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The pupil is modulated by luminance, arousal, bottom-up sensory, and top-down 
cognitive signals, and has increasingly been used to assess these aspects of brain 
functioning in health and disease. However, changes in pupil dynamics across 
the lifespan have not been extensively examined, hindering our ability to fully 
utilize the pupil in probing these underlying neural processes in development and 
aging in healthy and clinical cohorts. Here, we examined pupil responses during 
the interleaved pro−/anti-saccade task (IPAST) in healthy participants across the 
lifespan (n  =  567, 5–93  years of age). Based on the extracted measurements of 
pupil dynamics, we demonstrated age-related changes in pupil measures and task 
modulation. Moreover, we characterized the underlying factors and age-related 
effects in components of pupil responses that may be attributed to developmental 
and aging changes in the associated brain regions. Finally, correlations between 
factors of pupil dynamics and saccade behaviors revealed evidence of shared 
neural processes in the pupil and saccade control circuitries. Together, these 
results demonstrate changes in pupil dynamics as a result of development and 
aging, providing a baseline with which altered pupil responses due to neurological 
deficits at different ages can be studied.
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Introduction

The pupil is controlled by the balanced activity of the sympathetic and parasympathetic 
systems (Loewenfeld, 1999; Szabadi, 2012), and is modulated by luminance (Winn et al., 1994), 
arousal (Rajkowski et al., 1993), as well as both bottom-up sensory and top-down cognitive 
signals (Wang and Munoz, 2015; Joshi and Gold, 2020; Strauch et al., 2022). As it is a relatively 
low-cost and non-invasive measure, there has been growing interest in using pupil dynamics 
in various paradigms as a tool for probing the natural functioning and clinical dysfunction of 
these underlying processes. However, pupil physiology and neurological processes undergo 
dramatic changes across the lifespan. As such, it is essential to establish a normative trajectory 
of change in pupil dynamics across development and aging in order to fully utilize the pupil 
in studying different age and clinical groups.

Eye movement tasks have been valuable in the investigation of a wide range of sensory, 
motor, and cognitive functions. The pro−/anti-saccade task is well-established for 
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investigating cognitive processing, requiring flexible executive control 
in order to generate correct eye movements according to task 
instructions (Munoz and Everling, 2004). Compared to stimulus-
directed pro-saccades, anti-saccades involve looking in the opposite 
direction of a peripheral stimulus, which requires the suppression of 
stimulus-directed saccade signals and generation of new voluntary 
saccade signals on the opposite side of the brain. A large body of 
literature has employed this task to investigate changes in executive 
control in development and aging (Klein and Foerster, 2001; Luna 
et al., 2004; Munoz et al., 1998; Peltsch et al., 2011; Yep et al., 2022), 
as well as in various neurological disorders with executive control 
deficits (Amador et al., 2006; Boxer et al., 2012; Cameron et al., 2010; 
Chan et al., 2005; Green et al., 2007; Heuer et al., 2013; Kaufman 
et al., 2012; Munoz et al., 2003; Paolozza et al., 2013; Peltsch et al., 
2008; Peltsch et  al., 2014; Riek et  al., 2023). These studies have 
demonstrated changes in saccadic performance related to 
developmental and aging processes as well as different 
neurological deficits.

Given the shared circuitry between pupil and saccade control, 
saccadic behavior and pupillary responses should show coordination 
(Wang and Munoz, 2021), and pupil dynamics should also exhibit 
age-related changes. Indeed, the preparation of a voluntary saccade is 
one of the cognitive processes modulating pupil size: in the interleaved 
pro−/anti-saccade task (IPAST), anti-saccades are associated with 
greater pupil dilation prior to peripheral stimulus onset compared to 
pro-saccades (Wang et  al., 2015). Such a finding reflects previous 
neuroimaging studies that found stronger brain activation during the 
preparatory stage of anti-saccades compared to pro-saccades in frontal 
oculomotor regions (Connolly et al., 2002; DeSouza, 2003; Manoach 
et  al., 2007) that have been shown to modulate pupil responses 
(Lehmann and Corneil, 2016; Ebitz and Moore, 2017). Furthermore, 
development and aging are associated with the maturation and 
degeneration of frontal cortical regions (Creasey and Rapoport, 1985; 
Casey et al., 1997; Luna et al., 2001; Bunge et al., 2002; Kramer et al., 
2009) important to the age-related changes in anti-saccade 
performance (Coe and Munoz, 2017; Fischer et al., 1997; Klein and 
Foerster, 2001; Olincy et al., 1997; Peltsch et al., 2011), and frontal 
activations have been demonstrated to be strongly influenced by age 
(Alahyane et al., 2014). In Parkinson’s disease patients with executive 
control deficits, the modulation of pupil dilation by voluntary saccade 
preparation is disrupted (Wang et al., 2016), similar to the disrupted 
modulation in frontal oculomotor regions in this patient group 
(Cameron et  al., 2012). Such evidence suggests that cognitive 
development and aging likely influence the pupil control circuit, and 
contributes to age-related changes in pupillary responses.

The goal of this study is to investigate age-related effects on pupil 
responses and the modulation of pupil size by saccade preparation in 
the IPAST. If components of pupil responses during saccade 
preparation reflect cognitive changes in natural development and 
aging, modulation of pupil dynamics by saccade task should vary as a 
function of age. Here, we examine changes in pupil dynamics across 
the human lifespan and investigate the link between pupil response 
and saccade behavior using the IPAST. We hypothesize that pupil 
dynamics are modulated by voluntary saccade preparation with 
age-related changes. We further characterize factors of pupil responses 
in the IPAST and examine their associations with closely linked 
saccade behaviors. With these findings, we consider the underlying 
neural substrates to explain pupil behaviors, and how maturation and 

deterioration in these areas may be  responsible for age-related 
pupil changes.

Materials and methods

Participants

All experimental procedures were reviewed and approved by the 
Queen’s University Human Research Ethics Board (Ethics protocol 
File No 6005163; PHGY-007-97). Healthy participants with no known 
neurological or psychiatric conditions ranging between 5 and 93 years 
of age were recruited from the Greater Kingston Area, Ontario for a 
control cohort study (Yep et al., 2022). A total of 631 participants (409 
females, 222 males) were included in this study, collected from April 
2015 to February 2022. All participants self-reported no known visual, 
neurological, or psychiatric symptoms, had normal or corrected-to-
normal vision, and were naïve regarding the purpose of 
the experiment.

A cognitive assessment was administered (Montreal Cognitive 
Assessment, MoCA) to all participants over the age of 18, and 
participants with MoCA scores below the cut-off of 20 were excluded 
from analysis. The cut-off score was determined based on MoCA score 
distribution from our adult participants. Compared to the standard 
cut-off of 26 (Nasreddine et al., 2005; Bourgeois-Marcotte et al., 2015), 
a lower cut-off was chosen as recommended by recent studies to lower 
the false positive rate for mild cognitive impairment in large, diverse 
samples including elderly adults (Rossetti et  al., 2011; Carson 
et al., 2018).

Written informed consent was obtained from participants over 
the age of 18. Written informed assent, in addition to written informed 
consent from the parent or guardian, was obtained from participants 
under 18 years of age. Participants were compensated for their time in 
the study.

Recording and apparatus

A video-based eye tracker (Eyelink-1000 binocular-arm, SR 
Research, Osgoode, Ontario, Canada) was used to measure eye position 
and pupil size with monocular recording of the right eye at a sampling 
rate of 500 Hz. Stimulus presentation and data acquisition were 
controlled by Eyelink Experiment Builder and Eyelink software. Visual 
stimuli were presented on a 17-inch LCD monitor at a screen resolution 
of 1,280 × 1,024 pixels (60 Hz refresh rate), subtending a viewing angle 
of 32° x 26°, and the distance from the eyes to the monitor was set at 
60 cm, with a fixed head mount and chin rest to stabilize head position.

Experimental paradigm

The experiment paradigm has been described previously (Yep et al., 
2022; Coe et al., 2024). Participants were seated in a dark room, and the 
IPAST consisted of two blocks of 120 trials, lasting approximately 
20 min. As illustrated in Figure 1A, each trial began with the appearance 
of a central fixation point (FP; 0.5° diameter, 44 cd/m2) for 1,000 ms on 
a black background (0.1 cd/m2). The color of the central fixation point 
provided the task instruction for the trial (green: pro-saccade; red: 
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anti-saccade). Following 1,000 ms of fixation, the FP was removed from 
the screen, and the screen remained dark for 200 ms (gap period). After 
the gap period, a peripheral stimulus (0.5° diameter dot; gray, 62 cd/m2) 
appeared 10° horizontally to the left or right to the FP position. On 
pro-saccade trials (PRO), participants were instructed to make a saccade 
to the stimulus location as soon as it appeared. On anti-saccade trials 
(ANTI), participants were instructed to not look toward the stimulus, 
and instead look toward the opposite direction from the stimulus. The 

trial conditions (PRO and ANTI) as well as stimulus locations (left and 
right) were pseudo-randomly interleaved with equal frequency.

Data analysis

Eye tracking data processing and general statistic analyses were 
performed using MATLAB (The MathWorks, Inc., Natick, MA, USA). 

FIGURE 1

IPAST experiment paradigm and measurements of the pupil response. (A) Experiment paradigm for the interleaved pro- and anti-saccade task (IPAST). 
Each trial began with the appearance of a colored central fixation cue on a dark background. The color of FP provided the task instruction for the trial 
(Blue: PRO; pro-saccade. Red: ANTI; anti-saccade). After fixation, the FP was removed from the screen briefly, after which a white peripheral stimulus 
appeared horizontally to the left or right to the FP. Participants were instructed to either make a saccade to the stimulus location (PRO) or towards the 
opposite direction (ANTI). Note that the displayed arrows here indicating correct eye movement directions are for illustrative purposes only. 
(B) Measurements of the pupil response were calculated to capture the pupil dynamics, including baseline pupil size, pupil response onset latency, 
constriction size, peak constriction time, peak constriction velocity, dilation size, dilation velocity, and peak dilation velocity.
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Factor analyses were performed using SPSS version 28 (IBM, Armonk, 
NY, USA). Generalized additive model analyses were performed using 
R version 4.1.3 (2022).

