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While animal studies have found that arousal states modulate visual responses, direct evidence for effects of arousal on human vision
remains limited. Here, we used fMRI to examine effects of cognitive arousal on the gain of contrast response functions (CRFs) in
human visual cortex. To measure CRFs, we measured BOLD responses in early visual cortex (V1–V3) while participants (n= 20,
14 females and 6 males) viewed stimuli that parametrically varied in contrast. To induce different cognitive arousal states, partic-
ipants solved auditory arithmetic problems categorized as either Easy (low arousal) or Hard (high arousal). We found diversity in the
modulatory effects across individuals: some individuals exhibited enhanced neural response with increased arousal, whereas others
exhibited the opposite effect—a decrease in response with increased arousal. The pattern of overall BOLD modulation showed
within-individual stability and was correlated with the degree of arousal-driven change in pupil size. Individuals who exhibited
larger increases in pupil size with the arousal manipulation tended to show greater arousal-related decreases in visuocortical
responses. We speculate that the polarity of the modulatory effect by cognitive arousal may relate to individual differences
in cognitive effort expended in the high-difficulty condition, with individuals reaching different points on an underlying
non-monotonic function.
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Significance Statement

While animal work suggests that arousal state has a profound impact on visual processing, the effects on human vision remain
less understood. Here we assessed the influence of cognitive arousal on the neural gain of visual responses in humans to better
characterize the mechanisms by which arousal affects vision. Minimal modulation was observed at the group level, but closer
examination revealed substantial variability in modulation across individuals, with some showing enhancement and others
exhibiting a decrease in neural modulation of visual responses with high arousal. Changes in pupil size correlated with neural
modulation, suggesting a nonlinear inverted U relationship between cognitive arousal and visual processing. These results
provide evidence of arousal’s differential impact on vision across individuals.

Introduction
Vision is far from static. Numerous processes dynamically influ-
ence how we perceive our environment from moment to
moment. Extensive research has examined the influence of atten-
tion (Carrasco, 2011), memory (Sagi, 2011), and learning
(Magnussen, 2000; Pearson and Brascamp, 2008) on vision,
with many of these processes found to modulate visual process-
ing through changes in neural gain. It is surprising, however, that
less is known regarding the influence that states of arousal have
on visual function, particularly in humans. Arousal’s influence is
putatively ubiquitous, influencing our behavioral and cognitive
state, and likely plays a key role in shaping visual processing.
Animal electrophysiological studies have revealed profound
arousal-driven modulation of the gain of visual neural responses
in the lateral geniculate nucleus and primary visual cortex
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(Cano et al., 2006; Niell and Stryker, 2010; Zhuang et al., 2014;
McGinley et al., 2015; Vinck et al., 2015; Shimaoka et al.,
2018). However, in the case of humans, only a handful of psycho-
physical studies have explored the relationship between arousal
and the gain of visual responses, finding evidence suggestive of
enhancements in contrast perception with increases in arousal
(Phelps et al., 2006; Lee et al., 2014; Kim et al., 2017).

Here, we aim to characterize the underlying neural changes by
exploring how arousal states influence the gain of visual
responses across human early visual cortex (V1–V3) using func-
tional magnetic resonance imaging (fMRI). We induced different
arousal states and monitored arousal state changes using an
approach similar to that in animal studies, corroborated by
pupillometry, as changes in pupil size have been demonstrated
to be tightly linked to changes in behavioral and cortical arousal
states (McGinley et al., 2015; Vinck et al., 2015; Reimer et al.,
2016). This approach builds upon previous pupillometry work
revealing that the pupil responds to various arousal-linked fac-
tors, including cognitive load, effort, affect, and reward, with
pupils dilating in heightened arousal states (Kahneman and
Beatty, 1966; Beatty, 1982; Beatty and Lucero-Wagoner, 2000;
Mathôt, 2018). In this study, we manipulated the difficulty of
an arithmetic task to induce different cognitive arousal states,
while also incorporating pupillometry to verify arousal state
changes. We define cognitive arousal as arousal state intertwined
with cognitive factors like effort, stress, and task difficulty. This is
built on the idea that these factors are interrelated, with arousal
serving as a core concept and stress and cognitive load as
potential drivers (Pan et al., 2022, 2024). This cognitive arousal
manipulation draws upon substantial research consistently dem-
onstrating the impact of arithmetic difficulty on pupil size (Hess
and Polt, 1964; Bradshaw, 1967; Ahern and Beatty, 1979;
Steinhauer et al., 2000; Klingner et al., 2011; Pan et al., 2022),
with observed changes in pupil dilation suggesting autonomic
responses driven by the locus ceruleus-norepinephrine
(LC-NE) arousal system (Aston-Jones and Cohen, 2005; Joshi
et al., 2016). Specifically, we manipulated high and low arousal
states through an auditory arithmetic task of hard and easy
difficulty and explored how cognitive arousal modulates the con-
trast response function (CRF)—the well-established nonlinear
relationship between the contrast of a signal and its correspond-
ing neural response (Carandini et al., 1997; Priebe and Ferster,
2012). Arousal could alter the CRF profile in various ways, poten-
tially influencing what we see and do not see.

To measure CRFs in visual cortex under the two arousal
states, observers viewed parametrically manipulated contrast sti-
muli using the population contrast response function (pCRF)
paradigm, which captures compressive nonlinearities in blood
oxygen level-dependent (BOLD) CRFs with higher fidelity
(Vinke et al., 2022), while concurrently solving auditory arith-
metic problems of easy and hard difficulty. At the group level,
we observed minimal modulation of visuocortical CRFs by cog-
nitive arousal. However, at the individual subject level, we discov-
ered robust and reliable individual differences in cognitive
arousal’s effects. Whereas some participants exhibited an
enhanced gain of neural response with increased cognitive
arousal, others showed no difference, and a subset displayed
the opposite effect, experiencing decreased gain of response
with increasing cognitive arousal. We found that the patterns
of BOLD modulation were correlated with arousal-induced
changes in pupil size. These individual differences may be poten-
tially linked to interactions with higher-order cognitive
brain regions and with individuals occupying different points

along a non-monotonic curve relating arousal to visuocortical
activity.

Materials and Methods
Participants. Twenty observers (mean age, 25.6 years; SD: 4.42;

range, 19–35; 14 females and 6 males) participated in this study. All par-
ticipants had normal or corrected-to-normal visual acuity and were
recruited from Boston University and the surrounding community.
Before the study, each observer provided informed consent and com-
pleted a screening form to ensure they had no MRI contraindications.
All participants received compensation for their participation, except
for those who are authors. The study received approval from the
Boston University Institutional Review Board and was conducted follow-
ing relevant guidelines and regulations.

Apparatus and visual stimuli. The stimuli were created and pre-
sented using MATLAB (2015b) in conjunction with Psychophysics
Toolbox (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007) and displayed
on a gamma-corrected, rear-projection screen set up within the MRI
scanner bore (ProPixx DLP LED, VPixx Technologies; refresh rate,
60 Hz; resolution, 1,024 × 768 pixels) at a viewing distance of ∼99 cm.

The visual stimuli used were adopted from Vinke et al. (2022), which
were optimized to promote maximal responsiveness of the neural
response within the population pCRF paradigm. The stimulus consists
of an arrangement of five concentric ring patterns radiating out from
fixation. Each ring is composed of eight circular apertures containing
sinusoidal grating stimuli that are equally spaced, with the polar angle
position of each set of apertures per ring alternating at a 22.5° offset to
maximize overall stimulus spatial density across the entire visual field.
Each sinusoidal grating stimulus within an aperture was set at a fixed spa-
tial frequency and oriented radially relative to fixation, to accommodate
the radial orientation bias (Sasaki et al., 2006). The spatial frequencies of
the gratings in each aperture were optimized for relative spatial fre-
quency preference following cortical magnification (Polimeni et al.,
2006). Specifically, spatial frequencies of 9.38, 6.81, 4.67, 3.07, and 1.95
cycles per degree corresponded to the apertures centered at 0.9, 1.5,
2.5, 4.2, and 7° of eccentricity, logarithmically spaced out from fixation.
The aperture radius increased logarithmically across successive rings
from the parafovea (0.35°, innermost ring) out to the periphery (2.56°,
outermost ring). To smooth the boundary between stimulus edge and
mean luminance background, a Gaussian roll off (σ= 30) was imposed
on the gratings. The inner bound of the innermost aperture ring was
0.64° from fixation, and the outer bound of the outermost aperture
ring was 9.17° (Fig. 1a). To minimize retinal afterimages, the phase of
the gratings in all apertures was randomly shifted at a rate of 10 Hz.
Lastly, the luminance contrast of all the gratings across the apertures var-
ied among nine logarithmically spaced contrast levels: 2.67, 4.0, 5.33, 8.0,
16, 32, 48, 64, and 96%.

Arousal manipulation. To induce high and low cognitive arousal
states, we employed auditory arithmetic problems categorized as either
Easy (low arousal) or Hard (high arousal). Auditory arithmetic problems
were used to avoid visual confounds while measuring the CRFs. Our
manipulation was built upon prior pupillometry studies that utilized
arithmetic problems (Hess and Polt, 1964; Bradshaw, 1967; Ahern and
Beatty, 1979; Steinhauer et al., 2000; Klingner et al., 2011; Pan et al.,
2022). A total of 500 unique auditory arithmetic problems were pregen-
erated and recorded in advance using MATLAB and Psychtoolbox’s
“Speak” function, featuring MacOS’s “Karen” voice. In both the Easy
and Hard conditions, participants were tasked with determining whether
the presented arithmetic equation was true or false.

