yielded more pupil dilation
than that with the lower task engagement (mismatching process),
presumably mediated by the LC and prefrontal cortex pathways (Joshi
et al., 2016; Ebitz and Platt, 2015; reviewed by Aston-Jones and Cohen,
2005). These results suggest that a regulatory mechanism involving the
LC and prefrontal cortex might override the respiratory-related auto-
nomic control of pupil diameter during cognitive tasks.

4.1. Modulations in pupil diameter during the task

We have demonstrated how pupil diameter is modulated during a
cognitive task. In the present study, healthy subjects performed the
DMTS task under dim light, in which exposure to visual cues was en-
hanced. Although visual stimuli, which were independent of respiration
and the cognitive state, may have aligned or reset changes in pupil size
at the beginning of the discrimination stage, the cognitive state yielded
different pupil modulations between the matching and mismatching
processes. Meanwhile, respiration-dependent pupil fluctuation dis-
appeared during the discrimination stage. Our results indicated that the
mechanism controlling pupil size in the cognitive or arousal state
worked during the task regardless of visual stimulus disturbances under
dim light.

Previous studies have shown that pupil diameter is differentially
modulated by task performance, which may reflect activities in the LC
and prefrontal cortex (Joshi et al., 2016; Ebitz and Platt, 2015). These
modulations are suggested to be linked by two modes, phasic and tonic
LC activities (Usher et al., 1999; Gilzenrat et al., 2010; reviewed by
Aston-Jones and Cohen, 2005): i) phasic LC activity is typically asso-
ciated with decreases in baseline pupil diameter in response to task
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Fig. 3. Respiratory fluctuations in the RRI and pupil size during the test section.

A-E. Bar plots comparing the test cue exposure time (n = 14, A), RT (n = 14, B), and accuracy (n = 14, C) between the mismatching and matching processes during
the test section. D. Scatter plots indicating the onsets of individual test cues with RT against the I/E circular phase. E. Line plots showing RRI z-scores between the
mismatching and matching processes throughout the I/E circular phase during the respiratory cycle (n = 14). F. Line plots showing pupil size z-scores between the
mismatching and matching processes immediately after onset of the test cue exposure (blue line) during the test section (n = 14). G, H. Line plots showing pupil size
z-scores between the mismatching and matching processes in Period A (G) and Period B (H) during the test section throughout the I/E circular phase during the

respiratory cycle (n = 14). * p < 0.05 compared with relevant pairs.

engagement during high performance, and ii) tonic LC activity is as-
sociated with increased baseline pupil diameter, the absence of phasic
responses, and task degradation in response to disengagement from the
task.

Meanwhile, the respiratory fluctuation in pupil size may originate

during the activation of the preBotzinger complex (preBotC), a primary
respiratory rhythm generator localized in the ventrolateral medulla, the
neurons of which generate phasic activities at the onset of I (EI tran-
sition, Feldman et al., 2013; Smith et al., 2013). The EI transition-
synchronized activation in the heart may play an important role in

Table 1

Respiratory fluctuations in RRI during the delay and test sections.
Respiratory phase I phase E phase

0-1/37n 1/3n-2/3n 2/3m-1t n-4/3mn 4/31-5/3n 5/3n-271

mean *+ S.E.M (ms)
Delay 846.5 + 40.5 824.4 + 36.6 787.2 = 33.0 797.9 *+ 33.6 835.4 + 35.8 860.7 *+ 37.6
Test
Mismatching 859.3 + 37.8 835.5 + 34.4 799.8 + 31.7 807.9 + 29.4 847.9 + 38.6 863.5 + 35.7
Matching 859.2 + 45.4 831.3 + 31.6 799.1 + 37.6 801.6 = 31.9 839.0 + 39.4 857.6 + 39.4
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Table 2

Respiratory fluctuations in pupil diameter during the delay and test sections.
Respiratory phase 1 phase E phase