First, eye-tracking data underwent pre-processing using a 
standardized pipeline (Coe et al., 2024), where data cleaning, saccade 
detection and classification, blink detection, and trial classification 
were performed to filter out data noise and categorize saccade and 
blink behavior at different periods during the trial. Saccadic reaction 
time (SRT) was defined as the time from stimulus appearance to the 
first saccade away from fixation. Trials where the first saccade after 
stimulus appearance were generated in the incorrect direction relative 
to the instruction were marked as direction errors, and were removed 
from subsequent pupil analysis. Accounting for the minimum 90 ms 
delay for afferent visual signals to trigger a saccade (Coe and Munoz, 
2017), saccades were classified as anticipatory, express, or regular 
latency saccades based on their SRT (Coe et al., 2024). Anticipatory 
saccades, which are saccades made before subjects visually perceive 
the stimulus and indicate guessing behavior, occurred between −110 
to 89 ms relative to stimulus appearance; express saccades occurred 
between 90 to 140 ms relative to stimulus appearance; regular latency 
saccades occurred between 140 to 800 ms relative to 
stimulus appearance.

We followed previous method (Steiner and Barry, 2011; Wang 
et al., 2012) to convert pupil size values recorded from the eye-tracker 
(in pixels) to actual pupil size (in mm). A series of different-sized false 
pupils (2 to 12 mm) were made and placed at the same position as 
participants’ pupil position during data recording. The recorded pupil 
values from false pupils were used to convert recorded pupil values 
from real participants to actual pupil diameter using a linear 
interpolation after taking the square root of the recorded pupil 
area data.

The pupil response profile in the IPAST has been consistently 
described (Wang et al., 2015, 2016; Perkins et al., 2021; Huang et al., 
2023): the pupil initially constricted in response to the presentation of 
the fixation point, followed by pupil dilation that continued until 
stimulus appearance (Figure  1B). To capture the dynamics of the 
IPAST pupil response, we calculated 8 pupil measurements derived 
from the baseline, constriction, and dilation components of the 
response during the fixation epoch before stimulus appearance 
(Figure 1B). First, we removed transient noise in the pupil data by 
filtering high frequency pupil change (change in pupil size exceeded 
0.1 mm/ms) and smoothing each data point with averaging ±25 
sampling points. Baseline pupil size was calculated by averaging the 
pupil size during the epoch of 150 to 200 ms after FP onset, before the 
start of the pupil response. Pupil response onset latency was defined as 
the earliest point at which pupil velocity significantly differed from the 
baseline, calculated using a 20 ms sliding window. Constriction size 
was calculated as the difference between baseline pupil size and the 
pupil size at peak constriction, and the timing of this minimum pupil 
size was defined as the peak constriction time. Peak constriction velocity 
was calculated as the minimum velocity of pupil constriction during 
the fixation period prior to peak constriction time. Dilation size at the 
time of stimulus appearance was calculated as the difference between 
pupil size at peak constriction and the mean pupil size before target 
onset (−50 to 0 ms relative to target onset). Pupil dilation velocity at 
the time of stimulus appearance was calculated as the mean pupil 
velocity before target onset (−50 to 0 ms relative to target onset). Peak 
dilation velocity was calculated as the maximum velocity of pupil 

dilation in the fixation period after peak constriction time. Finally, the 
ANTI-effect for each pupil measure was quantified by calculating the 
difference between the median for PRO and ANTI trials in each 
participant (ANTI – PRO). Significant ANTI effect was determined 
using the Wilcoxon signed-rank test at p < 0.05.

Because pupil size is a sensitive measure and can be affected by 
blinks, noisy data, and eye position deviation, trials containing blinks 
or saccades (> 2° in amplitude) during the period of interest (from FP 
appearance to stimulus appearance) were excluded from analysis. 
Only trials with regular latency saccades (> 90 ms after target 
appearance) were included in the analysis in order to remove 
anticipatory saccades (Marino et al., 2012; Munoz et al., 1998). After 
these trial exclusion criteria were applied, each subject had to have a 
minimum of 10 correct PRO and ANTI trials for further analysis. 
Following these criteria, 64 participants (37 females, 27 males; 10.1% 
of total participants) were excluded from pupil analysis due to low 
MoCA scores or insufficient number of viable trials, and subsequent 
analyses were conducted with 567 participants (372 females, 
195 males).

To investigate the relationship between pupil and saccadic 
behavior, correlation analysis was performed between the pupil 
measures of interest reported in the present study and the saccade 
measures collected from the same participants that have previously 
been reported (Yep et  al., 2022). First, the 8 measures of pupil 
dynamics were each separated by PRO and ANTI conditions (with the 
exception of baseline pupil size and pupil response latency, which were 
combined across conditions due to lack of ANTI-effect), resulting in 
a total of 14 pupil measures. We  performed factor analysis using 
principal axis factoring and oblique rotation (direct oblimin), 
considering the non-normally distributed data and for preserving 
accuracy for possible correlated factors (Costello and Osborne, 2005). 
Factor loadings at an absolute value >0.3 were considered significant 
given our sample size (Field, 2009). We  further performed factor 
analysis on saccade behaviour measures repeating the procedures 
from Riek et al. (2023) using the same 12 saccade parameters. These 
include percentages of PRO and ANTI task disengagements, 
percentages of anticipatory pro-saccades and anti-saccades, mean 
PRO and ANTI SRT, percentage of express latency correct 
pro-saccades, percentages of express latency and regular latency ANTI 
direction errors, voluntary override time (VOT; Yep et al., 2022), and 
mean correct PRO velocity and amplitude. The four extracted saccade 
factors are subsequently labelled by the respective task-relevant brain 
processes they were theorized to measure in Riek et al. (2023): task 
disengagement (saccade factor 1), visual transient (saccade factor 2), 
frontal inhibition/voluntary saccade generation (saccade factor 3), and 
brainstem saccade generation (saccade factor 4). Similarly, we labelled 
the three pupil factors by the task-relevant brain processes they may 
represent and is further explained in the discussion: visual/luminance 
(pupil factor 1), top-down (pupil factor 2), and arousal/attention 
(pupil factor 3). Subsequently, Spearman’s correlation was performed 
to assess the relationship between the obtained pupil factors and 
saccade factors. Bonferroni correction was applied to adjust for 
multiple comparisons. Correlations were considered significant at 
p < 0.05.

Many brain structures go through non-linear age-related changes 
over the course of the lifespan (Fjell and Walhovd, 2010). As the pupil 
control circuitry spans many cortical and subcortical areas, this likely 
results in a complex and non-linear age-trajectory of pupil dynamics. 
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To qualitatively illustrate the changes in IPAST pupil response across 
individuals of discrete age groups, participants were divided into 11 
age groups (Figure 2; Supplementary Figure S1). To assess the changes 
in pupil dynamics across the lifespan, pupil measures of interest were 
fitted using smoothing spline in MATLAB for qualitative examination, 
and following factor analyses the pupil factors were fitted with 
generalized additive models (GAMs; Hastie and Tibshirani, 1986) 
using the mgcv package in R (Wood, 2006). Analyses identifying 
significant periods of change were conducted using the LNCDR 
package in R, and significant periods of change were defined as the 
ages where the confidence intervals of the GAM fits’ first derivative 
did not contain zero (p < 0.05) (Tervo-Clemmens and Foran, 2022).

Results

Pupil dynamics in the pro- and 
anti-saccade task

Figures  2A,B illustrates the mean pupil responses for PRO and 
ANTI conditions from 11 subject age groups revealing the age effect on 
pupil baseline. To correct for baseline variations across individual trials, 

baseline pupil size was subtracted from pupil size values for each trial 
(Figures 2C,D). The overall pupil response profile appeared similarly as 
observed in previous IPAST studies, with an initial constriction, followed 
by dilation for participants of all ages (Wang et al., 2015, 2016; Perkins 
et al., 2021). Visual inspection did not reveal any obvious trends in the 
constriction component. On the other hand, the dilation component 
appeared to reduce in magnitude and velocity with increasing age. 
Furthermore, differences between the PRO and ANTI conditions 
displayed age-related trends (Supplementary Figure S1). In the youngest 
subject groups, the initial constrictions evoked by FP onset in ANTI 
trials showed smaller constriction magnitude, reached peak constriction 
earlier, and had larger and faster dilation compared to PRO. This pattern 
of differences between the two conditions appeared to reduce with 
increased age in both constriction and dilation components, as the two 
conditions show comparable pupil response in the older subject groups.

Measurement of pupil baseline

Figure 3A shows the changes in pupil size across the lifespan, as 
measured by pupil size at the start of each IPAST trial. Regardless of 
task condition, baseline pupil size decreased steadily during childhood 

FIGURE 2

Mean pupil response across the lifespan. Mean pupil response before (A,B) and after baseline correction (C,D) for PRO and ANTI conditions during 
IPAST fixation period across the lifespan.
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and adolescence, followed by a more gradual decrease in adulthood. 
Additionally, we separated male and female participants to examine 
any possible sex differences on pupil size. A period of significant 
(p < 0.05) difference between male and female baseline pupil size was 
identified for the ages of 5–17.5, where female participants displayed 
significantly smaller pupil size compared to male participants 
(Supplementary Figure S2).

Measurements of pupil dynamics

Figures 3B–H shows the changes across the lifespan of the extracted 
measurements of pupil dynamics during IPAST fixation. Pupil response 
onset latency (Figure 3B) remain largely unchanged until a gradual 
increase that began around 60 years. Constriction size and peak 

constriction velocity (Figures 3C,E) fluctuated across the lifespan but 
largely showed the constriction component becoming weaker as age 
increased, while peak constriction time (Figure 3D) displayed a steady 
increase over age. All three measures of pupil dilation displayed similar 
age trends (Figures 3F–H), showing a decrease from the youngest age 
to approximately 20 years, following by a small increase between 20 to 
40 years, and then a general decrease after 40 years. Notably, dilation 
measures were higher for ANTI compared to PRO trials.