The Easy condition consisted of “add 1” equations, where partici-
pants would hear statements like “41 plus 1 equals 45” and had to indi-
cate whether the equation was true or false. In the Hard condition,
participants were presented with equations involving subtracting a num-
ber in the 10’s digit. For example, the participant might hear “52 minus
18 equals 36.” In both conditions, the numbers used in any position of
the equations ranged from 1 to 99, and approximately half of the equa-
tions were true, while the other half were false.
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To increase the difficulty of the Hard condition arithmetic problems,
we implemented several modifications to make the task more challeng-
ing. Firstly, the majority of the subtraction equations (∼78%) involved
borrowing. Secondly, one-third of all incorrect answers in the session
shared the same last digit as the correct answer but subtracted either
10 or 20 from the correct answer. Another one-third of the incorrect
answers were centered around the correct answer, varying by ±1, 2, or 3.
The remaining incorrect answers were randomly generated but always
less than the first number presented in the equation. Similarly, in the
Easy condition, one-third of the incorrect answers shared the same last
digit as the correct answer but added either 10 or 20 to the actual answer.
Another one-third of the incorrect answers varied by ±1, 2, or 3 from the
correct answer. The remaining incorrect answers were randomly generated
but always greater than the first number presented in the equation.

Experimental design—population contrast response function. In our
study, we utilized Vinke et al. (2022) population pCRFmethod to capture
saturating and nonlinear population CRFs. This approach allows us to
measure population CRFs using fMRI that reflect CRFs found in electro-
physiological and psychophysical studies. The pCRF method is based on
the concept that adaptation to a specific contrast level recalibrates neu-
ronal population responses to the statistics of the adapter stimuli, result-
ing in more homogenous sensitivity across the population of neurons.
This method effectively minimizes the noise that arises from averaging
across a heterogeneous neuronal population with fMRI, where neurons
possess varying saturation and are tuned for different sensitivities
(Gardner et al., 2005; Foster and Ling, 2022; Vinke et al., 2022), the fore-
front explanation for linear CRFs observed in previous fMRI studies
(Boynton et al., 1996; Tootell et al., 1998; Buracas et al., 2005; Buracas
and Boynton, 2007; Murray, 2008; Pestilli et al., 2011; Hara et al.,
2014; Itthipuripat et al., 2019).

Following the pCRF method, we utilized a fast event-related design.
Visual stimuli were presented for a duration of 6 s and were interleaved
with top-up adaptation periods (6–18 s) consisting of the 16% contrast
stimuli. The timing of the experimental stimulus contrast presentation
and top-up adaption periods was generated using the Optseq2 optimiza-
tion tool (Dale, 1999). Each experimental run began with a 30 s baseline

period during which participants viewed a uniform gray background
with a luminance of 84.1 cd/m2. This was followed by a 60 s initial adap-
tation period, during which participants were adapted to a 16% contrast
stimulus with visual properties identical to the top-up adaptation periods
presented later in the event-related portion of the run. Previous studies
have shown that a 60 s adaptation period is sufficient to establish a stable
adapted state in the human visual system (Blakemore and Campbell,
1969). This step was taken to recenter the population response, to better
capture nonlinear CRFs using fMRI.

Following the initial adaptation period, the visual stimuli were then
presented concurrently with the auditory arithmetic task, during which
participants had to input their response to each arithmetic problem.
The simultaneous presentation of the visual stimulus and arithmetic
problem, along with the response period, lasted for 6 s (see Fig. 1a for
an illustration of the experimental run). An MR-compatible response
box was used to record participants’ behavioral responses to the arith-
metic task. Task trials alternated with periods of top-up adaptation
that varied in duration between stimulus presentations. The top-up
adaptation periods were implemented to minimize recovery from adap-
tation and ensure the maintenance of the initial contrast adaptation state
of the visual system throughout the experimental run (Foley and
Boynton, 1993; Gardner et al., 2005).

The arousal conditions, Hard (high arousal) and Easy (low arousal),
were blocked by run. Runs alternated between Hard and Easy, and the
first run condition, either Hard or Easy, were counterbalanced across
subjects. Participants completed three to five runs of each arousal condi-
tion, each lasting 7.75 min and consisting of 465 TRs. Within each run,
three trials were collected for each of the nine stimulus contrast levels.
Arithmetic problems were randomized for each participant, with each
participant experiencing a total of 81, 108, or 135 trials per arousal con-
dition, depending on the total number of runs completed.

Eye tracking and analysis. During the scanning session, we employed
an MR-compatible EyeLink 1000 Plus infrared eye tracker (SR Research)
to monitor the participants’ eye position. The eye tracker sampled the eye
position at a rate of 1,000 Hz, and we conducted a 5-point eye calibration
at the beginning of each task run. Average pupil size was obtained by

Figure 1. a, Experimental stimulus composed of gratings with radial orientations (relative to fixation) and varying spatial frequencies, which are cortically magnified. b, Illustration of how
sustained contrast adaptation may induce nonlinear population CRFs by bringing units within the population into closer alignment via recalibration of semisaturation point of individual CRFs.
c, Example timeline of an experimental run.

Pan et al. • Diverse Effects of Arousal in Human Visual Cortex J. Neurosci., June 18, 2025 • 45(25):e0798242025 • 3



converting the raw pupil data into absolute units of millimeters (Hayes
and Petrov, 2016). Blinks were interpolated using cubic-spline interpola-
tion (Mathôt, 2013). Time points with, and 1 s prior to, abnormal pupil
sizes (<2 or >9 mm) were treated as signal loss and excluded from anal-
ysis. Furthermore, time points where the horizontal or vertical eye posi-
tion exceeded 2.5° from the observer’s mean x and y center of fixation
were also excluded from analysis. Standard deviation was computed
for the x and y eye positions to ensure observers were maintaining
fixation. Observers who failed to maintain fixation or had excessive eye
movements, with an x and y eye position standard deviation >2° and/
or having >10% of the data were excluded from further eye tracking anal-
ysis. While no observers were excluded from our cutoff, we excluded one
participant due to failure to collect eye data during the scan. The mean
pupil diameter in millimeters was computed for each trial by averaging
the pupil trace from 2 to 6 s poststimulus onset. This time window
excludes the initial constriction response, in which the pupil constricts
in response to changes in foveal vision (Barbur, 2004; Cherng et al.,
2020).

MRI data acquisition. The neuroimaging data were collected at the
Boston University Cognitive Neuroimaging Center, on a research-
dedicated 3T Siemens Prisma Scanner using a 64-channel head coil.
Whole-brain anatomic data were acquired using a T1-weighted multie-
cho MPRAGE 3D sequence (van der Kouwe et al., 2008), using the fol-
lowing parameters: 1.0 mm3 voxels; FOV, 256 × 256 × 176 mm; flip angle
(FA), 7°; TR, 2,530 ms; TE, 1.69 ms.

The functional neuroimaging data in the task runs were acquired
using the following scan parameters: voxel size of 2.0 × 2.0 × 2.0 mm,
70 interleaved axial-oblique slices, a repetition time (TR) of 1,000 ms,
an echo time (TE) of 30 ms, a flip angle (FA) of 64°, a field of view
(FOV) of 208 mm, a simultaneous multi-slice (SMS) factor of 5, and a
GRAPPA acceleration factor of 2. The SMS-EPI acquisition utilized
the CMRR-MB pulse sequence developed at the University of
Minnesota (Moeller et al., 2010).

Anatomical analysis. The whole-brain T1-weighted anatomical data
were analyzed using FreeSurfer’s standard recon-all pipeline (Fischl,
2012). This pipeline generated cortical surface reconstructions, whole-
brain segmentations, and cortical parcellations. The cortical surface
reconstruction enabled surface-based registration of the functional
data to the structural data, enabling alignment of the population recep-
tive field (pRF) data to the native functional volume space for the exper-
imental task.

Population receptive fields. For each participant, a separate scan ses-
sion was completed for pRF mapping, to delineate visual areas V1–V3.
The observers underwent 3–5 scans of two distinct types of stimulus
runs: (1) rotating wedge stimuli and expanding and contracting ring
and (2) bar sweep stimuli. These stimuli consisted of colored objects
and faces of varying spatial scale, presented on a pink noise background
refreshed at a rate of 15 Hz, against a mean luminance background
(Kay et al., 2013).

The collected data were analyzed using the analyzePRF toolbox for
MATLAB, which implements the compressive spatial summation pRF
(Kay et al., 2013). Only voxels located within the cortical ribbon of the
occipital lobe were included in the pRF analysis. These voxels were iden-
tified using a visual area network label generated from an intrinsic func-
tional connectivity atlas (Yeo et al., 2011), and the outcomes of the pRF
analysis were utilized to manually define and draw region of interest
(ROI) labels for the visual areas V1, V2, and V3.

Functional data analysis. We utilized EPI distortion correction on all
fMRI BOLD time series data. The correction was performed using a
reverse phase-encode method (Andersson et al., 2003) and implemented
in the functional MRI of the Brain Software Library (Smith et al., 2004).
The preprocessing of fMRI data included various steps conducted
with the FreeSurfer Functional Analysis Stream (Fischl et al., 2004).
These steps encompassed standard motion correction procedures,
Siemens slice timing correction, and boundary-based registration

(Greve and Fischl, 2009) between functional and anatomical volumetric
spaces.