0-1/3n 1/3n-2/3n 2/3m-m 7-4/3mn 4/3n-5/3mn 5/3n-21

mean *+ S.E.M (mm)
Delay 6.895 + 0.523 6.921 + 0.513 6.934 + 0.516 6.982 =+ 0.515 6.961 + 0.527 6.905 + 0.527
Test (0.60 to 0.955s)
Mismatching 5.979 + 0.428 6.131 + 0.450 6.088 + 0.467 5.961 + 0.454 6.031 + 0.405 5.803 = 0.427
Matching 6.205 + 0.492 6.259 + 0.435 6.031 + 0.401 5.976 + 0.386 6.035 = 0.414 6.104 = 0.430
Test (2.10 to 2.455s)
Mismatching 6.946 + 0.409 7.057 + 0.450 6.652 + 0.490 6.818 + 0.421 6.862 + 0.414 6.875 = 0.439
Matching 6.874 + 0.410 6.874 + 0.412 6.819 + 0.496 6.931 + 0.414 6.897 + 0.421 6.929 + 0.404

cardiorespiratory coupling (Galletly and Larsen, 1997; Tzeng et al.,
2003; Frideman et al., 2012). Moreover, the I phase-dependent acti-
vation of neurons in the olfactory bulb, somatosensory cortex, and
hippocampus might be involved in sniffing, whisking, and odor dis-
crimination (Cury and Uchida, 2010; Shusterman et al, 2011;
Deschénes et al., 2016; Nguye Chi et al., 2016). A recent study de-
monstrated that the preBotC has efferent projections to the LC, and
ablation of these projections leaves breathing intact; however, it de-
creases the time spent in the attentional and active states (Yackle et al.,
2017). These studies suggest a potential pathway for pupil regulation
mediated by the LC and prefrontal cortex from the preBotC; however,
further work is needed to elucidate the physiological mechanisms un-
derlying respiratory fluctuation in pupil size during cognitive tasks.

4.2. Potential mechanisms underlying respiratory fluctuations

Changes in pupil diameter are caused by two smooth muscles in the
iris: the sphincter (or constrictor) and dilator pupillae. The dilator
muscle is under the adrenergic control of the sympathetic nervous
system from the superior sympathetic ganglion, while the constrictor
pupillae is innervated by cholinergic fibers of the parasympathetic
system from the parasympathetic oculomotor complex or the Edinger-
Westphal nucleus (Laeng et al., 2012; Sirois and Brisson, 2014). How-
ever, the detailed mechanisms underlying respiratory-synchronized
pupil diameters remain unknown.

Previous studies have identified the physiological mechanism of
RSA or RRI fluctuations. The firing pattern of parasympathetic cardiac
vagal neurons in the nucleus ambiguus is known to be tonically active,
with a firing pattern that is synchronous with the cardiac pulse
(Dergacheva et al., 2010). The synchronous pattern of the para-
sympathetic cardiac vagal tone is innervated by glutamatergic and
GABAergic synaptic inputs from the nucleus tractus solitarius (NTS).
Cardiac vagal neurons are inhibited by spontaneous increases in GA-
BAergic (and glycinergic) synaptic inputs during inspiration (Wang
et al., 2001; Neff et al., 2003). The increases in GABAergic synaptic
inputs, mediated by beta 2 nicotinic acetylcholine receptor activation
(Neff et al., 2003), are presumably located in the presynaptic termini of
GABAergic neurons (Wang et al., 2003). Although the stimulation of
afferents in the vagus nerve evokes both glutamatergic and GABAergic
responses in cardiac vagal neurons (Evans et al., 2003), the GABAergic
pathway evoked by the vagus nerve or NTS stimulation is likely in-
volved in respiratory-dependent RRI fluctuations (Dergacheva et al.,
2010). Moreover, an antagonist of muscarinic acetylcholine receptors,
atropine is known to decrease respiratory RRI fluctuation in healthy
subjects in the resting state (Warner et al., 1986; Hrushesky, 1991;
Denver et al., 2007). Consequently, parasympathetic activity from the
vagus nerve or NTS is thought to be the dominant source of RSA or RRI
variability. However, the reliability of RSA or RRI fluctuations during
the performance of cognitive and mental stress tasks is still being
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deliberated (Lackner et al., 2011; Niizeki and Saitoh, 2012). Further
elucidating the biological interactions between the nucleus ambiguus
and NTS is important for determining respiratory modulations of the
RRI, together with respiratory modulations of pupil diameter in the
Edinger-Westphal nucleus and its related brain areas.

5. Conclusion

Our results indicated that in healthy humans, respiratory fluctuation
in the RRI was maintained, whereas pupil diameter did not show evi-
dence of respiratory fluctuation during the DMTS task. The cognitive
state with the higher task engagement had more pupil dilation, sug-
gesting that the cognitive state might modulate respiratory fluctuations
in pupil diameter via a different regulatory mechanism. These findings
may provide the basis for understanding the mechanisms of pupil size
during cognitive task performances.
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