Modulation of pupil dynamics by task 
condition

To examine the effect of age on the ANTI-effect (the difference 
between PRO and ANTI conditions) of pupil response, we analyzed 

FIGURE 3

Pupil measurements across the lifespan. Measurements of pupil dynamics across the lifespan for PRO (blue) and ANTI (red) conditions: (A) baseline 
pupil size, (B) pupil response onset latency, (C) constriction size, (D) peak constriction time, (E) peak constriction velocity, (F) dilation size at target 
onset, (G) dilation velocity at target onset, and (H) peak dilation velocity. Colored dots represent individual subject data points, and colored curves 
represent smoothing spline fits of each task condition for all participants.
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the relationship between age and the constriction and dilation 
measurements. Here we  report four pupil measures that 
demonstrated significant ANTI-effect: constriction size (p < 0.001), 
peak constriction velocity (p < 0.001), dilation size (p < 0.001), and 
dilation velocity at stimulus appearance (p < 0.001). The ANTI-
effect was quantified by calculating the difference between the 
subject averages of pupil measures for the two saccade conditions 
in each subject (ANTI minus PRO). For both constriction size and 
velocity (Supplementary Figure S3), the ANTI-effect weakened 
with age, where the weakening became less apparent after 
approximately 30 years of age. The ANTI-effect in dilation size, 
while present, was relatively maintained across the lifespan, whereas 
the ANTI-effect in pupil velocity at stimulus appearance weakened 
with age (Figure  4), mirroring the age trends of the 
constriction measures.

Factors of pupil dynamics

Some of the pupil measurements demonstrated similar age trends, 
likely because of the continuous nature of pupil dynamics, and the 
overlapping signals driving components of the pupil response. To 
understand how these pupil measurements were related to each other 
and to provide insight into the underlying processes, we constructed 
an inter-individual correlation matrix using the 8 pupil measures for 
PRO and ANTI conditions (Figure  5A). We  expected that 
measurements of the constriction component would be correlated, 
measurements of the dilation component would be correlated, and 
that there would also be correlations between constriction and dilation 
components due to the continuous nature of pupil response. Overall, 
there were reasonable significant correlations in the matrix consistent 
with this hypothesis.

To examine the relationships between the pupil measures, 
we  further performed a factor analysis. The Kaiser-Meyer-Olkin 
measure demonstrated appropriate sampling adequacy (KMO = 0.785) 
and all KMO values for individual variables were above 0.5. Bartlett’s 
test of sphericity (χ2(91) = 11,781, p < 0.001) indicated sufficient 

correlations between variables for factor analysis. Three factors had 
eigenvalues above Kaiser’s criterion of 1 and explained 84.11% of the 
variance prior to rotation. Given the number of variables, large sample 
size, and average communality following extraction, > 0.7 Kaiser’s 
criterion was considered suitable, and three factors were extracted in 
the final solution. Constriction size, peak constriction velocity, 
dilation size, pupil velocity at stimulus appearance, and peak dilation 
velocity loaded onto factor 1; peak dilation velocity, dilation size, peak 
constriction time loaded onto factor 2; baseline pupil size and pupil 
response onset latency loaded onto factor 3 (Figure 5A).

GAMs were performed on the three pupil factors to examine their 
changes across the lifespan, and to identify periods of significant 
changes. The age effects are displayed in Figures 5B–D for the three 
factors. All three factors exhibited significant age-related changes. 
Factor 1 showed significant decrease from 5 to 20 years, but the 
gradual decrease after 40 years was not significant (Figure 5B). Factor 
2 showed significant decrease across the lifespan at a relatively 
consistent rate. Factor 3 significantly decreased from 5 to 32 years, and 
significantly increased from 70 to 93 years.

Relationship between pupil and saccade 
factors

Because of the overlapping circuitry underlying pupil and saccade 
control systems, pupil dynamics are associated with the preparation 
of voluntary saccades, and pupil dilation has been shown to correlate 
with SRT (Wang et  al., 2015). The correlation matrix of saccade 
behavior measures in our healthy participants and the extracted 
saccade factors replicated the findings in neurodegenerative disease 
patients by Riek et  al. (2023), and is displayed in 
Supplementary Figure S5. Importantly, to examine the relationship 
between pupil and saccade, and how the shared underlying processes 
drive both behaviors, we performed pairwise Spearman’s correlation 
between the factors of pupil dynamics and the factors of saccade 
behavior. Figure 6 illustrates the correlation matrix between pupil and 
saccade factors. Pupil factor 1 (visual/luminance) negatively correlated 

FIGURE 4

Task modulation (Anti-effect  =  ANTI – PRO) of the healthy lifespan for dilation size (A) and dilation velocity (B). Grey dots represent Anti-effect 
calculated for individual subject, and black curves represent smoothing spline fits plotted for all participants.
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with saccade factor 2 (visual transient; r = −0.134, p < 0.005). Pupil 
factor 2 (top-down) negatively correlated with saccade factor 3 
(frontal inhibition/voluntary saccade generation; r = −0.136, 
p < 0.005). Pupil factor 3 (arousal/attention) positively correlated with 
saccade factor 1 (task disengagement; r = 0.145, p < 0.001) and saccade 
factor 2 (visual transient; r = 0.208, p < 0.001), and negatively correlated 
with saccade factor 4 (brainstem saccade generation; r = −0.131, 
p < 0.005).

The saccadic performance findings of the same study participants 
have been reported in detail previously (Yep et al., 2022). As additional 
subject exclusion was done for pupil analysis for the present study (see 
Methods), to confirm behavioral validity, here we briefly reproduce 

two key saccadic performance measures in this subset of participants. 
Supplementary Figure S4A illustrates the mean SRT across age. 
Consistent with previous anti-saccade studies in healthy population 
across age (Fischer et al., 1997; Olincy et al., 1997; Munoz et al., 1998; 
Luna et al., 2004; Peltsch et al., 2011; Coe and Munoz, 2017; Yep et al., 
2022), SRT of both pro-saccade and anti-saccades changed 
systematically with age. SRT reduced from the youngest participants 
to the early 20’s, followed by a steady increase with aging, and SRT was 
consistently lower for PRO compared to ANTI across the lifespan. 
Error rate also changed with age in a similar manner in the ANTI 
condition, while remaining consistently low across age in the PRO 
condition (Supplementary Figure S4B).

FIGURE 5

Factors of the measurements of pupil dynamics. (A) Correlation matrix and factor structure of the measurements of pupil dynamics. The color 
represents Spearman’s correlation coefficients between pairs of pupil measures; grey squares indicate correlation coefficients of 1. Dashed square 
outlines represent groups of pupil measures that loaded together in the factor analysis as displayed on the right. (B–D) Pupil factor scores for the three 
pupil factors across the lifespan. Grey dots represent individual subject factor scores, black curves represent GAM fits for all participants, gray ribbons 
are the 95% confidence intervals of the GAM fits, and the bottom tiles indicate periods of significant change.
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Discussion

The goals of the present study were to characterize task-related 
changes in pupil dynamics across the healthy lifespan, and to 
investigate the relationship between pupil control and voluntary 
saccadic behavior in the IPAST. We hypothesized that pupil dynamics 
would be modulated by saccade preparation in the IPAST, and that 
such modulation would exhibit age-related changes. Our results 
demonstrated pupil modulation by saccade preparation in both 
constriction and dilation components of the response elicited in the 
IPAST. Importantly, modulations of these pupil dynamic parameters 
diminished as a function of age. Furthermore, we characterized the 
factors underlying pupil dynamics in the IPAST, and demonstrated the 
relationship between pupil and saccade factors. Together, our findings 
reveal changes in pupil dynamics across the healthy human lifespan 
and demonstrate that the pupil may be an effective probe for assessing 
development and aging changes in neural and cognitive processes in 
the human brain.

Development, aging, and sex differences in 
pupil size

Pupil size is regulated by the opposing effects of two groups of 
smooth muscles: constrictor pupillae and dilator pupillae, which are 
innervated by the parasympathetic and sympathetic pathways, 
respectively. The pupil undergoes various changes across the lifespan, 
starting small in size from infancy and increasing during early 
childhood, after which pupil size gradually decreases with aging (Seitz, 
1957; Kadlecova et al., 1958; Borgmann, 1972; Loewenfeld, 1979). 

Three factors have been postulated to be the reasons behind the small 
pupil size in childhood (Loewenfeld, 1999): (1) the smallness of the 
entire eye limiting the absolute pupillary size; (2) incomplete 
development of peripheral adrenergic activity; and (3) the immaturity 
of the brain and consequently low levels of mental and emotional 
activity as well as sympathetic discharges and central inhibition of the 
parasympathetic Edinger-Westphal nucleus. In a population survey 
which contained 1,470 participants from 1 to 100  years of age, 
Loewenfeld (1999) reported that the increase in pupil size during 
childhood continues until 11–12 years. More recently, Kohnen et al. 
(2004) reported a similar pupil size increase until the age of 11 years 
in 83 children between 1 and 14 years of age, while other studies with 
subject age ranges above 5 years did not observe this growth (Seitz, 
1957; Borgmann, 1972). The lack of significant pupil size increase in 
the children in our study may simply be due to the smaller number of 
young participants in our study (e.g., n = 13 for 5 - 8 yrs), and the lack 
of any participants below 5 years of age. The difference in experimental 
conditions may also contribute to this difference, as these previous 
studies were performed with dark-adapted pupils with no task 
involved, compared to our active oculomotor task that also included 
a luminant fixation cue and peripheral stimulus.