To enable voxel-wise analyses, we did not apply volumetric spatial
smoothing (FWHM=0 mm). We employed cross-run within-modality
robust rigid registration to achieve precise volumetric alignment of
experimental condition data within each neuroimaging session (Reuter
et al., 2010). In this process, the middle time point of the first run
from each session served as the target volume, and the middle time point
of each subsequent run from the same session was then used for
alignment.

Before converting the BOLD time series data to units of percent signal
change, we excluded time points corresponding to the initial adaptation
period (60 frames). For all fMRI experimental conditions, we then con-
ducted a univariate deconvolution analysis using a finite-impulse
response (FIR) modeling approach (window size, 24 s; prestimulus delay,
4 s; Dale, 1999). This analysis yielded a set of 24 β-weight parameters
describing the time course of the BOLD response for each contrast level
tested.

Voxel selection. The pRF mapping results were utilized to determine
the selection of voxels within each ROI for visual cortex. These results
were used to establish the boundaries of the early visual areas (V1–V3)
and identify candidate voxels within each visual area that exhibited
eccentricity preferences within the limits of stimulus dimensions.

To further refine the V1–3 ROI labels, voxels with poor pRF model-
ing goodness of fit (r2 < 20%) and unreasonably small population recep-
tive field (RF < 0.1°) sizes were excluded. Furthermore, voxels with a
maximal BOLD response exceeding 10% signal change were excluded
to eliminate responses associated with draining vein hemodynamics,
which are known to exhibit significant time delays compared with corti-
cal gray matter and primarily occur at the foveal confluence (Winawer et
al., 2010).

Given that the arousal manipulation involves cognitive processing,
we further investigated additional ROIs beyond the visual cortex to effec-
tively examine task- and effort-related networks and their relationship
with the visuocortical responses. The network ROI labels were derived
from the Schaefer-Yeo (2021) seven-network atlas with 100 cortical par-
cellations. We examined two main network ROIs: the dorsal attention
network (DAN) and the default mode network (DMN).

Contrast response estimation. To obtain the final contrast response
estimations, we calculated the average of the FIR modeling deconvolu-
tion β weights within a fixed and absolute window from 5 to 10 s after
the stimulus onset centered around the maximal poststimulus peak.
These β weights were combined and averaged to generate a contrast
response measurement for each of the nine contrast levels. These con-
trast responses were then utilized to create ROI-specific and voxel-wise
CRFs for further model fitting analyses to characterize the modulatory
effect of arousal on the CRFs.

Model fitting. The resulting CRFs in each condition were then fit to a
Naka–Rushton model, a descriptive model often used to capture contrast
responses, as it is able to quantify the nonlinear relationship between sti-
mulus input and response output (Naka and Rushton, 1966; Albrecht
and Hamilton, 1982; Eq. 1):

Response(c) = (Rmax− b)
Cn

Cn + Cn
50
+ b. (1)

Using a partially bounded least-squares fitting procedure in MATLAB
( fmincon), we then assessed changes in the shape and magnitude of the
CRFs between the different arousal conditions, examining key parameters
quantitatively captured by the function. The parameters include the
asymptote or maximum response of the CRF (Rmax), semisaturation
constant (C50), slope (n), and baseline neural response (b). All of the
parameters were set as free for each condition. Here, we focus on exam-
ining changes in three of the parameters: Rmax, C50, and b. Significant
differences for any of these parameters between conditions would indicate
different modulatory signatures of the CRFs by cognitive arousal. For
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example, one way the CRF can be altered is through a contrast gain
change, or a horizontal shift of effective contrast (C50), leading to shifts
in sensitivity optimized around low-to-mid contrast levels. Another
way is through a response gain change, or a multiplicative gain (vertical
shift in Rmax), leading to an enhanced maximum response, with the
effect occurring maximally at high contrasts. Furthermore, the CRF can
also be additively modulated, increasing baseline activity (b) for a neural
population, without necessarily improving the signal-to-noise ratio for
contrast perception. The upper bound of the Rmax was constrained to
10, which is considerably larger than typical observed amplitudes of the
CRF. The semisaturation constant parameter (C50) was bounded
between 0 and 100% contrast and the slope parameter (n) was bounded
between 0 and 10 (see Fig. 2 for example modulations).

Statistical analysis. For the group analyses, we employed a
subject-level resampling technique to examine variation in the parame-
ters of the fitted Naka–Rushton function between the low and high
arousal conditions. We performed 100,000 bootstrap samples by ran-
domly selecting N-1 subjects (sampled with replacement) from a total
of N subjects, where N represents the sample size. In each bootstrap
sample, we fitted Naka–Rushton functions to the average CRFs across
subjects for each condition. By comparing the parameters of the
Naka–Rushton function between the high arousal and low arousal con-
ditions for each bootstrap sample, we obtained a distribution of 100,000
values representing the difference between arousal conditions. To assess
the significance of these difference distributions, we calculated the 95%
confidence interval as well as the proportion of values that were either
greater than zero or less than zero and then doubled the smaller propor-
tion to obtain a two-sided p value.

To test the reliability of the modulatory pattern by arousal on the
CRFs within a given individual, a nested hypothesis test, comparing sepa-
rate fits for each condition (Hard, Easy) versus one fit for both condition,
was performed. For each observer, we generated 5,000 bootstrapped CRFs
for each arousal condition within a visual area (V1–V3), by resampling
the data across runs with replacement. Subsequently, a nested hypothesis
test was performed on each of the bootstrapped CRFs, yielding an F sta-
tistic and corresponding p value. The resulting distribution of p values for
each observer allowed us to calculate the proportion of p values below 0.05
across the bootstrapped CRFs. A higher proportion of p values <0.05
indicated that separate fits for Hard and Easy CRFs better explained the
data than a single fit for both conditions—providing evidence for arousal
differences on the CRF between the Easy andHard conditions, at the level
of individual subjects.

For all other analyses, Bonferroni’s correction to the number of ROIs
examined was used to control for multiple comparisons.

Results
Increasing arithmetic difficulty hinders performance and
elicits pupil dilation
In this study, we manipulated cognitive arousal through Hard
and Easy arithmetic problems in order to induce, respectively,

high and low arousal states. Consistent with prior literature, par-
ticipants exhibited better performance in the Easy arithmetic
condition (Easy mean, 98.25%; SEM: 0.69) compared with the
Hard condition (Hard mean, 81.85%; SEM: 3.41; paired t test,
t(19) = 5.50, 95% CI [10.17, 22.64], p < 0.0001). This finding indi-
cates that, on average across the group, the Hard condition was
more challenging than the Easy condition. However, individual
performance varied, with participants ranging from a 0% differ-
ence between Easy and Hard (achieving 99.07% accuracy in both
Easy and Hard conditions) to a 50.62% difference (86.42% accu-
racy in Easy, 35.80% accuracy in Hard). On average, participants
performed with a 16.40 ± 2.98 SEM percentage difference
between the Hard and Easy conditions.

In line with previous animal studies, we utilized pupil size as a
measure and proxy to differentiate between the two distinct
arousal states in our subjects. Our findings replicate prior pupil-
lometry research, demonstrating that pupil size is substantially
modulated by the difficulty of arithmetic problems (Hess and
Polt, 1964; Bradshaw, 1967; Ahern and Beatty, 1979;
Steinhauer et al., 2000; Klingner et al., 2011; Pan et al., 2022).
Specifically, we observed larger pupil size in the Hard condition
(Hard mean, 4.46 mm; SEM: 0.10), compared with the Easy con-
dition (Easy mean, 4.23 mm; SEM: 0.09). On average, there was a
0.24 ± 0.04 SEMmillimeter increase in pupil size in the Hard ver-
sus Easy condition (paired t test, t(18) = 6.05, 95% CI [0.15, 0.32],
p < 0.0001). The average size of the effect was comparable with
that seen in previous studies, where cognitive influences on pupil
size generally range from <1–5% (Mathôt, 2018). There was var-
iation in the magnitude of pupil modulation across subjects, with
individuals exhibiting a pupil size difference ranging from −0.01
to 0.58 mm between the Hard and Easy conditions. These results
provide evidence supporting the notion that subjects experienced
two different cognitive arousal states driven by the arithmetic
task.

Cognitive arousal does not modulate visuocortical contrast
response functions at the group level
After verifying that our cognitive arousal manipulation was effec-
tive in inducing different arousal states, we set out to address our
primary question: How does cognitive arousal influence visuo-
cortical contrast response functions? To investigate this, we mea-
sured the BOLD response in visual areas V1–V3 while we had
participants solved sets of Hard versus Easy arithmetic problems
(refer to Materials and Methods, Arousal manipulation) while
concurrently viewing parametrically varying contrast gratings
(see Materials and Methods, Apparatus and visual stimuli).

We deconvolved the hemodynamic response functions
(HRFs) from the BOLD response for each cognitive arousal con-
dition (Easy, Hard) as a function of stimulus contrast, allowing us
to derive low and high cognitive arousal CRFs for each of the
three visual areas (Fig. 3). To characterize the modulation of
CRFs by cognitive arousal, we then fitted the CRFs in each
arousal condition with the Naka–Rushton function (refer to
Materials and Methods, Statistical analysis). The fitting process
provided us with four essential parameters: the asymptote or
maximum response of the CRF (Rmax), the semisaturation cons-
tant (C50), the slope (n), and the baseline neural response (b),
which reflects the additive offset of the function from 0.

