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Abstract

Pupil diameter, controlled by the autonomic nervous system (ANS), reflects numerous processes, from arousal to cognitive func-
tions. In particular, the characteristics of the pupil at rest, its size and dynamics, reflect the tonic activity of the ANS. However,
which factor can influence these pupillary characteristics at rest remains unclear. The pupil exhibits a physiological rhythmic
oscillation, called hippus, which remains poorly characterized. Our aim was to better characterize the hippus by investigating
how its parameters were influenced by different low- (illumination) and high-level (executive functioning) conditions. Pupil size
variations of 30 adults (19–35 yr old) were recorded during five randomly appearing blocks. Although always requiring central fix-
ation, the blocks varied according to gradients of illumination (11-lx, 19-lx, and 28-lx) and cognitive load (fixation, dot counting,
and mental subtraction). Three main parameters were assessed: the median pupil diameter, the frequency, and amplitude of the
hippus. Increasing illumination yielded smaller pupils and reduced hippus amplitude, while hippus frequency remained stable. In
contrast, distinct effects were observed for the two high-level conditions. High cognitive load produced sustained pupil dilation
and heightened hippus frequency, while intermediate counting showed minimal change except a decrease in hippus amplitude.
Individual baseline pupil size was predictive of the amplitude of changes induced by the parameters. Our findings suggest that
resting-state pupil oscillations are modulated differentially by low- and high-level influences, likely via integrative structures such
as the locus coeruleus and superior colliculus, but also by biomechanical constraints.

NEW & NOTEWORTHY We demonstrate, for the first time in a single within-subject protocol, how low-level (illumination) and
high-level (cognitive load) factors differentially shape both baseline pupil size and the oscillatory hippus. Bright light drives tonic
constriction and reduces hippus amplitude probably via iris biomechanics, while mental effort elicits dilation and increases hip-
pus frequency through central arousal circuits. Individual resting-pupil profiles predict the amplitude of these responses.

autonomic nervous system; cognitive; eye-tracking; illumination; oscillation

INTRODUCTION

Since the past century, the variation of pupil size has been
systematically observed in clinical examinations and in
research. Pupil size variation is a key element (1) that reflects
the autonomic nervous system activity (ANS) (2) and
depends on the contractile activity of the iris. The pupil
diameter is governed by two antagonist muscles: the dilator
of the iris under sympathetic control and the pupillae
sphincter under parasympathetic control (for a recent
review, see Ref. 3). When there is a change in the illumina-
tion condition, the pupillary light reflex induces a pupillary
constriction via the parasympathetic pathway (4, 5). When

the illumination is stable, pupil dilation, controlled through
the sympathetic pathway, can be observed in several sensory
or cognitive contexts (4). Dilation and constriction, thus, are
studied as indicators of the functioning of the sympathetic
and parasympathetic autonomic nervous system, respec-
tively (6). However, these two phenomena are transitory,
and the two systems interact to enable a dynamic balance of
the pupil diameter. Pupil diameter is influenced by many
factors that can induce constriction, such as environmental
lighting (7), or dilation, such as cognitive engagement (8).
These two types of factors can be considered as low-level
and high-level factors, referring to the processing of light
and focal distance, and executive functions, respectively (9).
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Pupil diameter has been extensively studied as an index of
arousal states and their fluctuations (3) and exhibits a partic-
ular dynamic for low levels of arousal. Indeed, at rest, pupil
fluctuations, known as hippus, have been observed but are
not well defined in the current literature yet. The term hip-
pus has been used for many centuries and was already used
by Hippocrates and Galen (10). Though it has been fre-
quently associated with pathology, like epilepsy (11, 12), it is
a physiological and ubiquitous phenomenon (10, 13)
occurring in adults and children (14). Yoss et al. (13) define
hippus as follows: “an inconstant spontaneous bilateral
synchronous rhythmic constriction and [dilation] of the
pupils of sufficiently large amplitude to be easily visible to
the clinician.”

The origin of this oscillatory behavior is still unclear,
and some studies have tried to correlate hippus frequency
with various physiological signals [like BOLD (blood-oxy-
gen-level dependent) signal, heart rate variability, or respi-
ration (15–17)]. Turnbull et al. (18), by locally (at the eye
level) and selectively inhibiting either the parasympa-
thetic (with tropicamide) or the sympathetic (phenyleph-
rine) branch of the ANS, suggest that hippus is modulated
only by the parasympathetic nervous system (18, 19).
However, there is also increasing evidence that hippus
may be controlled by the rivalry of sympathetic and para-
sympathetic activation (11, 12, 14). In fact, Centeno et al.
(11) and Fernández-Torre et al. (12) suggest hippus could
be due to cyclic periods of sympathetic activation followed
by a rebalancing or increase of parasympathetic tone (pos-
tictal phase). Moreover, Bufo et al. (14) find a correlation
between the hippus frequency and peaks of electrodermal
activity that tends to support this hypothesis. Furthermore,
Schaefer et al. (17) showed that slow pupil oscillations can
partially phase-lock with respiration, consistent with an
autonomic contribution. However, this coupling appears
state dependent andmay be attenuated under higher cogni-
tive engagement (20). Its strength also varies across individ-
uals and experimental paradigms (21).

As an oscillation, hippus can be described by two main
parameters: the frequency and amplitude of the cycles.
Several studies attempted to calculate the frequency of this
hippus. Hippus frequency is frequently reported below 0.3
Hz (14, 16, 22, 23), but without real consensus, questioning
sometimes the similitude of the recorded signals or the
methodology of analysis. Indeed, the different recording
parameters and the processing steps that allow to obtain this
principal frequency are rarely described, which does not
allow real reproducibility of the measurements. Studies of
the pupil at rest have mainly focused on the median pupil
diameter and have rarely described or estimated hippus fre-
quency and amplitude.

Median pupil diameter is modulated by numerous fac-
tors. Two main low-level factors have been studied: illumi-
nation, with a larger constriction for high illumination (5,
24), and wavelength, with a larger dilation for increasing
wavelengths (25). For high-level factors, an increase in
cognitive or mental load and/or difficulty of the task indu-
ces a larger pupil dilation (26). It has been proposed that
the size of the pupil, through its modulation by the locus
coeruleus, is an indicator of the level of activity of the cen-
tral nervous system (27, 28).