Senile miosis is the well-known phenomenon of the natural 
reduction of pupil size in the eyes of the elderly (Kornzweig, 1954), 
but this decline in pupil size has been consistently reported to begin 
from much younger ages, soon after full pupil maturation has been 
reached in youth (Seitz, 1957; Kadlecova et al., 1958; Borgmann, 1972; 
Loewenfeld, 1979), as was shown in our findings (Figure 3A). This 
continuous decline is thought to be primarily caused by decreased 
central inhibition of the parasympathetic Edinger-Westphal nucleus 
with increased age (Loewenfeld, 1999). Since the smaller pupil size in 

FIGURE 6

Correlation matrix of factor scores of pupil dynamics and saccade behaviors. The colored squares represent Spearman’s correlation coefficients 
between significantly correlated pairs of factor scores after Bonferroni correction.
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childhood and aging can limit the range of pupil size, it may contribute 
to age-related reduction of pupil responses, and is therefore an 
important factor to consider.

Sex differences in pupil size and pupil response have been 
previously reported in various experimental conditions. However, 
there have been few findings published pertaining to the interaction 
between sex and age-related changes in the pupil. Sex differences 
during cognitive effort have also been previously investigated, 
however there have been mixed results. While some studies have 
reported female participants present with larger pupil than male 
participants during cognitive effort tasks (Campbell et al., 2018; Tsitsi 
et al., 2021), others have shown no pupil size difference between sexes 
during cognitive tasks (Toth and Campbell, 2019). We found pupil 
size was smaller in female participants than male participants 
between the ages of 5 to 17, which suggests developmental differences 
between the two sexes. A possible source of sex difference in the pupil 
in this age window is the locus coeruleus (LC), as age and sex 
differences have been reported in this structure (Clewett et al., 2016). 
As a key regulator of the pupil, the LC mediates arousal and has been 
widely attributed as the mechanism through which many aspects of 
cognition influence pupil size (Usher et al., 1999; Aston-Jones and 
Cohen, 2005; Gilzenrat et al., 2010). Further research is needed to 
shed light on the role of the LC in age-related sex differences in 
the pupil.

Pupil dynamics in development and aging

One key brain area through which cortical signals converge to 
mediate pupil responses is the superior colliculus (SC), where 
top-down cognitive signals are integrated with bottom-up sensory 
signals to drive pupillary changes (Wang and Munoz, 2015). Pupil 
responses have been associated with various cognitive processes, 
including perception (Einhäuser et al., 2008), memory (Goldinger and 
Papesh, 2012), attention (Eldar et  al., 2013; Naber et  al., 2013), 
decision making (de Gee et  al., 2014), and task preparation for 
saccades (Wang et  al., 2015). Our results demonstrated that the 
modulation of pupil dynamics by saccade preparation changes in a 
non-linear pattern throughout the lifespan (Figure  4). 
Neurophysiological evidence has shown a direct link between pupil 
size and micro-stimulation in the frontal eye field (FEF; Lehmann and 
Corneil, 2016) and SC (Wang et al., 2012; Wang and Munoz, 2021), 
key areas for saccade preparation. Furthermore, FEF preparatory 
activation has been found to be reduced in children compared to 
adults (Alahyane et al., 2014). We therefore expected that the pupil 
modulation by saccade preparation should show a similar trajectory 
to saccade performance in the same task (Yep et al., 2022) begins weak 
in young children due to the delayed maturation of the frontal lobe, 
and reaches maximum in young adulthood when frontal maturation 
is complete, before slowly weakening due to age-related 
frontal deterioration.

We found that IPAST pupil dilation was strongest in the youngest 
participants, and decreased across the lifespan, with the most rapid 
decrease happening between 5 and 20 years of age, and after 70 years 
of age; the ANTI-effect of IPAST pupil dilation velocity also decreased 
across the lifespan. Several factors may have contributed to these 
findings. It is possible that the results with our youngest participants 

may be less reliable, as seen with the number of participants excluded 
for data quality and the high variability between young participants. 
On the other hand, this finding may instead provide insight for other 
brain regions underlying pupil control, as the relative contributions 
of different areas in the pupil control circuit may shift throughout 
development. The dorsal lateral prefrontal cortex (DLPFC) is one 
area linked to pupil dilation in cognitive tasks (Siegle et al., 2003) that 
may contribute to the larger pupil modulation in children. The 
DLPFC is a critical area for executive functions, and is part of the 
network of brain areas recruited in saccade preparation (Pierrot-
Deseilligny et al., 2005). Indeed, while activations of most frontal 
oculomotor areas associated with saccade preparation increase with 
age throughout development (Luna et al., 2001; Hwang et al., 2010; 
Vink et  al., 2014), literature has shown activation of DLPFC in 
saccade preparation to be of similar level between children and adults 
(Alahyane et al., 2014) or even decrease with age in other inhibition 
tasks (Casey et al., 1997; Durston et al., 2002; Velanova et al., 2008). 
A predominate influence of DLPFC on the pupil over other frontal 
oculomotor areas in children may very well explain our findings. This 
would suggest the possible involvement of the DLPFC through the 
SC (Johnston and Everling, 2006) in the preparation-driven pupil 
response particularly during development, but further research is 
required to shed light on the potential role of this area in modulating 
pupil dynamics.

Neural correlates of pupil behavior in IPAST

Our factor analysis of the pupil measures produced three factors, 
which may represent distinct underlying neural processes driving 
IPAST pupil responses, and their age-related maturation and 
deterioration. The correlation analysis of pupil and saccade factors 
demonstrated associations for each of the pupil factors with one or 
more saccade factors, providing further insights into possible shared 
neural mechanisms between pupil and saccades.

Pupil factor 1 (visual/luminance) included measures of the 
constriction component, as well as dilation to a lesser degree, 
suggesting that it most likely related to the response to the visual 
stimulation of FP appearance. The significant period of change in 
pupil factor 1 occurred between 5 and 20 years of age, which 
encompasses the maturation periods of the different aspects of 
visual processing. For example, the maturation of visual acuity 
occurs between 5 to 15 years, and the maturation of contrast 
sensitivity occurs between 6 to 19 years of age (Ellemberg et al., 
1999; Almoqbel et al., 2017). Pupil responses to visual stimulation 
have been well established as being modulated by various stimulus 
properties including luminance, color, and saliency (Gamlin et al., 
1998; Loewenfeld, 1999; Oster et al., 2022; Wang et al., 2014). The 
visual-evoked pupil response could be conveyed by visual signals 
travelling directly via the retino-tectal pathway, and indirectly via 
the retino-geniculo-cortical pathway to the SC. The projection of 
SC to the pupil pathways then leads to the generation of pupil 
responses (Wang and Munoz, 2015). These pathways also provide 
visual input to the SC to guide visually-triggered saccades (Dorris 
et al., 1997). This is further supported by the observed correlation 
between pupil factor 1 (visual/luminance) and saccade factor 2 
(visual transient), which was hypothesized to be driven by visual 
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transient signals (Riek et al., 2023). However, given that visual 
function deteriorates in aging (Brewer and Barton, 2012), the 
decrease of pupil factor 1 in old age did not show significance, 
which may be due to the lower number of participants in our older 
age groups (e.g., n = 30 for 70 - 83 yrs).

Pupil measures that loaded onto pupil factor 2 (top-down) were 
those of the dilation component, suggesting that a neural process 
distinct from the visually evoked pupil response underlies the dilation 
component. Recent studies have associated pupil dilation with 
top-down cognitive control signals involving saccade preparatory 
processes through the SC (Wang et al., 2015; Wang and Munoz, 2018) 
and FEF (Lehmann and Corneil, 2016; Hsu et al., 2021). Pupil dilation 
associated with saccade preparation differs between pro- and anti-
saccades (Wang et  al., 2015). Pupil factor 2 decreases across the 
lifespan, likely related to the age-related changes in cognitive control 
in anti-saccades (Yep et al., 2022). The association of pupil factor 2 to 
voluntary saccade preparatory processes is further supported by its 
correlation with saccade factor 3, which was hypothesized to be driven 
by frontal inhibition and voluntary saccade generation, and correlated 
with multiple neuropsychological domains of cognition, including 
attention/working memory, executive function, and visuospatial 
function (Riek et al., 2023).

Tonic pupil size is associated with arousal (Bradshaw, 1967) 
mediated by the locus coeruleus-noradrenergic (LC-NA) 
neuromodulatory system (Rajkowski et al., 1993; Aston-Jones and 
Cohen, 2005; Murphy et al., 2014). Due to this link, pupil size has 
been frequently employed as a proxy measure for LC activity in 
studies of attention, fatigue, affective processing, and a wide variety 
of other processes where arousal is involved. Pupil factor 3, which 
baseline pupil size loaded onto, may be  driven by the LC-NA 
system. The age-related change in this factor consists of a decrease 
before 32 years and increase after 70 years of age, which suggest that 
it may be an inverse of the LC-NA tonic activity, as LC signals have 
been shown to display an inverted-U pattern across the lifespan, 
reaching a peak around the age of 60 before rapidly decreasing 
(Manaye et al., 1995; Shibata et al., 2006; Clewett et al., 2016). Pupil 
factor 3 was correlated with three saccade factors: factor 1 (task 
disengagement), factor 2 (visual transient), and factor 4 (brainstem 
saccade generation). Indeed, LC-NA activity is thought to play a key 
role in regulating task engagement (Aston-Jones and Cohen, 2005), 
where LC activities in signal-detection tasks vary significantly in 
relation to false-alarm error rate (Kubiak et al., 1992; Aston-Jones 
et al., 1996; Usher et al., 1999), likely through modulating the ability 
to discriminate between target and distractors, and stimuli respond 
threshold (Aston-Jones et al., 1994). Furthermore, engagement in 
the form of “task preparedness,” where foveation prior to stimulus 
presentation was required in a task, was also shown to be associated 
with LC activity (Aston-Jones et al., 1996). LC-NA also plays a role 
in visual signal processing, enhancing visual signals at the levels of 
lateral geniculate nucleus (Campbell and Green, 1965; Rogawski 
and Aghajanian, 1980, 1982; Holdefer and Jacobs, 1994) and 
primary visual cortex (Kolta and Reader, 1989). Finally, the LC-NA 
system may be  associated with brainstem saccade generation 
mechanisms through its projections to the oculomotor nuclei 
(Carpenter et al., 1992), and pharmacological evidence has shown 
that drugs modifying LC activity lead to changes in peak saccadic 
velocity (Haeusler, 1975; Aantaa, 1991; Glue et al., 1991; Coupland 
et al., 1994).