Whenmodulated by processes such as arousal, the neural gain
of the CRF profile has the potential to be altered in a variety of
ways. Here we explored three modulatory effects: response
gain, contrast gain, and baseline shift. Response gain refers to a
shift in the Rmax parameter, signifying that cognitive arousal

Figure 2. Potential modulations of the CRFs. Arousal may modulate the CRFs through (1) a
response gain (red), or a multiplicative gain increasing the amplitude of the CRF; (2) a contrast
gain (salmon pink), or a horizontal shift increasing sensitivity; or (3) a baseline shift (light
pink), or an additive increase of the CRF.
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leads to a multiplicative gain, resulting in an increased maximal
response, at the highest contrasts. Contrast gain is characterized
by a shift in the C50 parameter, leading to a horizontal shift of the
CRFs. Baseline shift, on the other hand, is depicted by an increase
in the b parameter, reflecting an elevation in the baseline neural
population activity.

While there appears to be a slight increase in neural CRF in
the Easy condition compared with the Hard condition at first
glance, we did not observe any statistically significant difference
in overall neural response, quantified by averaging BOLD
response across the CRF, between the two arousal conditions
(V1: t(19) = 1.26, p= 0.22, 95% CI [−0.07, 0.30]; V2: t(19) = 1.48,
p= 0.15, 95% CI [−0.06, 0.34]; V3: t(19) = 1.77, p= 0.09, 95% CI
[−0.04, 0.42]). Furthermore, there was no significant modulation
by cognitive arousal observed across all three visual areas at the
group level (refer to Table 1, Figs. 3, 4). The lack of significance

is attributed to the variability in parameter estimates across sub-
jects, illustrated in Figure 3C, which displays the difference
between Easy and Hard CRFs for each observer, and in
Figure 4, which displays the scatterplot of the model-fit parame-
ters for each observer in the Hard versus Easy conditions.
Notably, there are groups of subjects who exhibited a sizable
increase in the parameters during the Easy condition compared
with Hard, whereas others showed a sizable increase in the
Hard condition compared with Easy.

Heterogeneity in arousal’s modulation across individuals
While we found no modulatory effect by cognitive arousal on the
CRFs across visual areas at the group level, the absence of a modu-
latory effect seemed to be attributable to the diversity inmodulatory
responses observed across individuals (Figs. 3C, 4, 5). Our findings
indicate that certain individuals exhibited an enhanced neural

Figure 3. The effect of cognitive arousal on visuocortical CRFs in V1, V2, and V3. a, Deconvolved HRF from the BOLD response as a function of stimulus contrast for each cognitive arousal
condition, Easy (blue), Hard (red). To obtain CRFs, we measured the average response in each condition within a fixed window of 5–10 s (gray area). b, CRFs for the Hard and Easy condition for
each ROI. Error bars represent bootstrapped SEM across subjects. c, Difference in BOLD response at each contrast level subtracting Hard from Easy. The black line represents the group average
difference with the error bars representing SEM. The gray lines and dots represent the difference in BOLD CRFs for individuals, and the dashed line indicates no difference in neural response
between the Hard and Easy condition. There is large heterogeneity in responses with some subjects displaying a larger CRF BOLD response in the Easy compared with Hard, others displaying a
larger BOLD in Hard than Easy, and others showing little-to-no difference.
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response with increased cognitive arousal, while others demon-
strated the opposite effect, experiencing a decrease in neural
response with heightened cognitive arousal. Figure 5 displays exem-
plar subjects with a wide range of distinct modulatory patterns.

How reliable were these patterns within a subject? To estab-
lish the reliability of the observed modulatory patterns within a
subject, we conducted nested hypotheses tests aimed to deter-
mine whether separate fits for each arousal condition (Hard,
Easy) or one combined fit for both conditions provided a better
captured individual subjects’ contrast responses between the two
arousal conditions (see Materials and Methods, Statistical analy-
sis section for details). The results from these analyses confirm
the general consistency of the CRFs within individuals. On aver-
age across the group, a large proportion of individual subjects’
bootstrapped CRFs yielded F test statistics and corresponding
p values of <0.05 (V1 mean proportion: 65%, 95% CI [51,
79%]; V2 mean proportion: 65%, 95% CI [52, 78%]; V3 mean
proportion: 64%, 95% CI [51, 77%]). This suggests that separate

fits for Hard and Easy CRFs better explained the data than a sin-
gle fit for both conditions, providing evidence for arousal differ-
ences on the CRF between the Easy and Hard conditions at the
level of individual subjects.

Cognitive arousal largely evokes a baseline shift in neural
CRFs across voxels irrespective of modulation direction
After revealing the underlying heterogeneity in how cognitive
arousal modulates the CRF across individuals, we then explored
which modulatory effect best captures an individual subject’s
CRFs. To address this, we employed analyses at the individual
voxel level for each observer and ROI to examine both the hetero-
geneity and consistency of modulation across voxels, within and
across observers. In order to evaluate the modulation (response
gain, contrast gain, baseline shift) that best characterizes cogni-
tive arousal’s impact on CRFs, we fit the data tomodified versions
of the Naka–Rushton function. In this modified function, we
introduce an additional arousal coefficient,A, to explore arousal’s
modulation effect on the CRFs.

The response gain model equation was expressed as follows:

Response(c) = A ∗ (Rmax− b)
Cn

Cn + Cn
50
+ b, (2)

where the additional arousal parameter A modulates the Rmax
parameter, leading to a multiplicative response gain effect, or ver-
tical shift of the curve.

The contrast gain model equation was expressed as follows:

Response(c) = (Rmax− b)
(A ∗Cn)

(A ∗Cn)+ Cn
50
+ b, (3)

where the additional arousal parameter A modulates the CRF
through multiplication with the contrast intensity level, leading
to a contrast gain or horizontal shift of C50 and the curve.

The baseline shift model equation was expressed as follows:

Response(c) = (Rmax− (b ∗A)) Cn

Cn + Cn
50
+ (b ∗A), (4)

where the additional arousal parameter A modulates the b, or
baseline parameter, representing an increase or decrease in base-
line activity.

In addition to the three main models, we explored additional
models by examining all possible combinations of the aforemen-
tioned three models. To determine the model that best captured
the individual observer’s arousal modulation on the CRF, we ini-
tially fitted the Easy (low arousal) data using the Naka–Rushton

Figure 4. Scatterplots of Naka–Rushton parameter estimates comparing Easy versus Hard
Rmax (top row), C50 (middle row), and Baseline (bottom row), for each ROI. The dashed line
indicates the unity line of no difference in parameter estimates between Easy versus Hard.
Overall, there is large variability in parameter estimates across participants.

Table 1. Naka–Rushton parameter estimates and bootstrapping results obtained from the ROI analysis

ROI Rmax C50 Baseline

V1 Hard (mean, 95% CI) 7.95 [5.88, 9.91] 19.87 [12.00, 26.73] −1.12 [−2.09, −0.66]
Easy (mean, 95% CI) 7.92 [5.51, 9.99] 15.60 [9.83, 20.71] −1.28 [−1.89, −0.59]
p value p= 0.44 p= 0.82 p= 0.66

V2 Hard (mean, 95% CI) 4.01 [2.99, 6.24] 18.36 [13.40, 23.00] −0.74 [−1.07, −0.52]
Easy (mean, 95% CI) 4.19 [3.19, 6.24] 18.15 [12.90, 22.69] −0.40 [−0.98, 0.04]
p value p= 0.40 p= 0.49 p= 0.15

V3 Hard (mean, 95% CI) 3.51 [2.36, 5.02] 22.00 [15.97, 27.50] −0.57 [−0.86, −0.30]
Easy (mean, 95% CI) 3.78 [2.71, 5.03] 21.43 [15.22, 29.57] −0.17 [−0.63, 0.23]
p value p= 0.30 p= 0.38 p= 0.06
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equation (Eq. 1). The resulting parameter estimates (Rmax, C50,
n, b) were then treated as fixed parameters when fitting the Hard
(high arousal) data with the seven models described above
(e.g., Eqs. 2–4 and combination models). For each of the seven
models used to fit the Hard data, the additional arousal parame-
ter(s), A, was optimized in the fitting process. No upper or lower
bounds were set for the arousal parameter, enabling to capture
either increases (A > 1) or decreases (A < 1) in the associated
fixed parameters.

To determine the most parsimonious model that explains the
modulatory effect of arousal on the data, we then calculated the
corrected Akaike information criterion (AICc) using the sum of
square errors (SSE). The corrected AICc was chosen as it better
accounts for smaller sample sizes (N < 30; Hurvich and Tsai,
1989). To select the best and most parsimonious model, we
then computed ΔAICc by subtracting the minimum AICc value
among all seven models from the AICc values of each of the other
models (Burnham and Anderson, 2002). A smaller ΔAICc value
indicates a better fit of the model to the data compared with other
models.

In addition to substantial variability in modulation patterns
across participants, there was also considerable variation in the
winning model across visual areas within a participant (refer to
Fig. 5b). However, one modulatory pattern that consistently
emerged across subjects, regardless of directionality, is that of a
baseline shift.When collapsing across the sign or direction of mod-
ulation (e.g., increase in baseline vs decrease in baseline with
increased arousal), the top 4 modulatory patterns that captured
themost voxels across subjects were the following: (1) combination
of response gain and baseline shift; (2) combination of response
gain, baseline shift, and contrast gain; (3) combination of baseline
shift and contrast gain; and (4) baseline shift alone (Fig. 6).