The amplitude of the hippus is also modulated by low-
level and high-level factors. Parnandi et al. (16) have shown
that hippus is present for different illumination levels. In
addition, low ambient light induces greater hippus ampli-
tude (16, 29). However, hippus frequency does not seem to
be affected by illumination (16). So far, studies have shown
that the hippus disappears when a mental activity such as
arithmetic is carried out (11, 22). It is unclear yet if hippus
characteristics depend on a unique regulatory process or are
the result of interacting factors.

Despite the work carried out previously, few studies have
properly assessed both hippus frequency and amplitude,
and their relationship with the pupil size. Moreover, the
respective influence of illumination and mental load condi-
tions has never been directly compared. To tackle these
issues, we examine the impact of low-level (illumination)
and high-level (cognitive load) factors on pupil variation.
Within the framework described by Strauch et al. (9), an
intermediate level of engagement (i.e., pupil response related
to attention orientation) was, however, constant throughout
the experiment thanks to a fixation task.

We used a resting fixation protocol with different light lev-
els to assess the effect of low-level factors processing, and
two cognitive tasks to assess the effect of high-level factors
modulation. Although both pupil median and hippus seem
controlled by the balance between parasympathetic and
sympathetic inputs, no studies have yet tried to assess the
relationship between these measures. Based on the litera-
ture, the covariation of these measures seems to diverge
between low-level and high-level contexts. Indeed, for the
effect of illumination levels, we could expect a larger median
pupil size and a larger hippus amplitude for low illumination
(15, 16, 18, 29, 30), but without any change in frequency (15,
16, 18). For different mental loads, we could expect the
median pupil diameter to increase (26) and the hippus to
decrease in amplitude or even disappear (22) with increasing
mental load. Evaluating these parameters in the same indi-
viduals, in contexts varying for low-level and high-level fac-
tors, would help shed light on the mechanisms influencing
pupil parameters.

METHODS

Participants

Thirty adults (15 females) aged 19 to 43 yr old (means ± SD:
26.52±5.99 yr) were included in this study. Noninclusion cri-
teria were abnormal or uncorrected vision, history of psychi-
atric, neurological, or neurodevelopmental disorders and
learning disabilities or difficulties, as well as the use of medi-
cations acting on the autonomic nervous system. Written
informed consent was obtained from each adult before the
experiment. The study was approved by an ethics committee
(CPP, protocol PROSCEA 2017-A00756-47) and conformed
with the Declaration of Helsinki ethical principles for medi-
cal research involving human subjects. No participant
dropped out or was excluded from the analyses.

Stimuli and Protocol

As described in Fig. 1, five different blocks were created to
assess the influence of the factors being studied. For clarity
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in this manuscript, the term block will be used inter-
changeably with experimental condition. The protocol
was designed around a fixation block of 11-lx of illumina-
tion. Two gradients emanated from this block: a first gradi-
ent of illumination going from the 11-lx to a 28-lx block via
a 19-lx block (11-lx < 19-lx < 28-lx), and a second gradient
of cognitive load [under constant illumination (11-lx)]
going from the fixation block to the subtraction block via a
counting block (fixation < count < subtract) (Fig. 1). The
five blocks (i.e., experimental conditions) were presented
once in a random order. The illumination gradient values
were chosen to remain within the mesopic range of vision
(10–30 lx), to optimize the balanced activity of cones and
rods (31). The lower illumination block was set to 11 lx to
avoid floor values, and an interval of 8–9 lx between blocks
was chosen to provide sufficiently distinct illumination
steps to elicit measurable differences in pupillary dynam-
ics without inducing visual discomfort.

Illumination gradient.
For the three low-level blocks, i.e., the blocks along the illu-
mination gradient, the participant only had to fixate a cen-
tral cross. Each block lasted 180 s and began with a 4 s screen
instructing the participant to fixate (“Fix”). The black fixa-
tion cross (width 1.80�, height 1.96�, and thickness 0.16�) was
presented on a uniform gray background (11, 19, or 28-lx).

Cognitive load gradient.
For the blocks along the cognitive load gradient, the partici-
pant had to fixate a central cross presented on a uniform
gray background (11-lx).

For the intermediate-level cognitive load block, i.e., the
counting block, participants had to fixate the central cross
and to mentally count the number of times they saw a white
dot in the center of the cross. The standard fixation cross
was presented but every 10 to 30 s, a white dot appeared at
its center for 50 ms. This dot appeared 11 times, with the
block lasting between 120.55 s and 360.55 s. The block started
with a 4 s screen instructing the participant to “count central
points.” Participants had to verbally report the total number
of counted dots at the end of the block.

For the high-level cognitive load block, i.e., the subtrac-
tion block, participants had to fixate the central cross and
perform mental subtractions during the whole block. The
block lasted 180 s and began with a 4 s screen instructing the
participant to “subtract 2419 � 7.” Then, only the standard
fixation cross was presented on a uniform gray background
(11-lx). Participants had to mentally perform successive sub-
tractions until the end of the block (2419 � 7, then 2412 � 7,
then 2405 � 7, etc.) and then report the result of their last
subtraction at the end of the block. This result was not ana-
lyzed per se, as some subjects reportedly lost their count or
made mistakes, but helped to ensure that the task was per-
formed all along the block as instructed.

The tasks were explained to the participants before the
start of the experiment. Participants were also asked to look
at the screen and remain silent for the duration of the
recording, except when reporting their answers.

Materials

Eye-tracking data were recorded by an SMI RED500 eye-
tracker system (SensoMotoric Instruments GmbH, Germany),
which was placed 2 cm below the screen. This eye tracker
has a sampling rate of 500 Hz, a gaze position accuracy of
0.40�, and a tracking resolution of 0.03� of visual angle, and
an optimal operating distance between 60 and 80 cm. It has
a tracking range (headbox) of 40 � 20 cm and can support a
head speed of up to 50 cm/s, with a gaze tracking range of
40� horizontally and 60� vertically. As reported by SMI, this
tool takes into account slight head movements that have no
effect on the calibration and resulting measurements. An
influence of stimulus brightness and illumination on calibra-
tion is also reported. However, we performed the calibration
on a 19-lx screen (using white points on a gray background),
and the stimuli in our experiment ranged from 11 to 28 lx,
with a maximum variation of 9 lx, which is considered a low
variation in illumination.