Study history and design limitation

The present study began as an investigation of saccadic eye 
movement behaviors with a large cohort of healthy subjects across the 
lifespan (Yep et al., 2022), established in early 2014. The task design of 
the IPAST was optimized specifically for measures of saccade 
performance, and the value of the pupil data collected emerged 
afterwards. As a consequence, the study was not optimized for pupil 
data collection, and some aspects of pupil behaviors were overlooked. 
First, given the relatively long duration of a full pupil response and the 
IPAST trial duration of 3.2 s it is likely that one pupil response from 
one trial may not be fully complete within the trial duration, and may 
overlap with the subsequent trial, thereby contaminating our observed 
IPAST dynamics. Pupil recordings can also be disrupted by saccades 
and blinks during fixation, where the movements of the eye and the 
obstruction by the eyelids result in inaccurate or loss of pupil data. The 
increased blink rate during fixation in IPAST (Coe et al., 2024; Pitigoi 
et al., 2024), together with the elevated rate of direction errors for anti-
saccades, which are particularly higher in the young and older age 
groups (Supplementary Figure S4B), can significantly limit the 
amount of viable data for analysis. Future studies targeting pupil as the 
measure of interest should control for these factors with care, and 
standards and recommendations in the field that provide important 
guidelines for pupillometry studies should be followed (Kelbsch et al., 
2019; Steinhauer et al., 2022).

Conclusion

Improvement in our understanding of pupillary control and how it 
is influenced by natural development and aging is essential, particularly 
given the growing interest in utilizing pupil measures to assess natural 
brain functioning and study various clinical disorders. Here we report 
changes in pupil response across the healthy lifespan, characterizing 
developmental and aging effects in aspects of pupil dynamics in relation 
to specific neural processes. These results establish a baseline with which 
abnormal pupil responses due to neurological deficits that may arise at 
vulnerable stages of development and aging can be studied. We further 
demonstrate correlations between distinct pupil and saccade factors, 
providing evidence for the associations between these eye behaviors and 
their shared utilities in probing various brain functions. Future work 
investigating longitudinal changes in pupil dynamics in healthy, 
neurodevelopmental, and neurodegenerative populations will provide 
important further insights into the underlying neural mechanism and 
elucidate the clinical utilities of pupil responses.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Queen’s 
University Human Research Ethics Board. The studies were conducted 
in accordance with the local legislation and institutional requirements. 

https://doi.org/10.3389/fnins.2024.1445727
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Huang et al. 10.3389/fnins.2024.1445727

Frontiers in Neuroscience 12 frontiersin.org

Written informed consent for participation in this study was provided 
by the participants’ legal guardians/next of kin.

Author contributions

JH: Formal analysis, Visualization, Writing – original draft, Writing 
– review & editing. MS: Writing – review & editing. RY: Writing – review 
& editing. HR: Writing – review & editing. OC: Writing – review & editing. 
RK: Writing – review & editing. DB: Writing – review & editing. BC: Data 
curation, Writing – review & editing. C-AW: Writing – review & editing. 
DM: Conceptualization, Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by a Canadian Institutes of Health Research grant (MOP-
FDN-148418) to DM. DM was supported by the Canada Research 
Chair Program. JH was supported by a Parkinson Canada Graduate 
Student Award.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnins.2024.1445727/
full#supplementary-material

References
Aantaa, R. (1991). Assessment of the sedative effects of Dexmedetomidine, an α2-

Adrenoceptor agonist, with analysis of saccadic eye movements. Pharmacol. Toxicol. 68, 
394–398. doi: 10.1111/j.1600-0773.1991.tb01259.x

Alahyane, N., Brien, D. C., Coe, B. C., Stroman, P. W., and Munoz, D. P. (2014). 
Developmental improvements in voluntary control of behavior: effect of preparation in 
the fronto-parietal network? NeuroImage 98, 103–117. doi: 10.1016/j.
neuroimage.2014.03.008

Almoqbel, F. M., Irving, E. L., and Leat, S. J. (2017). Visual acuity and contrast 
sensitivity development in children: sweep visually evoked potential and psychophysics. 
Optom. Vis. Sci. 94, 830–837. doi: 10.1097/OPX.0000000000001101

Amador, S. C., Hood, A. J., Schiess, M. C., Izor, R., and Sereno, A. B. (2006). 
Dissociating cognitive deficits involved in voluntary eye movement dysfunctions in 
Parkinson’s disease patients. Neuropsychologia 44, 1475–1482. doi: 10.1016/j.
neuropsychologia.2005.11.015

Aston-Jones, G., and Cohen, J. D. (2005). An integrative theory of locus Coeruleus-
norepinephrine function: adaptive gain and optimal performance. Annu. Rev. Neurosci. 
28, 403–450. doi: 10.1146/annurev.neuro.28.061604.135709

Aston-Jones, G., Rajkowski, J., Kubiak, P., and Alexinsky, T. (1994). Locus coeruleus 
neurons in monkey are selectively activated by attended cues in a vigilance task. J. 
Neurosci. 14, 4467–4480. doi: 10.1523/JNEUROSCI.14-07-04467.1994

Aston-Jones, G., Rajkowski, J., Kubiak, P., Valentino, R. J., and Shipley, M. T. 
(1996). Role of the locus coeruleus in emotional activation. Prog. Brain Res. 107, 
379–402. doi: 10.1016/S0079-6123(08)61877-4

Borgmann, H. (1972). Basic data for clinical pupillography: IV. The dependence of the 
pupil size and the light-reaction on sex, iris-color and refraction. Albr. Graefes Arch. Klin. 
Exp. Ophthalmol. 185, 11–21.

Bourgeois-Marcotte, J., Flamand-Roze, C., Denier, C., and Monetta, L. (2015). 
LAST-Q: adaptation et normalisation franco-québécoises du Language Screening Test. 
Rev. Neurol. 171, 433–436. doi: 10.1016/j.neurol.2015.03.008

Boxer, A. L., Garbutt, S., Seeley, W. W., Jafari, A., Heuer, H. W., Mirsky, J., et al. 
(2012). Saccade abnormalities in autopsy-confirmed frontotemporal lobar 
degeneration and alzheimer disease. Arch. Neurol. 69, 509–517. doi: 10.1001/
archneurol.2011.1021

Bradshaw, J. (1967). Pupil size as a measure of arousal during information processing. 
Nature 216, 515–516. doi: 10.1038/216515a0

Brewer, A. A., and Barton, B. (2012). Effects of healthy aging on human primary visual 
cortex. Health 4:695. doi: 10.4236/health.2012.429109

Bunge, S. A., Dudukovic, N. M., Thomason, M. E., Vaidya, C. J., and Gabrieli, J. D. E. 
(2002). Immature frontal lobe contributions to cognitive control in children: evidence 
from fMRI. Neuron 33, 301–311. doi: 10.1016/S0896-6273(01)00583-9

Cameron, I. G. M., Pari, G., Alahyane, N., Brien, D. C., Coe, B. C., Stroman, P. W., 
et al. (2012). Impaired executive function signals in motor brain regions in 

Parkinson’s disease. NeuroImage 60, 1156–1170. doi: 10.1016/j.
neuroimage.2012.01.057

Cameron, I. G. M., Watanabe, M., Pari, G., and Munoz, D. P. (2010). Executive 
impairment in Parkinson’s disease: response automaticity and task switching. 
Neuropsychologia 48, 1948–1957. doi: 10.1016/j.neuropsychologia.2010.03.015

Campbell, F. W., and Green, D. G. (1965). Optical and retinal factors affecting visual 
resolution. J. Physiol. 181, 576–593. doi: 10.1113/jphysiol.1965.sp007784

Campbell, M. J., Toth, A. J., and Brady, N. (2018). Illuminating sex differences in 
mental rotation using pupillometry. Biol. Psychol. 138, 19–26. doi: 10.1016/j.
biopsycho.2018.08.003

Carpenter, M. B., Periera, A. B., and Guha, N. (1992). Immunocytochemistry of 
oculomotor afferents in the squirrel monkey (Saimiri sciureus). J. Hirnforsch. 33, 
151–167.

Carson, N., Leach, L., and Murphy, K. J. (2018). A re-examination of Montreal 
cognitive assessment (MoCA) cutoff scores. Int. J. Geriatr. Psychiatry 33, 379–388. doi: 
10.1002/gps.4756

Casey, B. J., Trainor, R. J., Orendi, J. L., Schubert, A. B., Nystrom, L. E., Giedd, J. N., 
et al. (1997). A developmental functional MRI study of prefrontal activation during 
performance of a go-no-go task. J. Cogn. Neurosci. 9, 835–847. doi: 10.1162/
jocn.1997.9.6.835

Chan, F., Armstrong, I. T., Pari, G., Riopelle, R. J., and Munoz, D. P. (2005). Deficits in 
saccadic eye-movement control in Parkinson’s disease. Neuropsychologia 43, 784–796. 
doi: 10.1016/j.neuropsychologia.2004.06.026

Clewett, D. V., Lee, T.-H., Greening, S., Ponzio, A., Margalit, E., and Mather, M. 
(2016). Neuromelanin marks the spot: identifying a locus coeruleus biomarker of 
cognitive reserve in healthy aging. Neurobiol. Aging 37, 117–126. doi: 10.1016/j.
neurobiolaging.2015.09.019

Coe, B. C., Huang, J., Brien, D. C., White, B. J., Yep, R., and Munoz, D. P. (2024). 
Automated analysis pipeline for extracting saccade, pupil, and blink parameters using 
video-based eye tracking. Vision 8:14. doi: 10.3390/vision8010014

Coe, B. C., and Munoz, D. P. (2017). Mechanisms of saccade suppression revealed in 
the anti-saccade task. Philos. Trans. R. Soc. B Biol. Sci. 372:20160192. doi: 10.1098/
rstb.2016.0192

Connolly, J. D., Goodale, M. A., Menon, R. S., and Munoz, D. P. (2002). Human fMRI 
evidence for the neural correlates of preparatory set. Nat. Neurosci. 5, 1345–1352. doi: 
10.1038/nn969

Costello, A. B., and Osborne, J. (2005). Best practices in exploratory factor analysis: 
four recommendations for getting the most from your analysis. Pract. Assess. Res. 
Eval. 10:7.