To assess the overall prevalence of baseline shift, response
gain, and contrast gain, we calculated the percentage of occur-
rence across voxels, acknowledging that they may coexist with
other modulations. This analysis involved collapsing the data
from the seven tested models. As expected, the majority of voxels
across individuals exhibited a baseline shift modulation in
response to cognitive arousal, which was consistently present
across all three visual areas (V1: mean: 78.98%, 95% CI [76.38,

Figure 5. a, Exemplar subjects’ contrast response functions (CRFs) from visual area V3. b, The modulatory patterns that best capture the modulation by cognitive arousal across subjects and
visual areas V1–V3. The boxes represent the different modulations by arousal, with each color indicating a different modulatory effect. The shades and color placement within a given modulatory
effect (gray box) indicate different visual areas: V1 (top color), V2 (middle color), V3 (bottom color). The colored boxes display the modulation or combinations of modulations that best capture
arousal’s effect within and across observers and visual areas. Across observers, there is large heterogeneity in the modulatory effect of arousal on the CRF, with groups of subjects displaying
neural gain enhancements in the Easy and other individuals displaying enhancements in Hard, characterized by various combinations of response gain, contrast gain, and baseline shift patterns.
Within participants, there is also variability in modulatory effects by arousal on the CRF across visual areas.
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81.59]; V2: 78.82%, 95% CI [76.26, 81.37]; V3: 77.55%, 95% CI
[74.99, 80.10]). Following this, the response gain modulation
was observed (V1: 64.54%, 95% CI [61.99, 67.09]; V2: 63.29%,
95% CI [60.99, 65.58]; V3: 62.87%, 95% CI [60.62, 65.11]), fol-
lowed by the contrast gain modulation (V1: 56.16%, 95% CI
[53.69, 58.63]; V2: 53.32%, 95% CI [51.67, 54.96]; V3: 52.45%,
95% CI [50.54, 54.36]). Overall, a baseline shift seemed to best
capture cognitive arousal’s modulation via arithmetic difficulty
on population CRFs in V1–V3; however, it is crucial to note
that while a large proportion of voxels exhibited a baseline shift
modulation, this was irrespective of sign, meaning that the base-
line shift could occur in either direction, that is, a larger baseline
in the Easy condition or a larger baseline in the Hard condition.

Pupil size tracks with overall BOLD activity
One potential explanation for the observed differences in BOLD
activity, particularly in relation to the directionality of the mod-
ulation on the CRFs, could relate to variation in the subjective
difficulty of the arithmetic problems among participants. Such
variation could have resulted in imperfect experimental control
over the difference in arousal levels between the two conditions.
For instance, some participants might have found the Hard con-
dition challenging but manageable, resulting in a state of height-
ened alertness. On the other hand, other participants might have
found the Hard condition overwhelming, causing instead, a more
extreme state of arousal. To explore this possibility, we examined
the potential impact of differences in pupil size, task performance
(accuracy), and reaction time across subjects on the observed
variations in the modulatory effect of arousal on the CRFs.

We investigated pupil size as a potential indicator of individ-
ual differences in arousal levels, as pupillometry is a well-
established method for assessing arousal and effort changes in
both animals and humans (McGinley et al., 2015; Vinck et al.,
2015; Reimer et al., 2016; Mathôt, 2018). In the context of our
experiment, differences in arousal between the two difficulty con-
ditions could potentially be tracked or indicated by variations in
pupil size. Regarding the baseline (b) parameter, we did not find a
correlation between the difference in pupil size and baseline in

visual areas V1 (r=−0.12, p= 0.62), V2 (r=−0.44, p= 0.06), or
V3 (r =−0.48, p= 0.035), after correcting for multiple compari-
sons using Bonferroni’s correction to the number of ROIs.
Furthermore, our findings revealed no significant correlation
between the difference in pupil size for the Hard and
Easy conditions and the parameters C50 (V1: r= 0.16, p= 0.52;
V2: r =−0.07, p= 0.76; V3: r=−0.15, p= 0.53) and Rmax
(V1: r = −0.38, p= 0.11; V2: r=−0.22, p= 0.36; V3: r=−0.15,
p = 0.55) across all visual areas.

However, correlations were found between the difference in
pupil size and difference in overall BOLD response across all
visual areas (V1: r=−0.55, p= 0.016; V2: r=−0.69, p= 0.001;
V3: r=−0.49, p= 0.035; Fig. 7). Only visual areas V1 and V2
exhibit statistically significant results after correcting for multiple
comparisons using Bonferroni’s corrections to the number of
ROIs. Subjects who displayed a greater difference in arousal, as
measured by pupil size, between the Hard and Easy conditions
tended to exhibit a decrease in overall BOLD activity in the
Hard condition compared with the Easy condition, and subjects
who displayed a smaller difference in arousal tended to show the
opposite effect—an increase in BOLD activity in the Hard condi-
tion compared with the Easy condition. This indicates that vari-
ations in pupillary size, which may be associated with variability
in arousal and/or cognitive effort levels for the two difficulty con-
ditions among participants, may be linked to the observed het-
erogeneity in arousal’s modulation on the CRF.

Subsequently, differences in task performance (accuracy) for
the Hard and Easy arithmetic problems could serve as an indirect
measure of the difficulty experienced by subjects in the two con-
ditions. On average, participants exhibited consistently high per-
formance in the Easy task (Easy mean, 98.25%; SEM: 0.69;
Accuracy range, 86.42–100%); however, across participants there
was much higher variability in performance for the Hard task
(Hard mean, 81.85%; SEM: 3.41; accuracy range, 35.80–99.07%).
This suggests that the task difficulty for the Hard condition might
have varied across individuals, with some individuals finding it
more difficult than others. We examined the relationship between
the difference in task performance (accuracy in %) between the
Hard and Easy conditions and the corresponding signed differ-
ences in Naka–Rushton parameters (Rmax, C50, b), each of which
capture the different cognitive arousal modulatory patterns that
may impact the CRF. Moreover, we also investigated whether per-
formance played a role in overall BOLD activity and the direction

Figure 7. Pupil size and visuocortical response correlations (n= 19). Correlation between
Hard-minus-Easy pupil size and Hard-minus-Easy overall BOLD response, indicative of the
overall direction of modulation by arousal (i.e., increasing cognitive arousal enhances neural
response or decreases neural response). Overall, there is a correlation between pupil size and
overall BOLD response in V1 and V2.

Figure 6. Occurrence of baseline shift, response gain, and contrast gain modulation across
voxels in V1, V2, and V3. The percentage was calculated by collapsing across all combinations,
irrespective of modulation direction. Overall, the most prevalent modulatory effect induced by
cognitive arousal on the CRF across voxels and the entire group is the baseline shift, which
remains consistent across visual areas. Each colored data point represents an individual.
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of modulation (i.e., increased neural response in Easy condition vs
increased response in Hard) across individuals. Our analysis
revealed no correlation between performance and the modulatory
pattern of the CRF (Naka–Rushton parameters, Rmax, C50, b),
nor the direction ofmodulation (overall BOLD activity) influenced
by cognitive arousal across all visual areas (Table 2). Furthermore,
we found no evidence of a speed–accuracy tradeoff; subjects with
longer reaction times did not necessarily exhibit higher perfor-
mance. No correlation was also found between reaction time
and performance (r=−0.40, p=0.08), nor between reaction time
and overall BOLD activity and Naka–Rushton parameters
(Table 3).

Cognitive arousal task induces activation in task-positive
regions
The observed differences in visuocortical CRF responses by cog-
nitive arousal might also be related to variability in effort or
attention exerted by participants between the two conditions.
As additional analysis, we examined two network regions of
interest: the DMN and the DAN. The DMN comprises three
major subdivisions: the ventral medial prefrontal cortex, the dor-
sal medial prefrontal cortex, and the posterior cingulate cortex
along with the adjacent precuneus and lateral parietal cortex.
During externally oriented task performance, the DMN typically
exhibits decreased activity compared with periods of relaxed
nontask-related activity, especially if the task is attentionally
demanding and/or goal-directed (Raichle, 2015). On the other
hand, the DAN is a task-positive network, consisting of bilateral
intraparietal sulcus (IPS) and frontal eye fields (FEF), and it
becomes active during attentional tasks (Vossel et al., 2014).

Consistent with previous research, we observed greater BOLD
deactivation in the DMN in the Hard condition (Hard mean,
−0.09; SEM: 0.03) compared with the Easy condition (Easy
mean, −0.04; SEM: 0.02; t(19) = 2.27, 95% CI = [0.004, 0.10], p=
0.035; Fig. 8). Regarding the DAN, we found task-positive activa-
tion, with greater BOLD activation in the Hard condition (Hard
mean, 0.18; SEM: 0.03) compared with the Easy condition (Easy
mean, 0.10; SEM: 0.03; t(19) =−4.8721, 95% CI = [−0.11, −0.05],
p= 0.0001; Fig. 8). However, only the DAN was significant after
correcting for multiple comparisons, supporting the notion that

the Easy and Hard conditions successfully manipulated cognitive
load and/or effort (Weber et al., 2022).

Discussion
Our vision is influenced by a variety of processes at any given
moment. However, our understanding of how arousal state
influences visual processing in humans remains poorly understood,
which is surprising given the dynamic nature of arousal in everyday
experience. In this study, we focused on exploring the influence of
cognitive arousal, manipulated using arithmetic task difficulty, on
population CRFs in the early visual cortex. We found that arousal’s
modulatory effects on visual processing can manifest in different
patterns among individuals, with some experiencing enhancement
and others exhibiting a decrease in visual responses. This variation
might arise due to the arousal manipulation (i.e., arithmetic
difficulty) employed in our study, which interacts with multiple
higher-order cognitive systems and processes, whereas previous
studies focused onmore primary forms of arousal, such as locomo-
tion, emotion, reward, and pain/fear (Cano et al., 2006; Phelps et al.,
2006; Niell and Stryker, 2010; Zhuang et al., 2014; McGinley et al.,
2015; Vinck et al., 2015; Kim et al., 2017; Shimaoka et al., 2018).