Gaze and pupil data were recorded using iViewX 2.8. The
protocol was run using Experiment Center 3.6. All recordings
took place in the same experimental room with an ambient
light level of 8 lx. In addition, all participants were comfort-
ably seated in a chair in front of the screen (22 in. Dell P2213

Subtract 
2419-7

+

Count Central 
points

+

Fix

+

Fix

+

Fix

+

3min

3min

3min

3min

3min

11 - lx

11 - lx

11 - lx

19 - lx

28 - lx

Illumination gradient

Cognitive load gradient

Figure 1. Protocol. Each block lasted 180 s and was pre-
ceded by a 4 s screen instructing the participant of the
block that would be displayed. The five blocks were ran-
domly presented during the recording. Colored contours
code the nature of the block, as used in Fig. 3 and were not
presented. The color code was as follows: subtract
(magenta), count (purple), fixation (navy blue), 19-lx (light
blue), and 28-lx (cyan).
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monitor with a resolution of 1,680 � 1,050 px and a refresh
rate of 59 Hz) at�70 cm (measured by the eye tracker with a
built-in laser meter software), separated from the experi-
menter by a curtain.

Before starting the eye-tracking recordings, a five-point
calibration procedure was performed, followed by a four-
point validation. Calibration was considered as correct if the
precision calculated during the validation was below 1.00�.
Otherwise, the calibration procedure was repeated until this
precision was reached.

The room was illuminated by two 6 V DAYVIA adaptable
LED lights positioned 5 cm either side of the screen.
Illumination levels were measured with a Testo 545-lx meter
with 1-lx resolution, placed at the eye level of the subject
70 cm away from the recording screen.

Data Processing

Raw signal processing.
The raw pupil data were exported from BegazeTM 3.6 soft-
ware. Data processing was then performed using in-house
MATLAB scripts [MATLAB v. 9.4.0.813654 (R2018a), Natick,
MA; RRID:SCR_001622]. All processing steps are illustrated

in Supplemental Fig. S1, and a summary of the processing is
shown in Fig. 2.

First, the datasets were extracted according to the five
experimental conditions. For each participant, we plotted
the pupil diameter values to ensure data integrity. This step
allowed us to verify that no anomalies were affecting the
recordings (Supplemental Fig. S1A and Fig. 2A).

Next, we corrected blinks, which could interfere with the
pupil diameter measurements. To do this, we first calculated
the blink velocity derivative. This derivative enabled us to
identify the start and end times of each blink. Once the
blinks were identified, they were removed from the record-
ings for each eye. To compensate for the missing data, we
interpolated the 70 pupil diameter values that preceded and
followed each blink, ensuring data continuity.

After this correction, we averaged the pupil diameters for
both eyes for each participant (Supplemental Fig. S1B).

Subsequently, to ensure the quality of the data, the record-
ings were trimmed by removing 10,000 points (20 s) at the
beginning and end of each block. This step was intended to
eliminate pupil variations caused by block transitions or
instructions given to the participants, which could interfere
with themeasurements.
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Figure 2. Signal processing of pupil
recording data. A: raw signal. Top: contin-
uous pupil diameter trace before interpo-
lation and filtering. Bottom, right: 15-s
zoom of the filtered trace illustrating indi-
vidual hippus cycles and how oscillation
amplitude is measured. B: spectral analy-
sis. Power spectral density of the proc-
essed signal, showing the frequency
bands of the hippus. Representative data
from one participant.
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Finally, for each block and participant, we calculated three
parameters: the median pupil diameter, which represents
the central value of the pupil diameter during eachmeasure-
ment period; the frequencies of pupil variation, which indi-
cate the oscillations of the pupil diameter throughout the
experiment; and the amplitude of these variations. The same
procedure was applied for all blocks and all participants,
with no blinding necessary considering the protocol.

Parameter extractions.
To assess pupil variations and their stability during each
block, we performed a series of steps using a 15-s sliding
window (with 1-s sliding steps, i.e., 93.33% overlapping)
(Supplemental Fig. S1C). First, to obtain a spectrum of the
signal, we applied a) a 1 � 3 one-dimensional median filter
to smooth the signal and remove impulse noises, b) a sec-
ond-order Butterworth bandpass filter with bandpass fre-
quencies between 0.1 Hz and 1.0 Hz to remove the harmonic
frequencies (Supplemental Fig. S1D), and c) a Fast Fourier
Transform for spectral analysis (Supplemental Fig. S1E and
Fig. 2B).

To carry out the spectral analysis over our 15-s sliding win-
dow while maintaining good resolution, we interpolated our
15-s signals using an 81,920-point nfft (nonuniform Fast
Fourier Transform). Accuracy was therefore increased from
0.07 Hz to 0.0031 Hz [Df¼ (sf/ (N�T); f: frequency in Hz, N:
number of points¼ 81,920, sf: sampling frequency¼ 500 Hz,
T: time in s¼ 15 s].

Once the frequency spectra were obtained, the maxima on
each spectrum were labeled and extracted. Then, we calcu-
lated the median frequency and interquartile range over all
the sliding windows.

When measuring amplitude, we applied a bandpass fil-
ter with bandpass frequencies of 0.1 Hz and 0.5 Hz to
retain only the amplitude data from our signal that was
relevant to the extracted frequencies. Then, still on the
sliding window of 15 s, we measured the amplitude by add-
ing up the absolute values of the extrema of a window.
This gave us �125 amplitude values for one block of stimuli
for each participant.

Following these processing steps, we calculated the
median frequency and interquartile range over all the sliding
windows.

Additional processing.
Once the median, frequency, and amplitude parameters
were extracted, they were organized into a file and normal-
ized to facilitate data classification. Normalization was
carried out based on the type of parameter, using a robust
method: we subtracted the median of the entire dataset
from the median of each parameter, then divided the
result by the interquartile range of the dataset. This nor-
malization enabled us to perform a clustering of the data.

We were also interested in the variability of the raw pupil
signal, as well as in the dispersion of eye movements and
blinks (see Supplemental Methods and Results).

Statistical Analyses

Statistical analyses were performed using RStudio
[v4.1.1 (32)] on the following parameters: median pupil
diameter, median frequency, interquartile frequency,

median amplitude, and interquartile amplitude. The influ-
ence of illumination (3 conditions: 11-lx, 19-lx, and 28-lx)
and cognitive load (3 conditions: fixation, dot counting,
and subtraction) on the various parameters was evaluated
using separate repeated-measures ANOVA, corrected by
Greenhouse-Geisser, and supplemented with post hoc
Bonferroni-adjusted multiple comparisons. We also exam-
ined, using a linear mixed model, whether age or sex influ-
enced the studied parameters. P corrected values and
effect sizes (g2) are provided for each effect. For all param-
eters, normality of distribution and homogeneity of var-
iance were tested using the Kolmogorov–Smirnov and
Levene tests.