Coupland, N. J., Bailey, J. E., Wilson, S. J., Potter, W. Z., and Nutt, D. J. (1994). A 
pharmacodynamic study of the α2-adrenergic receptor antagonist ethoxyidazoxan in 
healthy volunteers. Clin. Pharmacol. Ther. 56, 420–429. doi: 10.1038/clpt.1994.156

https://doi.org/10.3389/fnins.2024.1445727
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2024.1445727/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2024.1445727/full#supplementary-material
https://doi.org/10.1111/j.1600-0773.1991.tb01259.x
https://doi.org/10.1016/j.neuroimage.2014.03.008
https://doi.org/10.1016/j.neuroimage.2014.03.008
https://doi.org/10.1097/OPX.0000000000001101
https://doi.org/10.1016/j.neuropsychologia.2005.11.015
https://doi.org/10.1016/j.neuropsychologia.2005.11.015
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.1523/JNEUROSCI.14-07-04467.1994
https://doi.org/10.1016/S0079-6123(08)61877-4
https://doi.org/10.1016/j.neurol.2015.03.008
https://doi.org/10.1001/archneurol.2011.1021
https://doi.org/10.1001/archneurol.2011.1021
https://doi.org/10.1038/216515a0
https://doi.org/10.4236/health.2012.429109
https://doi.org/10.1016/S0896-6273(01)00583-9
https://doi.org/10.1016/j.neuroimage.2012.01.057
https://doi.org/10.1016/j.neuroimage.2012.01.057
https://doi.org/10.1016/j.neuropsychologia.2010.03.015
https://doi.org/10.1113/jphysiol.1965.sp007784
https://doi.org/10.1016/j.biopsycho.2018.08.003
https://doi.org/10.1016/j.biopsycho.2018.08.003
https://doi.org/10.1002/gps.4756
https://doi.org/10.1162/jocn.1997.9.6.835
https://doi.org/10.1162/jocn.1997.9.6.835
https://doi.org/10.1016/j.neuropsychologia.2004.06.026
https://doi.org/10.1016/j.neurobiolaging.2015.09.019
https://doi.org/10.1016/j.neurobiolaging.2015.09.019
https://doi.org/10.3390/vision8010014
https://doi.org/10.1098/rstb.2016.0192
https://doi.org/10.1098/rstb.2016.0192
https://doi.org/10.1038/nn969
https://doi.org/10.1038/clpt.1994.156


Huang et al. 10.3389/fnins.2024.1445727

Frontiers in Neuroscience 13 frontiersin.org

Creasey, H., and Rapoport, S. I. (1985). The aging human brain. Ann. Neurol. 17, 2–10. 
doi: 10.1002/ana.410170103

de Gee, J. W., Knapen, T., and Donner, T. H. (2014). Decision-related pupil dilation 
reflects upcoming choice and individual bias. Proc. Natl. Acad. Sci. 111, E618–E625. doi: 
10.1073/pnas.1317557111

DeSouza, J. F. X. (2003). Preparatory set associated with pro-saccades and anti-
saccades in humans investigated with event-related fMRI. J. Neurophysiol. 89, 
1016–1023. doi: 10.1152/jn.00562.2002

Dorris, M. C., Pare, M., and Munoz, D. P. (1997). Neuronal activity in monkey 
superior colliculus related to the initiation of saccadic eye movements. J. Neurosci. 17, 
8566–8579. doi: 10.1523/JNEUROSCI.17-21-08566.1997

Durston, S., Thomas, K. M., Yang, Y., Uluğ, A. M., Zimmerman, R. D., and 
Casey, B. J. (2002). A neural basis for the development of inhibitory control. Dev. Sci. 
5, F9–F16. doi: 10.1111/1467-7687.00235

Ebitz, R. B., and Moore, T. (2017). Selective modulation of the pupil light reflex by prefrontal 
cortex microstimulation J. Neurosci. 37, 5008–18. doi: 10.1523/JNEUROSCI.2433-16.2017

Einhäuser, W., Stout, J., Koch, C., and Carter, O. (2008). Pupil dilation reflects 
perceptual selection and predicts subsequent stability in perceptual rivalry. Proc. Natl. 
Acad. Sci. USA 105, 1704–1709. doi: 10.1073/pnas.0707727105

Eldar, E., Cohen, J. D., and Niv, Y. (2013). The effects of neural gain on attention and 
learning. Nat. Neurosci. 16, 1146–1153. doi: 10.1038/nn.3428

Ellemberg, D., Lewis, T. L., Liu, C. H., and Maurer, D. (1999). Development of spatial 
and temporal vision during childhood. Vis. Res. 39, 2325–2333. doi: 10.1016/
S0042-6989(98)00280-6

Field, A. (2009). Discovering statistics using SPSS (third edit). London: Sage.

Fischer, B., Biscaldi, M., and Gezeck, S. (1997). On the development of voluntary and 
reflexive components in human saccade generation. Brain Res. 754, 285–297. doi: 
10.1016/S0006-8993(97)00094-2

Fjell, A. M., and Walhovd, K. B. (2010). Structural brain changes in aging: courses, 
causes and cognitive consequences. Rev. Neurosci. 21, 187–222. doi: 10.1515/
revneuro.2010.21.3.187

Gamlin, P. D. R., Zhang, H., Harlow, A., and Barbur, J. L. (1998). Pupil responses to 
stimulus color, structure and light flux increments in the rhesus monkey. Vis. Res. 38, 
3353–3358. doi: 10.1016/S0042-6989(98)00096-0

Glue, P., White, E., Wilson, S., Ball, D. M., and Nutt, D. J. (1991). Pharmacology of 
saccadic eye movements in man: 2 Effects of the α2-adrenoceptor ligands idazoxan and 
clonidine. Psychopharmacology 105, 368–373. doi: 10.1007/BF02244432

Goldinger, S. D., and Papesh, M. H. (2012). Pupil dilation reflects the rreation and retrieval 
of memories. Curr. Dir. Psychol. Sci. 21, 90–95. doi: 10.1177/0963721412436811

Gilzenrat, M. S., Nieuwenhuis, S., Jepma, M., and Cohen, J. D. (2010). Pupil diameter 
tracks changes in control state predicted by the adaptive gain theory of locus coeruleus 
function. Cogn. Affect. Behav. Neurosci. 10, 252–269. doi: 10.3758/CABN.10.2.252

Green, C. R., Munoz, D. P., Nikkel, S. M., and Reynolds, J. N. (2007). Deficits in eye 
movement control in children with fetal alcohol spectrum disorders. Alcohol. Clin. Exp. 
Res. 31, 500–511. doi: 10.1111/j.1530-0277.2006.00335.x

Haeusler, G. (1975). Cardiovascular regulation by central adrenergic mechanisms 
and its alteration by hypotensive drugs. Circ. Res. 36, 223–232. doi: 10.1161/01.
RES.36.6.223

Hastie, T., and Tibshirani, R. (1986). Generalized additive models. Stat. Sci. 1, 
297–310. doi: 10.1214/ss/1177013604

Heuer, H. W., Mirsky, J. B., Kong, E. L., Dickerson, B. C., Miller, B. L., Kramer, J. H., 
et al. (2013). Antisaccade task reflects cortical involvement in mild cognitive 
impairment. Neurology 81, 1235–1243. doi: 10.1212/WNL.0b013e3182a6cbfe

Holdefer, R. N., and Jacobs, B. L. (1994). Phasic stimulation of the locus coeruleus: 
effects on activity in the lateral geniculate nucleus. Exp. Brain Res. 79, 444–452. doi: 
10.1007/BF02738404

Hsu, T., Hsu, Y., Wang, H., and Wang, C. (2021). Role of the frontal eye field in human 
pupil and saccade orienting responses. Eur. J. Neurosci. 54, 4283–4294. doi: 10.1111/
ejn.15253

Huang, J., Brien, D., Coe, B. C., Longoni, G., Mabbott, D. J., Munoz, D. P., et al. (2023). 
Delayed oculomotor response associates with optic neuritis in youth with demyelinating 
disorders. Mult. Scler. Relat. Disord. 79:104969. doi: 10.1016/j.msard.2023.104969

Hwang, K., Velanova, K., and Luna, B. (2010). Strengthening of top-down frontal 
cognitive control networks underlying the development of inhibitory control: a 
functional magnetic resonance imaging effective connectivity study. J. Neurosci. 30, 
15535–15545. doi: 10.1523/JNEUROSCI.2825-10.2010

Johnston, K., and Everling, S. (2006). Monkey dorsolateral prefrontal cortex sends 
task-selective signals directly to the superior colliculus. J. Neurosci. 26, 12471–12478. 
doi: 10.1523/JNEUROSCI.4101-06.2006

Joshi, S., and Gold, J. I. (2020). Pupil size as a window on neural substrates of 
cognition. Trends Cogn. Sci. 24, 466–480. doi: 10.1016/j.tics.2020.03.005

Kadlecova, V., Peleska, M., and Vasko, A. (1958). Dependence on age of the diameter 
of the pupil in the dark. Nature 182, 1520–1521. doi: 10.1038/1821520a0

Kaufman, L. D., Pratt, J., Levine, B., and Black, S. E. (2012). Executive deficits detected 
in mild Alzheimer’s disease using the antisaccade task. Brain Behav. 2, 15–21. doi: 
10.1002/brb3.28

Kelbsch, C., Strasser, T., Chen, Y., Feigl, B., Gamlin, P. D., Kardon, R., et al. (2019). 
Standards in pupillography. Front. Neurol. 10:129. doi: 10.3389/fneur.2019.00129

Klein, C., and Foerster, F. (2001). Development of prosaccade and antisaccade task 
performance in participants aged 6 to 26 years. Psychophysiology 38, 179–189. doi: 
10.1111/1469-8986.3820179

Kohnen, E.-M., Zubcov, A. A., and Kohnen, T. (2004). Scotopic pupil size in a normal 
pediatric population using infrared pupillometry. Graefes Arch. Clin. Exp. Ophthalmol. 
242, 18–23. doi: 10.1007/s00417-003-0735-4

Kolta, A., and Reader, T. A. (1989). Modulatory effects of catecholamines on neurons 
of the rat visual cortex: single-cell iontophoretic studies. Can. J. Physiol. Pharmacol. 67, 
615–623. doi: 10.1139/y89-098

Kornzweig, A. L. (1954). Physiological effects of age on the visual process. Sight Sav. 
Rev. 24, 130–138.