In our experiment, while we observed differences in pupil size,
performance, and DAN activity between the two arithmetic
difficulty conditions, we did not precisely control and titrate the
difficulty levels of arithmetic problems for each individual.
Consequently, this lack of titration could lead to inconsistent
arousal states among individuals in the high arousal condition.
For instance, one observer might experience the hard-arithmetic
problems as extremely difficult and stressful, while another might
find them challenging yet engaging. Interestingly, correlations
between pupil size, a measure of arousal, and BOLD activity
revealed that subjects with smaller differences in pupil size
exhibited increased BOLD activity with cognitive arousal, whereas
subjects with larger arousal differences between the two conditions
tended to exhibit a decrease overall BOLD activity with cognitive
arousal. Taking into consideration the potential disparity in
arousal states across individuals between the two conditions, our

Table 2. Correlations between performance (accuracy) and Naka–Rushton
parameter estimates and overall BOLD

ROI Rmax C50 Baseline Overall BOLD

V1 Correlation with performance r= 0.41 r= 0.23 r= 0.34 r= 0.39
p value p= 0.07 p= 0.32 p= 0.14 p= 0.09

V2 Correlation with performance r= 0.26 r=−0.30 r= 0.37 r= 0.27
p value p= 0.26 p= 0.19 p= 0.11 p= 0.25

V3 Correlation with performance r= 0.33 r=−0.17 r= 0.17 r= 0.12
p value p= 0.15 p= 0.47 p= 0.46 p= 0.61

Table 3. Correlations between reaction time and Naka–Rushton parameter
estimates and overall BOLD

ROI Rmax C50 Baseline Overall BOLD

V1 Correlation with reaction time r= 0.22 r=−0.29 r=−0.28 r= 0.14
p value p= 0.35 p= 0.22 p= 0.24 p= 0.55

V2 Correlation with reaction time r= 0.33 r=−0.19 r=−0.41 r=−0.31
p value p= 0.16 p= 0.42 p= 0.07 p= 0.18

V3 Correlation with reaction time r=−0.08 r=−0.22 r=−0.24 r=−0.08
p value p= 0.74 p= 0.34 p= 0.31 p= 0.78

Figure 8. Average BOLD response in the default mode network and dorsal attention
network ROIs under the Easy and Hard condition.
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results suggest that cognitive arousal’s influence on visual contrast
processing is not monotonic.

In a recent study, Sawetsuttipan et al. (2023) discovered that
perceptual difficulty had a nonlinear inverted U-shaped impact
on the response gain modulation of neural CRFs, analogous to
the Yerkes–Dodson law, which maps the relationship between
arousal and performance. This law suggests that intermediate
levels of arousal lead to optimal performance, while either too
much or too little can be detrimental to performance (Yerkes
and Dodson, 1908; Broadhurst, 1957; Alhola and Polo-Kantola,
2007; Diamond et al., 2007). Sawetsuttipan et al.’s findings indi-
cated that intermediate difficulty levels resulted in larger neural
gain of the CRFs compared with lower or higher difficulty levels.
Similar relationships have also been observed in animal studies
involving rats, where the LC-NE system and sensory evoked neu-
ral response of rat thalamic neurons also followed an inverted U
pattern. In this context, increasing LC-NE output, which is asso-
ciated with different waking behavioral states (Aston-Jones and
Cohen, 2005; Sara and Bouret, 2012), led to a peak in sensory
evoked response in the somatosensory terminal fields at interme-
diate levels of LC-NE output and arousal but then led to a decline
in evoked response with further increasing levels of LC-NE out-
put corresponding to states of hyperarousal (Devilbiss and
Waterhouse, 2000, 2004, 2011; Devilbiss et al., 2006;
Waterhouse and Navarra, 2019).

Therefore, in this study, the relationship between cognitive
arousal and visuocortical response might also be interpreted in
terms of an inverted U relationship. The polarity with which cog-
nitive arousal modulates visuocortical responses could be linked
to individual differences in the task-induced increment in arousal
in the context of an underlying non-monotonic function. To
illustrate this, we first assume that all participants start at the
same level of arousal in the “Easy” arithmetic condition, as there
was little variance around the performance level in this condition.
In this case, a hypothetical starting point for an individual’s
arousal state in the “Easy” condition might be slightly to the
left of the peak of the curve (Fig. 9, point a). Participants with
the smallest pupil difference between conditions may have their
arousal level in the high arousal “Hard” arithmetic condition
aligned with the peak of arousal on the curve, resulting in
enhanced BOLD response in the “Hard” condition (Fig. 9,
point b). As the pupil size difference between conditions
increases, individuals that displayed mid-level differences in
pupil size across the group tended to show little-to-no difference
in BOLD activity between the “Hard” and “Easy” conditions. For
these participants, the arousal level in the “Hard” condition
might mirror the starting point arousal level in the “Easy” condi-
tion on the other side of the peak. Consequently, even though
arousal levels differ, the BOLD response to these two arousal
states may exhibit similar visual responsivity (Fig. 9, point c).
Lastly, individuals who exhibited the largest difference in pupil
size between the two conditions may have the arousal level in
the “Hard” condition fall further along the function, where
increased arousal becomes detrimental to visuocortical process-
ing, leading to a decrease in neural response in the “Hard” con-
dition compared with the “Easy” condition (Fig. 9, point d).

While the relationship between cognitive arousal and visuo-
cortical CRF responses presented in the illustration offers a
simplified potential explanation, we acknowledge several
assumptions and limitations related to using pupil size as the
sole measure of arousal. Firstly, the design of this experiment
does not allow for precise determination of the subjects’ arousal
levels in the two conditions and direct comparisons between

individuals; at most, we can only compare arousal levels within
an individual. For instance, one subject may perceive the
“Easy” condition as too simple, leading to disengagement or
drowsiness during the task, while another subject might find
the “Easy” condition engaging and stimulating. Since identifying
absolute arousal levels was not the primary objective of this
study, we cannot make such interindividual comparisons. It is
also unclear whether similar increases in arousal consistently
translate into comparable increases in both pupil and neural
responses across individuals. Furthermore, although pupillome-
try is a popular and widely used method to measure and track
arousal, in our experiment, changes in pupil size cannot solely
be attributed to changes in arousal level. Pupil size changes
also reflect differences in cognitive effort, load, attention, and
other endogenous factors, which may interact and contribute
to the arousal states observed during the arithmetic task.
Distinguishing these different factors within the observed pupil-
lary changes is challenging, as our arithmetic task likely impacts
not only arousal but also other interrelated elements such as
effort and attention. Therefore, future research can explore indi-
vidualized arithmetic difficulty levels to accurately determine
each participant’s position on the Yerkes–Dodson curve under
various arithmetic conditions, tasks, and arousal states.

While our arousal manipulation was chosen based on pupil-
lometry work demonstrating the reliable impact of arithmetic
difficulty on pupil size (Hess and Polt, 1964; Bradshaw, 1967;
Ahern and Beatty, 1979; Steinhauer et al., 2000; Klingner et al.,
2011; Pan et al., 2022), a limitation of this manipulation is the
inability to disentangle the differential roles of arousal, attention,
and higher-order cognitive processing (e.g., effort, load) in mod-
ulating both pupil size and visuocortical responses. Furthermore,
the use of auditory stimuli, which have been shown to influence
visuocortical responses (Cate et al., 2009; Petro et al., 2017),
introduces the possibility of a potential interaction between the
auditory stimuli and the observed visual responses. Moreover,
observers likely allocated varying levels of attention toward the
auditory stimuli in the Hard versus Easy conditions, with these

Figure 9. Illustration of the potential inverted U relationship between cognitive arousal
and corresponding neural response of contrast response functions (CRFs), as observed in
the study. Subjects displaying minimal arousal difference between difficulty conditions
(Easy, Hard), as measured by pupil size, show enhanced neural responses with increasing
arousal, which may be due arousal levels falling along the peak of the curve. However, as
the arousal difference between the two conditions increases, a shift in the modulatory pattern
occurs, resulting in a decrease in neural response for individuals with the largest pupillary
difference, which could be a result of arousal levels exceeding the peak of the curve, leading
to diminishing responses. It is important to note that this relationship assumes all subjects
start at the same level of arousal in the Easy condition.
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attentional differences potentially interacting or intertwining
with arousal levels. The arithmetic manipulation could be
influenced by various factors, including differences in
problem-solving strategies, expertise, expended effort, psycho-
logical stress from arithmetic, and more (LeFevre et al., 1996;
Campbell and Xue, 2001; Lemaire and Lecacheur, 2010).
Future research can delve into the contributions of these different
processes and their interactions in influencing pupillary size and
visual processing. Additionally, exploring more primary forms of
arousal, such as endogenous fluctuations, locomotion, pain, and
emotion, in future studies could provide insight into whether
arousal’s modulation in these less cognitive-driven arousal states
yields more consistent effects on visuocortical responses across
individuals or whether individual differences still persist.
Interestingly, previous studies examining the effects of various
forms of arousal, such as emotion, aversive stimuli, rewards,
stress, and anxiety, on early visual processing have yielded mixed
results across studies, with some showing improvement and oth-
ers indicating impairment in performance [e.g., improvement
(Phelps et al., 2006); impairment (Most et al., 2007); combination
(Song and Keil, 2013)], suggesting that the Yerkes–Dodson law
may also play a role in various forms of arousal. Further work
is needed to parametrically manipulate the level of arousal to
map out individual subjects’ Yerkes–Dodson functions of arousal
and to test whether arousal and cognitive processes exhibit an
inverted U relationship with sensory processing.