Verification of the assumptions of normality and
homogeneity of the data.
Before proceeding with our statistical tests, we ensured
that the assumptions of data normality and homogeneity
of variances were met. Normality was assessed using the
Kolmogorov–Smirnov (KS) test via the stats package (33)
in R. Homogeneity of variances was checked using the lev-
ene_test () function from the car package (34), which tests
for equality of variances across groups. Furthermore, to
detect the presence of outliers in our data series, we calcu-
lated the lower and upper limits using the following for-
mula: lower limit ¼ Q1 � 1.5 � IQR and upper limit ¼ Q3 þ
1.5 � IQR (IQR: interquartile range, Q1 and Q3: first and
third quartiles, respectively).

ANOVA and post hoc test.
For repeated-measures ANOVA, we used the aov () function
from the stats package (33). Once the ANOVA was per-
formed, we applied the pairwise.t.test () to compare all pairs
of groups. The P values were adjusted using the Bonferroni
method to account for multiple comparisons. In our analy-
ses, three comparisons were conducted for each condition.

Data analysis with LMM.
The linear mixedmodel (LMM) was used to analyze the rela-
tionships between an independent variable (sex and age)
and several dependent variables (our parameters). In the R
software, we fitted themodel using the lmer () function from
the lme4 package (35), and to test the fixed effects and obtain
the relevant statistical parameters, we used the Anova ()
function from car package (34).

Normalization and clustering.
For data normalization, we applied the median () and IQR ()
functions to perform robust normalization. This approach is
less sensitive to outliers and contributes to improved stabil-
ity in the analyses. The clustering was run on a participant-
by-feature matrix with one row per participant (n ¼ 30) and
15 columns corresponding to the median of three pupillary
parameters (pupil diameter, hippus frequency, and hippus
amplitude) computed in each of the five experimental condi-
tions (Fix-11 lx, Fix-19 lx, Fix-28 lx, Count-11 lx, and Subtract-
11 lx). Only medians were used as features for clustering;
IQRs were not included. Next, for clustering, we used the
cluster (36) (RRID:SCR_013505) and ggplot2 (37) (RRID:
SCR_014601) packages to calculate silhouette scores and cre-
ate elbow plots, which allowed us to determine an optimal

MODULATIONS OF PUPIL HIPPUS

J Neurophysiol � doi:10.1152/jn.00458.2025 55

Downloaded from journals.physiology.org/journal/jn at Univ De Tours Service De Docum (193.052.208.009) on January 6, 2026.

https://doi.org/10.1152/jn.00458.2025


number of clusters (set to 2 in our study). The kmeans ()
function from the cluster package (36) was then used to per-
form unsupervised clustering. To visualize the results, we
used ggplot2 (37) to create the k-means related plots. Once
clustering was performed, we extracted the centroids associ-
ated with the parameters of each group. To assess the per-
formance of the classification model, we conducted a
receiver operating characteristic (ROC) analysis. This analy-
sis, carried out with custom MATLAB scripts, allowed us to
calculate the AUC-ROC (area under the ROC curve) for each
parameter, to compare the two groups and identify the most
discriminative parameters. A model was considered to per-
formwell if the AUC-ROC was greater than 0.8.

Correlations and data visualization.
To assess the monotonic relationships between the varia-
bles in our dataset, we used the Spearman correlation test.
Significant correlations were considered when the abso-
lute value of Spearman’s correlation coefficient (rho) was
greater than 0.5, and the P value was less than 0.05. The
correlations were adjusted using the Bonferroni-correction
method. We calculated the correlation matrix using the
cor () function and used the corrplot package (38) to visual-
ize this matrix graphically.

For the creation of the figures intended for the article,
we used R software and the ggplot2 package (37). Specifically,
we used the geom_violin (), ggline (), and ggcorrplot () func-
tions to create violin plots, line plots, and correlation matrix,
respectively. These plots allow for a clear visual representation
of the analysis results. To finalize the formatting of the figures,
we used Inkscape software (v.0.92.3) (RRID:SCR_014479),
which enables us to adjust graphical elements and enhance
the presentation.

RESULTS

Pupillary Reactivity to Low-Level Processing

We analyzed how the median of the pupillary diameter,
the frequency of the hippus (and its IQR), and hippus ampli-
tude (and its IQR), varied depending on the illumination of
the stimuli. We also controlled the effect of illumination on
gaze dispersion as well as on the number and frequency of
eye blinks (see Supplemental Results). In addition the effect
of age and sex on these parameters was controlled.

We obtained amain effect of illumination [F(2,58)¼61.416;
P < 0.001, g2¼0.679] on the median pupil diameter. Post
hoc comparisons showed that higher illumination always led
to a significantly smaller median pupil diameter (28-lx:
3.74±0.5 mm, 19-lx: 4.02±0.7 mm, 11-lx: 5.37±0.9 mm; P <
0.001 for both comparisons 28-lx vs. 11-lx and 19-lx vs. 11-lx,
P< 0.01 for 28-lx vs. 19-lx) (Fig. 3A.1).

There was also an effect of illumination on the hippus fre-
quency. Although the median of the hippus frequency did
not change [28-lx: 0.21 ±0.02 Hz, 19-lx: 0.21 ±0.03 Hz, 11-lx:
0.20 ±0.03 Hz; F(2,58)¼0.248; P > 0.05, g2¼0.008], the
interquartile range was significantly influenced by illumi-
nation [28-lx: 0.09 Hz, 19-lx: 0.07 Hz, 11-lx: 0.08 Hz;
F(2,58)¼4.102; P < 0.05, g2¼0.124]. Post hoc comparisons
showed a significantly higher interquartile range for the
28-lx condition compared with the 19-lx condition (P <
0.05) (Fig. 3A.2).

The amplitude of the hippus was impacted by the illumi-
nation. Indeed, we observed a main effect on the median
amplitude of the hippus [28-lx: 0.34 ± 0.10 mm, 19-lx:
0.38 ± 0.13 mm, 11-lx: 0.40 ± 0.14 mm; F(2,58)¼6.074; P <

0.01, g2¼0.173], but not on the interquartile range [28-lx:
0.14 mm, 19-lx: 0.15 mm, 11-lx: 0.18 mm; F(2,58)¼ 2.622;
P > 0.05, g2¼0.083]. Post hoc comparisons revealed that
higher illumination led to a decrease in the amplitude of
the hippus (28-lx vs. 11-lx, P < 0.01;) (Fig. 3A.3).