Kramer, J. H., Mungas, D., Reed, B. R., Wetzel, M. E., Burnett, M. M., and Miller, B. L. 
(2009). Longitudinal MRI and cognitive change in healthy elderly Joel. Neuropsychology 
21, 412–418. doi: 10.1037/0894-4105.21.4.412.Longitudinal

Kubiak, P., Rajkowski, J., and Aston-Jones, G. (1992). Behavioral performance and 
sensory responsiveness of LC neurons in a vigilance task varies with tonic LC discharge 
rate. Soc. Neurosci. Abstr. 538:538.

Lehmann, S. J., and Corneil, B. D. (2016). Transient pupil dilation after subsaccadic 
microstimulation of primate frontal eye fields. J. Neurosci. 36, 3765–3776. doi: 10.1523/
JNEUROSCI.4264-15.2016

Loewenfeld, I. E. (1979). Pupillary changes related to age. Top. Neuro Ophthalmol., 
124–150.

Loewenfeld, I. E. (1999). The pupil: Anatomy, physiology, and clinical applications. 
Boston: Butterworth-Heinemann.

Luna, B., Garver, K. E., Urban, T. A., Lazar, N. A., and Sweeney, J. A. (2004). 
Maturation of cognitive processes from late childhood to adulthood. Child Dev. 75, 
1357–1372. doi: 10.1111/j.1467-8624.2004.00745.x

Luna, B., Thulborn, K. R., Munoz, D. P., Merriam, E. P., Garver, K. E., Minshew, N. J., 
et al. (2001). Maturation of widely distributed brain function subserves cognitive 
development. NeuroImage 13, 786–793. doi: 10.1006/nimg.2000.0743

Manaye, K. F., McIntire, D. D., Mann, D. M. A., and German, D. C. (1995). Locus 
coeruleus cell loss in the aging human brain: a non-random process. J. Comp. Neurol. 
358, 79–87. doi: 10.1002/cne.903580105

Manoach, D. S., Thakkar, K. N., Cain, M. S., Polli, F. E., Edelman, J. A., Fischl, B., et al. 
(2007). Neural activity is modulated by trial history: a functional magnetic resonance 
imaging study of the effects of a previous Antisaccade. J. Neurosci. 27, 1791–1798. doi: 
10.1523/JNEUROSCI.3662-06.2007

Marino, R. A., Levy, R., Boehnke, S., White, B. J., Itti, L., and Munoz, D. P. (2012). 
Linking visual response properties in the superior colliculus to saccade behavior. Eur. J. 
Neurosci. 35, 1738–1752. doi: 10.1111/j.1460-9568.2012.08079.x

Munoz, D. P., Armstrong, I. T., Hampton, K. A., and Moore, K. D. (2003). Altered 
control of visual fixation and saccadic eye movements in attention-deficit hyperactivity 
disorder. J. Neurophysiol. 90, 503–514. doi: 10.1152/jn.00192.2003

Munoz, D. P., Broughton, J. R., Goldring, J. E., and Armstrong, I. T. (1998). Age-related 
performance of human subjects on saccadic eye movement tasks. Exp. Brain Res. 121, 
391–400. doi: 10.1007/s002210050473

Munoz, D. P., and Everling, S. (2004). Look away: the anti-saccade task and the 
voluntary control of eye movement. Nat. Rev. Neurosci. 5, 218–228. doi: 10.1038/nrn1345

Murphy, P. R., O’connell, R. G., O’sullivan, M., Robertson, I. H., and Balsters, J. H. 
(2014). Pupil diameter covaries with BOLD activity in human locus coeruleus. Hum. 
Brain Mapp. 35, 4140–4154. doi: 10.1002/hbm.22466

Naber, M., Alvarez, G. A., and Nakayama, K. (2013). Tracking the allocation of attention 
using human pupillary oscillations. Front. Psychol. 4, 1–12. doi: 10.3389/fpsyg.2013.00919

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V., 
Collin, I., et al. (2005). The Montreal cognitive assessment, MoCA: a brief screening tool 
for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699. doi: 
10.1111/j.1532-5415.2005.53221.x

Olincy, A., Ross, R. G., Youngd, D. A., and Freedman, R. (1997). Age diminishes 
performance on an antisaccade eye movement task. Neurobiol. Aging 18, 483–489. doi: 
10.1016/S0197-4580(97)00109-7

Oster, J., Huang, J., White, B. J., Radach, R., Itti, L., Munoz, D. P., et al. (2022). Pupillary 
responses to differences in luminance, color and set size. Exp. Brain Res. 240, 1873–1885. 
doi: 10.1007/s00221-022-06367-x

Paolozza, A., Titman, R., Brien, D., Munoz, D. P., and Reynolds, J. N. (2013). Altered 
accuracy of saccadic eye movements in children with fetal alcohol spectrum disorder. 
Alcohol. Clin. Exp. Res. 37, 1491–1498. doi: 10.1111/acer.12119

Peltsch, A., Hemraj, A., Garcia, A., and Munoz, D. P. (2011). Age-related trends in 
saccade characteristics among the elderly. Neurobiol. Aging 32, 669–679. doi: 10.1016/j.
neurobiolaging.2009.04.001

https://doi.org/10.3389/fnins.2024.1445727
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/ana.410170103
https://doi.org/10.1073/pnas.1317557111
https://doi.org/10.1152/jn.00562.2002
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1111/1467-7687.00235
https://doi.org/10.1523/JNEUROSCI.2433-16.2017
https://doi.org/10.1073/pnas.0707727105
https://doi.org/10.1038/nn.3428
https://doi.org/10.1016/S0042-6989(98)00280-6
https://doi.org/10.1016/S0042-6989(98)00280-6
https://doi.org/10.1016/S0006-8993(97)00094-2
https://doi.org/10.1515/revneuro.2010.21.3.187
https://doi.org/10.1515/revneuro.2010.21.3.187
https://doi.org/10.1016/S0042-6989(98)00096-0
https://doi.org/10.1007/BF02244432
https://doi.org/10.1177/0963721412436811
https://doi.org/10.3758/CABN.10.2.252
https://doi.org/10.1111/j.1530-0277.2006.00335.x
https://doi.org/10.1161/01.RES.36.6.223
https://doi.org/10.1161/01.RES.36.6.223
https://doi.org/10.1214/ss/1177013604
https://doi.org/10.1212/WNL.0b013e3182a6cbfe
https://doi.org/10.1007/BF02738404
https://doi.org/10.1111/ejn.15253
https://doi.org/10.1111/ejn.15253
https://doi.org/10.1016/j.msard.2023.104969
https://doi.org/10.1523/JNEUROSCI.2825-10.2010
https://doi.org/10.1523/JNEUROSCI.4101-06.2006
https://doi.org/10.1016/j.tics.2020.03.005
https://doi.org/10.1038/1821520a0
https://doi.org/10.1002/brb3.28
https://doi.org/10.3389/fneur.2019.00129
https://doi.org/10.1111/1469-8986.3820179
https://doi.org/10.1007/s00417-003-0735-4
https://doi.org/10.1139/y89-098
https://doi.org/10.1037/0894-4105.21.4.412.Longitudinal
https://doi.org/10.1523/JNEUROSCI.4264-15.2016
https://doi.org/10.1523/JNEUROSCI.4264-15.2016
https://doi.org/10.1111/j.1467-8624.2004.00745.x
https://doi.org/10.1006/nimg.2000.0743
https://doi.org/10.1002/cne.903580105
https://doi.org/10.1523/JNEUROSCI.3662-06.2007
https://doi.org/10.1111/j.1460-9568.2012.08079.x
https://doi.org/10.1152/jn.00192.2003
https://doi.org/10.1007/s002210050473
https://doi.org/10.1038/nrn1345
https://doi.org/10.1002/hbm.22466
https://doi.org/10.3389/fpsyg.2013.00919
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/S0197-4580(97)00109-7
https://doi.org/10.1007/s00221-022-06367-x
https://doi.org/10.1111/acer.12119
https://doi.org/10.1016/j.neurobiolaging.2009.04.001
https://doi.org/10.1016/j.neurobiolaging.2009.04.001


Huang et al. 10.3389/fnins.2024.1445727

Frontiers in Neuroscience 14 frontiersin.org

Peltsch, A., Hemraj, A., Garcia, A., and Munoz, D. P. (2014). Saccade deficits in 
amnestic mild cognitive impairment resemble mild Alzheimer’s disease. Eur. J. Neurosci. 
39, 2000–2013. doi: 10.1111/ejn.12617

Peltsch, A., Hoffman, A., Armstrong, I., Pari, G., and Munoz, D. P. (2008). Saccadic 
impairments in Huntington’s disease. Exp. Brain Res. 186, 457–469. doi: 10.1007/
s00221-007-1248-x

Perkins, J. E., Janzen, A., Bernhard, F. P., Wilhelm, K., Brien, D. C., Huang, J., et al. 
(2021). Saccade, pupil, and blink responses in rapid eye movement sleep behavior 
disorder. Mov. Disord. 36, 1720–1726. doi: 10.1002/mds.28585

Pierrot-Deseilligny, C., Müri, R. M., Nyffeler, T., and Milea, D. (2005). The role of the 
human dorsolateral prefrontal cortex in ocular motor behavior. Ann. N. Y. Acad. Sci. 
1039, 239–251. doi: 10.1196/annals.1325.023

Pitigoi, I. C., Coe, B. C., Calancie, O. G., Brien, D. C., Yep, R., Riek, H. C., et al. (2024). 
Attentional modulation of eye blinking is altered by sex, age, and task structure. eNeuro 
11:296. doi: 10.1523/ENEURO.0296-23.2024

Rajkowski, J., Kubiak, P., and Aston-Jones, G. (1993). “Correlations between locus 
coeruleus (LC) neural activity, pupil diameter and behavior in monkey support a role of 
LC in attention” in Society for Neuroscience abstracts.