Another limitation of our study is the potential influence of
task-related effects on the observed visual effects. In our para-
digm, the presentation of visual stimuli (contrast gratings) is
always concurrent with the auditory arithmetic tasks, making it
difficult to disentangle the effects tied to the task itself from those
specifically related to the visual stimulation. Our results do not
establish that the task-related effects depend on an interaction
with vision or would go away without a visual stimulus.
Previous research has demonstrated that task-related responses,
modulated by factors such as task difficulty and arousal, can sign-
ificantly influence fMRI activity in early visual cortex indepen-
dently of visual stimulation (Cardoso et al., 2019; Roth et al.,
2020; Burlingham et al., 2022). For instance, Burlingham et al.
(2022) observed increased response amplitudes in early visual
cortex during more difficult conditions and in trials where partic-
ipants made errors, likely reflecting an arousal-related effect.
Similarly, studies examining the influence of reward on
task-related responses have reported larger response amplitudes
and lower trial-to-trial variability with higher rewards compared
with lower rewards (Cardoso et al., 2019; Roth et al., 2020).
Therefore, there is a possibility that the modulatory effects on
visual cortex observed in our study are not solely due to task or
arousal effects but rather reflect an interaction between
task-related responses and visual responses. While our current
paradigm does not allow for a separation of these influences,
future investigations could aim to adopt a paradigm that sepa-
rates the task from the visual responses to better investigate the
individual contributions of each to visual processing. Doing so
could also enable more nuanced investigations of the effects of
stimulus and task-related components on pupil size (Kim et al.,
2023) and its role and relationship with neural processing.

Taken together, our study reports individual differences in
cognitive arousal’s modulation of visual responses, with some
individuals exhibiting enhanced neural responses with arousal,
while others display a decrease, and other subjects scattered in
between. Further research is essential to fully understand this
relationship and uncover the underlying mechanisms and

potential interactions with higher-order cognitive areas or differ-
ent processes that may account for the diverse effects observed.

References
Ahern S, Beatty J (1979) Pupillary responses during information processing

vary with Scholastic aptitude test scores. Science 205:1289–1292.
Albrecht DG, Hamilton DB (1982) Striate cortex of monkey and cat: contrast

response function. J Neurophysiol 48:217–237.
Alhola P, Polo-Kantola P (2007) Sleep deprivation: impact on cognitive per-

formance. Neuropsychiatr Dis Treat 3:553–567.
Andersson JL, Skare S, Ashburner J (2003) How to correct susceptibility dis-

tortions in spin-echo echo-planar images: application to diffusion tensor
imaging. Neuroimage 20:870–888.

Aston-Jones G, Cohen JD (2005) An integrative theory of locus coeruleus-
norepinephrine function: adaptive gain and optimal performance.
Annu Rev Neurosci 28:403–450.

Barbur J (2004) Learning from the pupil: studies of basic mechanisms and
clinical applications. Vis Neurosci 1:641–656.

Beatty J (1982) Task-evoked pupillary responses, processing load, and the
structure of processing resources. Psychol Bull 91:276–292.

Beatty J, Lucero-Wagoner B (2000) The pupillary system. In: Handbook of
psychophysiology (Cacioppo JT, Tassinary LG, Berntson G, eds). Ed 2,
pp 142–162. Cambridge: Cambridge University Press.

Blakemore C, Campbell FW (1969) On the existence of neurones in the
human visual system selectively sensitive to the orientation and size of ret-
inal images. J Physiol 203:237–260.

BoyntonGM, Engel SA, Glover GH,Heeger DJ (1996) Linear systems analysis
of functional magnetic resonance imaging in human V1. J Neurosci 16:
4207–4221.

Bradshaw J (1967) Pupil size as a measure of arousal during information pro-
cessing. Nature 216:515–516.

Brainard DH (1997) The Psychophysics Toolbox. Spat Vis 10:433–436.
Broadhurst PL (1957) Emotionality and the Yerkes-Dodson law. J Exp

Psychol 54:345–352.
Buracas GT, Fine I, Boynton GM (2005) The relationship between task per-

formance and functional magnetic resonance imaging response.
J Neurosci 25:3023–3031.

Buracas GT, Boynton GM (2007) The effect of spatial attention on contrast
response functions in human visual cortex. J Neurosci 27:93–97.

Burlingham CS, Ryoo M, Roth ZN, Mirbagheri S, Heeger DJ, Merriam EP
(2022) Task-related hemodynamic responses in human early visual cortex
are modulated by task difficulty and behavioral performance. Elife 11:
e73018.

Burnham K, Anderson D (2002)Model selection and multimodel inference. A
practical information-theoretical approach, Ed 2, New York: Springer-
Verlag.

Campbell JI, Xue Q (2001) Cognitive arithmetic across cultures. J Exp Psychol
Gen 130:299–315.

CanoM, Bezdudnaya T, SwadlowHA, Alonso JM (2006) Brain state and con-
trast sensitivity in the awake visual thalamus. Nat Neurosci 9:1240–1242.

Carandini M, Heeger DJ, Movshon AJ (1997) Linearity and normalization in
simple cells of the macaque primary visual cortex. J Neurosci 17:8621–
8644.

Cardoso MMB, Lima B, Sirotin YB, Das A (2019) Task-related hemodynamic
responses are modulated by reward and task engagement. PLoS Biol 17:
e3000080.

Carrasco M (2011) Visual attention: the past 25 years. Vision Res 51:1484–
1525.

Cate AD, Herron TJ, Yund EW, Stecker GC, Rinne T, Kang X, Petkov CI,
Disbrow EA, Woods DL (2009) Auditory attention activates peripheral
visual cortex. PLoS One 4:e4645.

Cherng YG, Baird T, Chen JT, Wang CA (2020) Background luminance
effects on pupil size associated with emotion and saccade preparation.
Sci Rep 10:15718.

Dale AM (1999) Optimal experimental design for event-related fMRI. Hum
Brain Mapp 8:109–114.

Devilbiss DM, PageME,Waterhouse BD (2006) Locus ceruleus regulates sen-
sory encoding by neurons and networks in waking animals. J Neurosci 26:
9860–9872.

Devilbiss DM, Waterhouse BD (2000) Norepinephrine exhibits two distinct
profiles of action on sensory cortical neuron responses to excitatory
synaptic stimuli. Synapse 37:273–282.

12 • J. Neurosci., June 18, 2025 • 45(25):e0798242025 Pan et al. • Diverse Effects of Arousal in Human Visual Cortex



Devilbiss DM, Waterhouse BD (2004) The effects of tonic locus ceruleus
output on sensory-evoked responses of ventral posterior medial thalamic
and barrel field cortical neurons in the awake rat. J Neurosci 24:10773–
10785.

Devilbiss DM, Waterhouse BD (2011) Phasic and tonic patterns of locus coe-
ruleus output differentially modulate sensory network function in the
awake rat. J Neurophysiol 105:69–87.

Diamond DM, Campbell AM, Park CR, Halonen J, Zoladz PR (2007) The tem-
poral dynamics model of emotional memory processing: a synthesis on the
neurobiological basis of stress-induced amnesia, flashbulb and traumatic
memories, and the Yerkes-Dodson law. Neural Plast 2007:60803.

Fischl B, et al. (2004) Automatically parcellating the human cerebral cortex.
Cereb Cortex 14:11–22.

Fischl B (2012) FreeSurfer. Neuroimage 62:774–781.
Foley JM, Boynton GM (1993) Forward pattern masking and adaptation:

effects of duration, interstimulus interval, contrast, and spatial and tem-
poral frequency. Vision Res 33:959–980.

Foster JJ, Ling S (2022) Feature-based attention multiplicatively scales the
fMRI-BOLD contrast-response function. J Neurosci 42:6894–6906.

Gardner JL, Sun P, Waggoner RA, Ueno K, Tanaka K, Cheng K (2005)
Contrast adaptation and representation in human early visual cortex.
Neuron 47:607–620.

Greve DN, Fischl B (2009) Accurate and robust brain image alignment using
boundary-based registration. Neuroimage 48:63–72.

Hara Y, Pestilli F, Gardner J (2014) Differing effects of attention in single-
units and populations are well predicted by heterogeneous tuning and
the normalization model of attention [original research]. Front Comput
Neurosci 8:8–12.

Hayes TR, Petrov AA (2016) Mapping and correcting the influence of
gaze position on pupil size measurements. Behav Res Methods 48:510–527.

Hess EH, Polt JM (1964) Pupil size in relation tomental activity during simple
problem-solving. Science 143:1190–1192.

Hurvich CM, Tsai C-L (1989) Regression and time series model selection in
small samples. Biometrika 76:297–307.

Itthipuripat S, Sprague TC, Serences JT (2019) Functional MRI and
EEG index complementary attentional modulations. J Neurosci 39:
6162–6179.

Joshi S, Li Y, Kalwani RM, Gold JI (2016) Relationships between pupil dia-
meter and neuronal activity in the locus coeruleus, colliculi, and cingulate
cortex. Neuron 89:221–234.