An assessment of the effects of sex and age showed there
was no effect of sex on the parameters studied under the
different illumination conditions. However, there was amain
effect of age on the median pupil diameter [F(1,28)¼ 7.305;
P < 0.01, g2¼0.210] and on the median [F(1,28)¼ 12.156; P <
0.01, g2¼0.303] and interquartile amplitude [F(1,28)¼ 7.446;
P < 0.05, g2¼0.210] of the hippus. In fact, the younger the
subject, the larger the median pupil diameter, the median
amplitude, and the interquartile amplitude of the hippus.

We evaluated the link between pupil median, hippus
frequency, and hippus amplitude within each condition by
performing correlation analyses. We found a significant corre-
lation only in the 28-lx condition, between the median pupil
diameter and the amplitude of the hippus (R ¼ 0.503, P ¼
0.005). As the pupil constricted, the amplitude of the hippus
oscillation decreased (Supplemental Fig. S2).

We also analyzed the effect of low-level illumination on
gaze and blinks (see Supplemental Fig. S3), and observed
only an effect of illumination on vertical gaze position, with-
out any significant correlation with our pupil median or hip-
pus parameters.

Pupillary Reactivity to High-Level Processing

For the effect of cognitive load, we analyzed how the
median pupil diameter, the hippus frequency (and its IQR),
and amplitude (and its IQR) varied as a function of the work-
load of the tasks for the three blocks with identical illumina-
tion. We also controlled the effect of cognitive load on gaze
dispersion as well as on the number and frequency of eye
blinks (see Supplemental Results). In addition, the effect of
age and sex on these parameters was controlled.

There was a main effect of cognitive load [fixation:
5.37±0.93mm, count: 5.37±0.91mm, subtract: 6.64±0.77mm;
F(2,58)¼ 31,651, P < 0.001, g2¼0.522] on the median pupil
diameter. Post hoc comparisons confirmed that the median
pupil diameter was significantly larger in the subtraction
condition compared with the two other conditions, the
count and fixation (P < 0.001 for both comparisons)
(Fig. 3B.1).

We also found a significant effect of workload on the
hippus frequency. Indeed, the interquartile range [fixa-
tion: 0.08 mm, count: 0.07 mm, subtract: 0.09 mm;
F(2,58)¼ 5.088, P < 0.05, g2¼0.149] and the median [fixa-
tion: 0.20 ± 0.03 mm, count: 0.19 ± 0.02 mm, subtract:
0.23 ± 0.04 mm; F(2,58)¼ 15.666, P < 0.001, g2¼0.351] of
hippus frequency showed a variation as a function of the
condition. Post hoc comparisons revealed that the median
of the hippus frequency was higher in the subtract condi-
tion than in the count condition (P < 0.001). Moreover, the
interquartile range was significantly lower for the count
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condition compared with the two other conditions (subtract
and fixation) (P< 0.05 for both comparisons) (Fig. 3B.2).

An effect on the amplitude of the hippus was also observed.
Indeed, the interquartile range [fixation: 0.18 mm, count:
0.08 mm, subtract: 0.18 mm; F(2,58)¼ 14.185; P < 0.001,
g2¼0.328] and the median [fixation: 0.40±0.14 mm, count:
0.11 ±0.04mm, subtract: 0.39±0.19mm; F(2,58)¼ 58.174; P<
0.001, g2¼0.667] showed an effect of the condition on the
amplitude. The post hoc comparisons confirmed that both
parameters were lower in the count condition compared with
the two other conditions, subtract and fixation (P < 0.001 for
both comparisons) (Fig. 3B.3).

An assessment of the effects of sex and age showed that
there was no effect of sex on the parameters studied under
the different workload conditions. However, there was amain
effect of age on the median pupil diameter [F(1,28)¼ 10.509;
P < 0.01, g2¼0.273] and on the median [F(1,28)¼ 10.351; P <
0.01, g2¼0.270] and interquartile amplitude [F(1,28)¼ 8.992;
P < 0.01, g2¼0.243] of the hippus. In fact, the younger the
subject, the larger the median pupil diameter, the median
amplitude, and the interquartile amplitude of the hippus.

We evaluated the link between pupil median, hippus
frequency, and hippus amplitude with each block by

performing correlation analyses and found no significant
correlations.

We also analyzed the effect of high-level factors on gaze
and blinks (see Supplemental Fig. S3) and observed small
effects on vertical gaze position and blink frequency, without
any significant correlation with our pupil median or hippus
parameters.

Pupillary Reactivity across Luminosity and Cognitive
Conditions

To explore the relationship between variations observed
along both the low-level and high-level gradients, we used
two complementary approaches: a clustering approach and a
correlation approach.

First, we conducted a clustering analysis on individual
data, which allowed us to identify two distinct clusters: a
“large pupil” cluster, consisting of 12 participants, and a
“small pupil” cluster, consisting of 18 participants. Both
these clusters were affected by the experimental conditions.
Regarding the median and frequency parameters, individu-
als in the “large pupil” cluster consistently exhibited higher
median and frequency values, regardless of the condition
type, with a parallel evolution to that of the “small pupil”
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cluster, but a larger increase in hippus frequency in the
Subtract condition (Fig. 4, A and B). In contrast, for the
amplitude parameter, no similar pattern was observed
(Fig. 4C). Both clusters evolved similarly, with no qualitative
distinction between the groups, regardless of the recording
condition.

To evaluate this classification, we used the ROC method,
which allowed us to validate the quality of a binary classifi-
cation. We set an AUC-ROC threshold of 0.8 to consider a
parameter as a good classifier. This allowed us to highlight
four parameters that effectively distinguished the “large
pupil” and “small pupil” clusters. The area under the curve
(AUC) for the pupil median in the cognitive conditions
(Fixation 11-lx: 0.8148, Count: 0.8055, Subtract: 0.8009), as
well as for the frequency of hippus in the Subtract condition
(0.9653), showed strong discriminative power. The “large
pupil” cluster exhibited larger pupil median and a higher
hippus frequency (Fig. 4, A and B).

Second, to correlate variations of pupil parameters across
the low-level and high-level gradients, for each individual
and parameter, we used the parameters values in the
Fixation 11-lx condition as a reference (this reference corre-
sponds to the “Baseline” in Fig. 5). We thus computed the
variation between any given condition with this reference
and performed correlation analyses between reference val-
ues (Fix-11-lx) and the absolute variation for all parameters
(delta high cognitive level for Subtract vs. Fix-11-lx; delta low
cognitive level for Count vs. Fix-11-lx; delta high illumination
level for Fix-28-lx vs. Fix-11-lx; delta low illumination level
for Fix-19-lx vs. Fix-11-lx).