Riek, H. C., Brien, D. C., Coe, B. C., Huang, J., Perkins, J. E., Yep, R., et al. (2023). 
Cognitive correlates of antisaccade behaviour across multiple neurodegenerative 
diseases. Brain Commun. 5:fcad049. doi: 10.1093/braincomms/fcad049

Rogawski, M. A., and Aghajanian, G. K. (1980). Modulation of lateral geniculate 
neurone excitability by noradrenaline microiontophoresis or locus coeruleus 
stimulation. Nature 287, 731–734. doi: 10.1038/287731a0

Rogawski, M. A., and Aghajanian, G. K. (1982). Activation of lateral geniculate 
neurons by locus coeruleus or dorsal noradrenergic bundle stimulation: selective 
blockade by the alpha1-adrenoceptor antagonist prazosin. Brain Res. 250, 31–39. doi: 
10.1016/0006-8993(82)90950-7

Rossetti, H. C., Lacritz, L. H., Cullum, C. M., and Weiner, M. F. (2011). Normative 
data for the Montreal cognitive assessment (MoCA) in a population-based sample. 
Neurology 77, 1272–1275. doi: 10.1212/WNL.0b013e318230208a

Seitz, R. (1957). The dependence on age of the dilation of the dark-adapted pupil. Klin. 
Monatsbl. Augenheilkd. 131, 48–56.

Shibata, E., Sasaki, M., Tohyama, K., Kanbara, Y., Otsuka, K., Ehara, S., et al. 
(2006). Age-related changes in locus ceruleus on neuromelanin magnetic resonance 
imaging at 3 tesla. Magn. Reson. Med. Sci. 5, 197–200. doi: 10.2463/mrms.5.197

Siegle, G. J., Steinhauer, S. R., Stenger, V. A., Konecky, R., and Carter, C. S. (2003). Use 
of concurrent pupil dilation assessment to inform interpretation and analysis of fMRI 
data. NeuroImage 20, 114–124. doi: 10.1016/S1053-8119(03)00298-2

Steiner, G. Z., and Barry, R. J. (2011). Pupillary responses and event-related potentials 
as indices of the orienting reflex. Psychophysiology 48, 1648–1655. doi: 
10.1111/j.1469-8986.2011.01271.x

Steinhauer, S. R., Bradley, M. M., Siegle, G. J., Roecklein, K. A., and Dix, A. (2022). 
Publication guidelines and recommendations for pupillary measurement in 
psychophysiological studies. Psychophysiology 59:e14035. doi: 10.1111/psyp.14035

Strauch, C., Wang, C. A., Einhäuser, W., Van der Stigchel, S., and Naber, M. (2022). 
Pupillometry as an integrated readout of distinct attentional networks. Trends Neurosci. 
45, 635–647. doi: 10.1016/j.tins.2022.05.003

Szabadi, E. (2012). Modulation of physiological reflexes by pain: role of the locus 
coeruleus. Front. Integr. Neurosci. 6, 1–15. doi: 10.3389/fnint.2012.00094

Tervo-Clemmens, B., and Foran, W. (2022). LNCDR (LABEL:GrindEQ__0_0_0_). Zenodo.

Toth, A. J., and Campbell, M. J. (2019). Investigating sex differences, cognitive effort, 
strategy, and performance on a computerised version of the mental rotations test via eye 
tracking. Sci. Rep. 9:19430. doi: 10.1038/s41598-019-56041-6

Tsitsi, P., Benfatto, M. N., Seimyr, G. Ö., Larsson, O., Svenningsson, P., and Markaki, I. 
(2021). Fixation duration and pupil size as diagnostic tools in Parkinson’s disease. J. 
Parkinsons Dis. 11, 865–875. doi: 10.3233/JPD-202427

Usher, M., Cohen, J. D., Servan-Schreiber, D., Rajkowski, J., and Aston-Jones, G. 
(1999). The role of locus coeruleus in the regulation of cognitive performance. Science 
283, 549–554. doi: 10.1126/science.283.5401.549

Velanova, K., Wheeler, M. E., and Luna, B. (2008). Maturational changes in 
anterior cingulate and frontoparietal recruitment support the development of error 
processing and inhibitory control. Cereb. Cortex 18, 2505–2522. doi: 10.1093/
cercor/bhn012

Vink, M., Zandbelt, B. B., Gladwin, T., Hillegers, M., Hoogendam, J. M., van den 
Wildenberg, W. P. M., et al. (2014). Frontostriatal activity and connectivity increase 
during proactive inhibition across adolescence and early adulthood. Hum. Brain Mapp. 
35, 4415–4427. doi: 10.1002/hbm.22483

Wang, C.-A., Boehnke, S. E., Itti, L., and Munoz, D. P. (2014). Transient pupil response 
is modulated by contrast-based saliency. J. Neurosci. 34, 408–417. doi: 10.1523/
JNEUROSCI.3550-13.2014

Wang, C., Boehnke, S. E., White, B. J., and Munoz, D. (2012). Microstimulation of the 
monkey superior colliculus induces pupil dilation without evoking saccades. J. Neurosci. 
32, 3629–3636. doi: 10.1523/JNEUROSCI.5512-11.2012

Wang, C. A., Brien, D. C., and Munoz, D. P. (2015). Pupil size reveals preparatory 
processes in the generation of pro-saccades and anti-saccades. Eur. J. Neurosci. 41, 
1102–1110. doi: 10.1111/ejn.12883

Wang, C. A., McInnis, H., Brien, D. C., Pari, G., and Munoz, D. P. (2016). Disruption of 
pupil size modulation correlates with voluntary motor preparation deficits in Parkinson’s 
disease. Neuropsychologia 80, 176–184. doi: 10.1016/j.neuropsychologia.2015.11.019

Wang, C. A., and Munoz, D. P. (2015). A circuit for pupil orienting responses: 
implications for cognitive modulation of pupil size. Curr. Opin. Neurobiol. 33, 134–140. 
doi: 10.1016/j.conb.2015.03.018

Wang, C.-A., and Munoz, D. P. (2018). Neural basis of location-specific pupil 
luminance modulation. Proc. Natl. Acad. Sci. 115, 10446–10451. doi: 10.1073/
pnas.1809668115

Wang, C.-A., and Munoz, D. P. (2021). Coordination of pupil and saccade 
responses by the superior colliculus. J. Cogn. Neurosci. 33, 919–932. doi: 10.1162/
jocn_a_01688

Winn, B., Whitaker, D., Elliott, D. B., and Phillips, N. J. (1994). Factors affecting light-
adapted pupil size in normal human subjects. Invest. Ophthalmol. Vis. Sci. 35, 1132–1137

Wood, S. N. (2006). Generalized additive models: An introduction with R. New York: 
Chapman and hall/CRC.

Yep, R., Smorenburg, M. L., Riek, H. C., Calancie, O. G., Kirkpatrick, R. H., 
Perkins, J. E., et al. (2022). Interleaved pro/anti-saccade behavior across the lifespan. 
Front. Aging Neurosci. 14:842549. doi: 10.3389/fnagi.2022.842549

https://doi.org/10.3389/fnins.2024.1445727
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/ejn.12617
https://doi.org/10.1007/s00221-007-1248-x
https://doi.org/10.1007/s00221-007-1248-x
https://doi.org/10.1002/mds.28585
https://doi.org/10.1196/annals.1325.023
https://doi.org/10.1523/ENEURO.0296-23.2024
https://doi.org/10.1093/braincomms/fcad049
https://doi.org/10.1038/287731a0
https://doi.org/10.1016/0006-8993(82)90950-7
https://doi.org/10.1212/WNL.0b013e318230208a
https://doi.org/10.2463/mrms.5.197
https://doi.org/10.1016/S1053-8119(03)00298-2
https://doi.org/10.1111/j.1469-8986.2011.01271.x
https://doi.org/10.1111/psyp.14035
https://doi.org/10.1016/j.tins.2022.05.003
https://doi.org/10.3389/fnint.2012.00094
https://doi.org/10.1038/s41598-019-56041-6
https://doi.org/10.3233/JPD-202427
https://doi.org/10.1126/science.283.5401.549
https://doi.org/10.1093/cercor/bhn012
https://doi.org/10.1093/cercor/bhn012
https://doi.org/10.1002/hbm.22483
https://doi.org/10.1523/JNEUROSCI.3550-13.2014
https://doi.org/10.1523/JNEUROSCI.3550-13.2014
https://doi.org/10.1523/JNEUROSCI.5512-11.2012
https://doi.org/10.1111/ejn.12883
https://doi.org/10.1016/j.neuropsychologia.2015.11.019
https://doi.org/10.1016/j.conb.2015.03.018
https://doi.org/10.1073/pnas.1809668115
https://doi.org/10.1073/pnas.1809668115
https://doi.org/10.1162/jocn_a_01688
https://doi.org/10.1162/jocn_a_01688
https://doi.org/10.3389/fnagi.2022.842549

	Age-related changes in pupil dynamics and task modulation across the healthy lifespan
	Introduction
	Materials and methods
	Participants
	Recording and apparatus
	Experimental paradigm
	Data analysis

	Results
	Pupil dynamics in the pro- and anti-saccade task
	Measurement of pupil baseline
	Measurements of pupil dynamics
	Modulation of pupil dynamics by task condition
	Factors of pupil dynamics
	Relationship between pupil and saccade factors

	Discussion
	Development, aging, and sex differences in pupil size
	Pupil dynamics in development and aging
	Neural correlates of pupil behavior in IPAST
	Study history and design limitation

	Conclusion

	References