Kahneman D, Beatty J (1966) Pupil diameter and load on memory. Science
154:1583–1585.

Kay KN, Winawer J, Mezer A, Wandell BA (2013) Compressive spatial sum-
mation in human visual cortex. J Neurophysiol 110:481–494.

Kim D, Lokey S, Ling S (2017) Elevated arousal levels enhance contrast per-
ception. J Vis 17:14.

Kim JH, Yin C, Merriam EP, Roth ZN (2023) Pupil size is sensitive to low-
level stimulus features, independent of arousal-related modulation.
eNeuro 10:ENEURO.0005-0023.2023.

Kleiner M, Brainard DH, Pelli D (2007) What’s new in Psychtoolbox-3?
Perception 36:1–16.

Klingner J, Tversky B, Hanrahan P (2011) Effects of visual and verbal presen-
tation on cognitive load in vigilance, memory, and arithmetic tasks.
Psychophysiology 48:323–332.

Lee TH, Baek J, Lu ZL, Mather M (2014) How arousal modulates the visual
contrast sensitivity function. Emotion 14:978–984.

LeFevre J-A, Bisanz J, Daley KE, Buffone L, Greenham S, Sadesky GS (1996)
Multiple routes to solution of single-digit multiplication problems. J Exp
Psychol Gen 125:284–306.

Lemaire P, Lecacheur M (2010) Strategy switch costs in arithmetic problem
solving. Mem Cognit 38:322–332.

Magnussen S (2000) Low-level memory processes in vision. Trends Neurosci
23:247–251.

Mathôt S (2013) A simple way to reconstruct pupil size during eye blinks.
Mathôt S (2018) Pupillometry: psychology, physiology, and function. J Cogn

1:16.
McGinley MJ, David SV, McCormick DA (2015) Cortical membrane poten-

tial signature of optimal states for sensory signal detection. Neuron 87:
179–192.

Moeller S, Yacoub E, Olman CA, Auerbach E, Strupp J, Harel N, Uğurbil K
(2010) Multiband multislice GE-EPI at 7 tesla, with 16-fold acceleration
using partial parallel imaging with application to high spatial and tempo-
ral whole-brain fMRI. Magn Reson Med 63:1144–1153.

Most SB, Smith SD, Cooter AB, Levy BN, Zald DH (2007) The naked truth:
positive, arousing distractors impair rapid target perception. Cogn Emot
21:964–981.

Murray SO (2008) The effects of spatial attention in early human visual cortex
are stimulus independent. J Vis 8:2.

Naka KI, RushtonWA (1966) S-potentials from luminosity units in the retina
of fish (Cyprinidae). J Physiol 185:587–599.

Niell CM, Stryker MP (2010) Modulation of visual responses by behavioral
state in mouse visual cortex. Neuron 65:472–479.

Pan J, Klímová M, McGuire JT, Ling S (2022) Arousal-based pupil modula-
tion is dictated by luminance. Sci Rep 12:1390.

Pan J, Sun X, Park E, Kaufmann M, Klimova M, McGuire JT, Ling S (2024)
The effects of emotional arousal on pupil size depend on luminance. Sci
Rep 14:21895.

Pearson J, Brascamp J (2008) Sensory memory for ambiguous vision. Trends
Cogn Sci 12:334–341.

Pelli DG (1997) The VideoToolbox software for visual psychophysics: trans-
forming numbers into movies. Spat Vis 10:437–442.

Pestilli F, Carrasco M, Heeger DJ, Gardner JL (2011) Attentional enhance-
ment via selection and pooling of early sensory responses in human visual
cortex. Neuron 72:832–846.

Petro LS, Paton AT, Muckli L (2017) Contextual modulation of primary
visual cortex by auditory signals. Philos Trans R Soc Lond B Biol Sci
372:1714.

Phelps EA, Ling S, Carrasco M (2006) Emotion facilitates perception
and potentiates the perceptual benefits of attention. Psychol Sci 17:292–
299.

Polimeni JR, Balasubramanian M, Schwartz EL (2006) Multi-area visuotopic
map complexes in macaque striate and extra-striate cortex. Vision Res 46:
3336–3359.

Priebe NJ, Ferster D (2012) Mechanisms of neuronal computation in mam-
malian visual cortex. Neuron 75:194–208.

Raichle ME (2015) The brain’s default mode network. Annu Rev Neurosci 38:
433–447.

Reimer J, McGinley MJ, Liu Y, Rodenkirch C, Wang Q, McCormick DA,
Tolias AS (2016) Pupil fluctuations track rapid changes in adrenergic
and cholinergic activity in cortex. Nat Commun 7:13289.

Reuter M, Rosas HD, Fischl B (2010) Highly accurate inverse consistent reg-
istration: a robust approach. Neuroimage 53:1181–1196.

Roth ZN, Ryoo M, Merriam EP (2020) Task-related activity in human visual
cortex. PLoS Biol 18:e3000921.

Sagi D (2011) Perceptual learning in vision research. Vision Res 51:1552–
1566.

Sara SJ, Bouret S (2012) Orienting and reorienting: the locus coeruleus medi-
ates cognition through arousal. Neuron 76:130–141.

Sasaki Y, Rajimehr R, Kim BW, Ekstrom LB, Vanduffel W, Tootell RB (2006)
The radial bias: a different slant on visual orientation sensitivity in human
and nonhuman primates. Neuron 51:661–670.

Sawetsuttipan P, Phunchongharn P, Ounjai K, Salazar A, Pongsuwan S,
Intrachooto S, Serences JT, Itthipuripat S (2023) Perceptual difficulty reg-
ulates Attentional gain modulations in human visual cortex. J Neurosci
43:3312–3330.

Shimaoka D, Harris KD, Carandini M (2018) Effects of arousal onmouse sen-
sory cortex depend on modality. Cell Rep 22:3160–3167.

Smith SM, et al. (2004) Advances in functional and structural MR image anal-
ysis and implementation as FSL. Neuroimage 23:S208–S219.

Song I, Keil A (2013) Affective engagement and subsequent visual processing:
effects of contrast and spatial frequency. Emotion 13:748–757.

Steinhauer SR, Condray R, Kasparek A (2000) Cognitive modulation of mid-
brain function: task-induced reduction of the pupillary light reflex. Int J
Psychophysiol 39:21–30.

Tootell RB, Hadjikhani N, Hall EK, Marrett S, Vanduffel W, Vaughan JT,
Dale AM (1998) The retinotopy of visual spatial attention. Neuron 21:
1409–1422.

van der Kouwe AJW, Benner T, Salat DH, Fischl B (2008) Brain morphom-
etry with multiecho MPRAGE. Neuroimage 40:559–569.

VinckM, Batista-Brito R, Knoblich U, Cardin JA (2015) Arousal and locomo-
tion make distinct contributions to cortical activity patterns and visual
encoding. Neuron 86:740–754.

Vinke LN, Bloem IM, Ling S (2022) Saturating nonlinearities of contrast
response in human visual cortex. J Neurosci 42:1292.

Vossel S, Geng JJ, Fink GR (2014) Dorsal and ventral attention systems: dis-
tinct neural circuits but collaborative roles. Neuroscientist 20:150–159.

Pan et al. • Diverse Effects of Arousal in Human Visual Cortex J. Neurosci., June 18, 2025 • 45(25):e0798242025 • 13



Waterhouse BD, Navarra RL (2019) The locus coeruleus-norepinephrine sys-
tem and sensory signal processing: a historical review and current per-
spectives. Brain Res 1709:1–15.

Weber S, Aleman A, Hugdahl K (2022) Involvement of the default mode net-
work under varying levels of cognitive effort. Sci Rep 12:6303.

Winawer J, Horiguchi H, Sayres RA, Amano K, Wandell BA (2010) Mapping
hV4 and ventral occipital cortex: the venous eclipse. J Vis 10:1.

Yeo BT, et al. (2011) The organization of the human cerebral cortex estimated by
intrinsic functional connectivity. J Neurophysiol 106:1125–1165.

Yerkes RM, Dodson JD (1908) The relation of strength of stimulus to rapidity
of habit formation. J Comp Neurol Psychol 18:459–482.

Zhuang J, Bereshpolova Y, Stoelzel CR, Huff JM, Hei X, Alonso JM, Swadlow
HA (2014) Brain state effects on layer 4 of the awake visual cortex.
J Neurosci 34:3888–3900.

14 • J. Neurosci., June 18, 2025 • 45(25):e0798242025 Pan et al. • Diverse Effects of Arousal in Human Visual Cortex


	 Introduction
	 Materials and Methods
	Outline placeholder
	Outline placeholder
	 Participants
	 Apparatus and visual stimuli
	 Arousal manipulation
	 Experimental design—population contrast response function
	 Eye tracking and analysis
	 MRI data acquisition
	 Anatomical analysis
	 Population receptive fields
	 Functional data analysis
	 Voxel selection
	 Contrast response estimation
	 Model fitting
	 Statistical analysis



	 Results
	 Increasing arithmetic difficulty hinders performance and elicits pupil dilation
	 Cognitive arousal does not modulate visuocortical contrast response functions at the group level
	 Heterogeneity in arousal’s modulation across individuals
	 Cognitive arousal largely evokes a baseline shift in neural CRFs across voxels irrespective of modulation direction
	 Pupil size tracks with overall BOLD activity
	 Cognitive arousal task induces activation in task-positive regions

	 Discussion
	 References