For the median pupil diameter, we observed a high corre-
lation between the value in the reference condition (Fix-11-
lx) and the delta of the high cognitive level (R ¼ 0.68, P ¼
5.047� 10�5), the delta of the low illumination level (R ¼
0.82, P ¼ 9.507� 10�7), as well as the delta of high illumina-
tion levels (R¼ 0.85, P¼ 7.091� 10�7). Consequently, we also

observed significant correlations between these three deltas
(delta high cognitive vs. delta low illumination: R¼ 0.75, P¼
5.049� 10�6; delta high cognitive vs. delta high illumination:
R ¼ 0.71, P ¼ 2.225� 10�5; delta high illumination vs. delta
low illumination: R ¼ 0.94, P ¼ 2.17� 10�8). In other terms,
and going beyond what was observed at the cluster levels,
the larger the median pupil diameter in the reference condi-
tion (Fix-11-lx), the larger the effect of the Subtract condition.
Participants with larger pupils in a resting fixation condition
showed larger cognitive engagement indexed by median
pupil diameter. Moreover, those individuals with larger
pupil at rest were also the most influenced by changes in
illumination. Another smaller but significant correlation
was observed between the delta of low cognitive level and
the delta of low illumination level (R ¼ 0.55, P ¼ 0.0018)
(Fig. 5A).

For the hippus frequency, this analysis revealed an effect
not observed when comparing conditions at the group level,
nor by the cluster analysis. Indeed, we observed significant
correlations along the illumination gradient, between the
value in the reference condition (Fix-11-lx) and the delta of
the high illumination level (R ¼ 0.69, P ¼ 2.324� 10�5), as
well as between the delta of low and high illumination (R ¼
0.52, P ¼ 0.003). The larger the hippus frequency in the ref-
erence condition, the larger the variation induced by
changes in illumination, i.e., the lower the frequency at high
illumination level (Fig. 5B).

For the amplitude of the hippus, the correlation analysis
reinforced the results observed at the group level. Indeed, at
the group level, we observed a significant difference in hip-
pus amplitude between our reference condition (Fix-11-lx)
and both the high illumination condition (Fix-28-lx) and the
low cognitive condition (Count). The correlation analysis
revealed that, for the individuals with the higher hippus
amplitude in the reference condition, a larger variation was
observed for both the other conditions (correlation between

0.18

0.20

0.22

0.24

0.26

0.28

Median pupil diameter
across conditions

Hippus frequency
across conditions

Hippus amplitude
across conditions

Condition Condition Condition
Subtract Count Fixation 19 - lx 28 - lx

)
m

m( rete
maid naide

M

Subtract Count Fixation 19 - lx 28 - lx

)z
H( ycneuqerF

Subtract Count Fixation 19 - lx 28 - lx

Am
pl

itu
de

 (m
m

)

0.0

0.2

0.4

0.6
Small pupil
Large pupil

7

6

5

4

3

A B C

Figure 4. Distinct pupillary profiles revealed by clustering. A: median pupil diameter across conditions for “small-pupil” (red) and “large-pupil” (green)
clusters; lines connect condition means intracluster. B: hippus frequency across the same conditions and clusters. C: hippus amplitude across the same
conditions and clusters. In all panels, conditions are ordered left to right as follows: subtract, count, fixation, 19 - lx, 28 - lx. Error bars represent the 95%
confidence interval around each cluster mean. n¼ 30 participants, k-means clustering.

MODULATIONS OF PUPIL HIPPUS

58 J Neurophysiol � doi:10.1152/jn.00458.2025

Downloaded from journals.physiology.org/journal/jn at Univ De Tours Service De Docum (193.052.208.009) on January 6, 2026.

https://doi.org/10.1152/jn.00458.2025


reference value and delta low cognitive level: R ¼ 0.96, P ¼
2.2� 10�16; correlation between reference value and delta
high illumination level: R ¼ 0.88, P ¼ 4.587� 10�7).
Consequently, these variations were also correlated with
each other (delta low cognitive level and delta high illumi-
nation: R ¼ 0.86, P ¼ 6.42� 10�7). Finally, along, the illu-
mination gradient, we also observed a significant
correlation between the deltas of low and high illumina-
tion levels (R ¼ 0.58, P ¼ 0.001) (Fig. 5C).

To go further and estimate possible correlations across
parameters, we used the same approach but on normalized
data, with a unique analysis factoring all the deltas. No sig-
nificant interparameter correlations emerged; however, the
same intraparameter relationships were replicated.

DISCUSSION
In this study, we used eye-tracking to investigate the pupil

and its dynamics in response to variations in high-level and
low-level factors during a head-free fixation task in adults.
To our knowledge, the effects of high- and low-level process-
ing on the pupil and its hippus have never been studied
within a single protocol in the same individuals. In our
study, we observed a significant impact of illumination and
cognitive load on the pupil and its dynamics.

We observed that increasing ambient illumination pro-
duced a progressive and significant reduction in median
pupil diameter accompanied by a decrease in hippus ampli-
tude, while overall hippus frequency remained unchanged
but its interquartile range increased under the brightest con-
dition. Cognitive load likewise modulated pupillary behav-
ior. During the mental subtraction task, median pupil
diameter increased by over 1 mm compared with fixation
and counting, and hippus frequency and variability were ele-
vated. Although the intermediate counting task elicited a
marked reduction in hippus amplitude. Gaze dispersion
showed a vertical but not horizontal sensitivity to illumina-
tion, with minimal effects of cognitive load, and blink rate
and number remained largely invariant across all condi-
tions, ruling out oculomotor artifacts. Cluster analysis
revealed two distinct participant profiles (“large pupil” vs.
“small pupil”) distinguished primarily by median diameter

and hippus frequency, and correlation analyses demon-
strated that baseline pupil metrics strongly predicted both
illumination and cognition-induced changes. This pattern of
results highlights both common and dissociable mecha-
nisms by which low- and high-level factors shape pupillary
dynamics.

Tonic Light-Driven Constriction with Unchanged Hippus
Rhythm

Prolonged exposure to increasing light levels produced
the anticipated sustained constriction of pupil diameter,
with median values falling from 5.37 mm in dark gray (11-lx)
to 3.74 mm under bright illumination (28-lx). This tonic
adaptation is driven by the classical parasympathetic pupil
light reflex pathway: glutamatergic signals from rods and
cones, together with slower melanopsin-mediated input
from ipRGCs (intrinsically photosensitive retinal ganglion
cell), converge on the pretectal olivary nucleus (PON), which
transmits them via the central mesencephalic reticular for-
mation to the Edinger–Westphal nucleus (EW), from which
parasympathetic fibers travel through the ciliary ganglion to
activate the iris sphincter (4, 39). Concomitantly, hippus
amplitude diminished as luminance increased, suggesting
elevated reflexive tone preventing iris activity (16, 18, 40). In
contrast, hippus frequency remained stable across light lev-
els, suggesting that its pacing originates from a distinct cen-
tral oscillator rather than peripheral mechanics.

Mechanical Restraint of Hippus Amplitude at High
Luminance

Under the brightest illumination (28-lx), we observed both
a pronounced reduction in hippus amplitude and a signifi-
cant broadening of its frequency distribution. These dual
effects stem from sustained, strong contraction of the iris
sphincter, which increases iris rigidity beyond the critical
pupil size thresholds [�3.36mm for constriction and 5.72mm
for dilation; Loewenfeld (41)] and thus mechanically limits
oscillation amplitude. At the same time, fluctuations in cen-
tral arousal likely contribute to the broader spread of hippus
frequencies. Indeed, Reimer et al. (28) linked slow oscilla-
tions in pupil size to variations in autonomic tone, andmore
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recent work has shown that tonic firing of locus coeruleus
neurons correlates with increased variability in pupil-oscilla-
tion timing (42). Crucially, only at 28 lx did median diameter
and hippus amplitude correlate. Participants whose pupils
constricted more under bright light showed the greatest
reduction in oscillation size. This relationship underscores
that, under high luminance, peripheral iris mechanics,
rather than central timing mechanisms, limit oscillatory
amplitude.

Even as descending inputs from the frontal eye fields
(FEF) and lateral intraparietal area (LIP) pass through the
intermediate layers of the superior colliculus (SCi) to mod-
ulate pupillary tone (43–46), ipRGC-driven and noradren-
ergic influences continue to generate rhythmic drive (42).
Under these conditions, the sphincter muscle remains in
sustained, strong contraction. As a result, the stiffened iris
cannot deform sufficiently to translate these central sig-
nals into large-amplitude hippus. Consequently, high-
luminosity conditions reveal a clear dissociation: central
arousal mechanisms persist in altering frequency, but
mechanical constraints of the iris impose a hard limit on
amplitude.

Modulation of Pupil by Cognitive Load

Beyond the purely light-driven control of pupil size, evi-
dence implicates central neuromodulatory and oculomotor
circuits in adjusting pupil diameter according to cognitive
and attentional demands. Phasic increases in locus coeru-
leus (LC) firing, driven by salient or effortful mental events,
produce transient dilations (42, 47). Tonic LC activity, in
turn, sets baseline pupil diameter in line with arousal and
sustained attention (48, 49).

Simultaneously, preparatory activity in frontal eye
fields (FEF) and lateral intraparietal area (LIP) can bias
local pupil size in anticipation of forthcoming foveal tar-
gets (44, 50). Together, these pathways enable the pupil to
reflect both mental load (e.g., working memory, calcula-
tion) and visuospatial attention, effectively tuning retinal
input to task demands.

Enforced fixation dampens hippus.
In the count task, where cognitive demand is moderate,
the anticipated tonic pupil dilation did not occur. Rather,
hippus amplitude fell, and its variability was suppressed,
even though the median diameter remained unchanged.
This flat pupillary profile under mental load mirrors previ-
ous observations, in which the system prioritizes energetic
economy over sensory gain (51, 52). Besides, the need for
strict oculomotor fixation on the central cross likely drives
sustained activation of the sphincter, increasing iris solici-
tation, and suppressing microsaccade-related pupillary per-
turbations. Hafed and Krauzlis (53) showed that enforced
fixation suppresses microsaccades and reduces associated
transient pupil fluctuations, while Loewenfeld (41) demon-
strated that continuous sphincter contraction attenuates
spontaneous hippus amplitude. Furthermore, our correla-
tion analysis revealed a strong relationship between the
reduction in hippus amplitude between fixation to count-
ing and that between fixation to high luminance (R ¼ 0.86,
P ¼ 6.42� 10�7). This cross-condition association shows

that parasympathetic sphincter activation constrains hip-
pus amplitude in both tasks, albeit through distinct mech-
anisms: enforced fixation during counting continually
solicits the iris sphincter (53) while sustained, high-ten-
sion contraction under bright illumination pushes the iris
beyond its critical size thresholds, mechanically limiting
oscillation amplitude (41).

High load boosts pupillary rhythm.
By contrast, the high-load subtraction task elicited both
a robust median dilation of over 1mm and a significant
increase in hippus frequency, effects that align with both
tonic and phasic activation of the locus coeruleus-noradren-
ergic system (52, 54). Sustained cognitive effort engages
tonic LC activity to raise baseline pupil size (48, 49), while
real-time performancemonitoring triggers phasic noradren-
ergic bursts that manifest as more frequent oscillations (42,
55). Krejtz etal. (56) further demonstrated that these higher-
frequency oscillations closely track moment-to-moment
attentional fluctuations, suggesting that the elevated hippus
in the subtraction condition reflects transient shifts in vigi-
lance. Notably, subtraction increased hippus frequency
without reducing amplitude, indicating that even under
intense cognitive strain, the iris sphincter retains sufficient
contractile flexibility to convey central arousal via oscillation
rate (55, 57, 58).

The two tasks thus show a clear dissociation: counting
produced reduced hippus amplitude with little change in
frequency, whereas subtraction drove both elevated base-
line diameter and heightened oscillatory frequency. This
pattern highlights a dual regulation of hippus: peripheral
oculomotor control acting on the sphincter sets amplitude
limits (53, 59), while central attentional circuits, especially
via the locus coeruleus, govern oscillation frequency (28,
42, 46). Preparatory signals from the FEF and LIP can
adjust the tonic and phasic modes of the LC, thereby mod-
ulating the timing of pupillary responses (3, 60).

Layered Regulation of Pupil Dynamics

Our correlation analyses show that individual baseline
pupil metrics predict both illumination- and cognition-
induced changes, indicating a shared susceptibility of the
pupillary system to central and peripheral drives (Fig. 6).
Median pupil diameter, as outlined above, reflects para-
sympathetic gain via the pupil light reflex pathway (4) and
is further modulated by tonic locus coeruleus activity under
cognitive load (48, 49), as well as by preparatory signals
conveyed via the SCi from FEF and LIP (3, 44, 50). Hippus
amplitude likewise reflects parasympathetic tone but is
constrained by the mechanical properties of the iris. Once
sphincter contraction increases iris rigidity beyond a criti-
cal threshold, further changes in tone translate poorly into
oscillation size (41). By contrast, hippus frequency appears
governed by purely central mechanisms. It remains stable
across light levels yet rises under high cognitive demand
via phasic locus coeruleus bursts (42, 55) and may be paced
by oculomotor rhythms mediated through SCi projections
(46). Together, these findings reveal a triple dissociation in
pupillary control (Fig. 6): 1) median diameter reflects an inter-
play of parasympathetic gain and attentional anticipation;

MODULATIONS OF PUPIL HIPPUS

60 J Neurophysiol � doi:10.1152/jn.00458.2025

Downloaded from journals.physiology.org/journal/jn at Univ De Tours Service De Docum (193.052.208.009) on January 6, 2026.

https://doi.org/10.1152/jn.00458.2025


2) amplitude is constrained by iris biomechanics; while 3)
frequency indexes central arousal pacing. This layered reg-
ulation enables the pupil to integrate low-level sensory
inputs and high-level cognitive states.

Impact of the Pupil Profile

Our cluster analysis revealed two stable participant pro-
files, “large pupil” and “small pupil,” across both illumina-
tion and cognitive conditions. Individuals in the “large
pupil” cluster exhibited higher median diameters and hip-
pus frequencies regardless of task or light level, whereas
those in the “small pupil” cluster showed consistently
smaller values. This finding mirrors prior work showing that
baseline pupil size indexes differences in arousal system sen-
sitivity and behavioral performance. Larger resting pupils
correlate with elevated tonic locus coeruleus activity and
superior sustained-attention performance (49, 61), while
smaller resting pupils are linked to greater internal attention
or mind-wandering tendencies (62). Crucially, our correla-
tion analyses demonstrated that baseline metrics recorded
during simple fixation at 11 lx strongly predicted subsequent
changes under bright illumination and high cognitive load.
This suggests a common autonomic set point governing
pupillary reactivity. Previous research indicates that individ-
uals with larger resting pupils not only exhibit greater con-
striction in response to increased luminance (4, 49) but also
display more pronounced dilations under cognitive load,
reflecting elevated tonic locus coeruleus activity (48).
Similar baseline-dependent effects have been observed in
human EEG pupil couplings, where larger pupils predict
greater task-evoked dilations (63), and in rodent LC-pupil
dynamics (55). Our data suggest that a larger resting pupil
permits a greater proportional constriction, while smaller
baseline pupils allow for larger proportional dilations. In
other words, when starting from a larger baseline, the iris
can constrict by a higher fraction of its diameter, whereas a
smaller starting diameter affords more room for relative

dilation. This distinction highlights that baseline size not
only determines iris reactivity but also shapes the dynamic
range of autonomic responses (49, 64). The dissociation
between amplitude and frequency control further under-
scores individual differences. “Large pupil” individuals
showed both greater amplitude modulation under light and
steeper increases in frequency with cognitive load. In con-
trast, small-pupil participants exhibited blunted responses
in both domains. This pattern aligns with models proposing
that baseline arousal state gates both peripheral contractility
and central noradrenergic responsiveness (47). Practically,
baseline pupil clustering may serve as a noninvasive predic-
tor of an individual’s susceptibility to attentional lapses or
sensory overload, with potential applications in clinical
assessment of disorders marked by dysregulated arousal.

Limitations and Perspectives

Although our data clearly demonstrate that pupil diame-
ter reflects integrated sensory and cognitive modulations,
several limitations warrant emphasis. First, luminance was
intentionally held constant during the cognitive tasks to iso-
late load-related effects and to keep sessions brief, thereby
preserving participants’ attention, so our design does not
directly test the full interaction between illumination and
cognitive load within a single unified task. Future studies
should therefore implement a fully crossed within-task
manipulation with multiple luminance levels and paramet-
ric cognitive load (65). Second, the link between neuronal
activity and pupil dilation remains indirect: the correlation
between LC activity and pupil diameter varies significantly
from neuron to neuron (42), indicating that pupillometry
reflects the sum ofmultiple central influences (PON, SCi, LC,
cortex) modulated by the experimental context. Third, slow
oscillations in pupil diameter remain challenging to inter-
pret. The literature describes a broad frequency range (0.03–
0.3 Hz) depending on paradigms: Loewenfeld (41) reported
hippus centered around 0.05 Hz at rest, Yellin et al. (66)
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observed fluctuations at 0.03–0.1 Hz correlated with cortical
transitions in fMRI, and Reimer et al. (28) highlighted a 0.1–
0.2 Hz band related to vigilance states in rodents. In our pro-
tocol, the median frequency of 0.2 Hz lies at the upper end
of these distributions, likely due to prolonged visual con-
straint, focus on the fixation cross, and absence of complete
rest phases between blocks, favoring faster autonomic com-
ponents. Because we lack a consensus on what each fre-
quency band represents, there is a clear need in the
literature to characterize these various oscillations, both why
their peak frequencies differ across studies and precisely
what each band represents in terms of neural or autonomic
origins. In addition, respiration may contribute to slow
pupillary oscillations via autonomic pathways. Because res-
piration was not recorded here, future work should incorpo-
rate concurrent respiratory monitoring to test for breathing-
hippus coupling and quantify how it varies with cognitive
engagement. Consequently, these observations call for mul-
timodal approaches: combining EEG to better characterize
cortical rhythms, fMRI to localize sources, and pharmacolog-
ical protocols targeting adrenergic and cholinergic pathways
will allow dissection of the respective contributions of the
SCi, LC, and prefrontal cortex to each frequency band. Such
studies are essential for pupil diameter tracking to become a
robust biomarker of attentional and arousal states.

In summary, our findings demonstrate that pupil
dynamics emerge from the interplay of parasympathetic
gain, iris biomechanics, and central arousal circuits (Fig. 6).
Individual resting pupil size provides a crucial baseline that
predicts both light- and task-evoked responses. Hippus oscil-
lations, whose amplitude is constrained by iris physiology
and whose frequency reflects locus coeruleus-mediated
arousal, provide a noninvasive index of brain state. Future
studies combining pupillometry with neuroimaging and
pharmacological manipulations will be essential to disentan-
gle these mechanisms and to validate both baseline pupil
metrics and hippus characteristics.
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