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ABSTRACT
Previous research has shown that while larger phasic pupillary activity indexes lower switch costs and better performance on a 
Stroop task, greater tonic pupillary activity indexes greater exploration. However, the direct influence of tonic–phasic pupillary 
activity on cognitive flexibility and cognitive stability—two control modes that potentially trade off with each other—has not 
been systematically investigated. We examine these associations using a task that imposes varying requirements on flexibility 
(task switching) and stability (distractor inhibition). The task included ambiguous trials that captured participants' preference 
for cognitively flexible performance. Participants (n = 51) completed the task with pupillary measurement recording. We find a 
lower preference to voluntarily switch (lower flexibility preference) in individuals with higher switch costs (lower ability/effort 
exerted to be flexible) and in individuals with faster RTs on Distractor Inhibition trials (higher stability), indicating a possible 
trade off between an individual's cognitively stable performance and the preference to be flexible. Examining pupillary data, we 
show that a larger phasic pupillary response in Task Switch trials is associated with lower switch costs, that is, higher flexibility. 
Individuals with larger average tonic pupil diameter were less likely to voluntarily switch tasks in ambiguous trials (i.e., lower 
flexibility preference), contrary to our expectations. Finally, we observed that higher tonic pupillary measures predicted quicker 
errors on trials measuring cognitive stability and greater overall task disengagement. Taken together, our findings shed light 
on the differential relationships between phasic pupillary activity and tonic pupil diameter and stable versus flexible modes of 
cognitive control.

1   |   Introduction

An individual's performance on a cognitive task is related not 
only to acquired skills, but also to adaptability to changes in task 
demand. This adaptability of behavior favoring the processing of 
task-relevant information over other sources of competing infor-
mation is referred to as cognitive control (Cohen and Braver 1996). 
Cognitive control has been broadly categorized into stable 

or flexible performance modes (Fröber and Dreisbach  2017; 
Papadopetraki et al. 2019; Serrien and O'Regan 2019). Cognitive 
stability refers to the ability to focus on the task at hand, while 
inhibiting irrelevant environmental distractors—for example, 
focusing on one conversation at a busy social gathering, or in-
hibiting (often conflicting) task-relevant information such as 
word identity in the classic Stroop  (1935) task or stimulus lo-
cation in Flanker-like tasks (Eriksen and Eriksen  1974). In 
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these situations, task-irrelevant stimuli often conflict with task-
relevant stimuli, eliciting incompatible responses (Egner and 
Hirsch 2005) which necessitate stable maintenance of goals in 
the face of distracting information. The flexible mode of con-
trol, in contrast, entails readily shifting between tasks (or task 
rules), in order to adapt to relevant environmental changes. In 
everyday life, flexible control can help us to shift between task 
sets, for example to switch rules during a card game or code-
switching in a bilingual environment. Experimentally, the 
flexible control mode is most classically operationalized in task 
switching paradigms, which require rapid shifting between dif-
ferent task rules (Dreisbach and Goschke  2004; Goschke and 
Bolte 2014; Ionescu 2012; Papadopetraki et al. 2019). The vary-
ing demands of controlled behavior are thought to impose an 
antagonistic relationship between flexible and stable processing 
modes: at times, one needs to maintain current goals in the face 
of distracting stimuli, but at other times, one may need to flex-
ibly switch between goals or task sets. According to this view, 
these two processing modes effectively trade off, with a greater 
processing flexibility (e.g., being able to flexibly change tasks) 
gained at the cost of lower stability, and vice versa (Dreisbach 
and Goschke 2004; Dreisbach et al. 2024).

A considerable body of work in neuroscience has been spurred 
by Adaptive Gain Theory (Aston-Jones and Cohen 2005), which 
posits a link between locus coeruleus-norepinephrine (LC-NE) 
activity, pupil diameter, and stable/flexible performance modes 
of cognitive processing. Although LC-NE firing rates contain a 
spectrum of frequencies, its two characteristic modes of activity 
are often described as phasic (10–15 Hz) and tonic firing modes 
(1–6 Hz). While the phasic mode is thought to promote stable, 
focused performance of the task at hand, the tonic mode allows 
for the influence of other environmental stimuli, thus promot-
ing flexibility (Aston-Jones et al. 1999). According to this view, 
the LC-NE system adjusts to changes in current task utility by 
modulating the gain of cortical processing mechanisms under-
pinning exploitative (or stable) versus exploratory (or flexible) 
task performance (Fröber et al. 2018). In support of this hypoth-
esis, human studies have found that baseline pupil diameter—a 
proxy for LC-NE tonic activity—tracked task disengagement as 
task difficulty increased and, concomitantly, the expected utility 
of task engagement decreased (Gilzenrat et al. 2010). Supporting 
the link between LC activity and pupil diameter, non-human 
primate studies have also observed a strong concordance be-
tween LC tonic/phasic firing modes and changes in pupil diam-
eter (Gilzenrat et al. 2010; Joshi et al. 2016; Murphy et al. 2014; 
Rajkowski et al. 1993).

Intriguingly, a large body of work has observed that larger pha-
sic pupillary responses occur during more effortful tasks (or trial 
types within a task) in comparison to less effortful tasks/trials 
(Aminihajibashi et  al.  2020; da Silva Castanheira et  al.  2021; 
Rondeel et al. 2015; Van Der Wel and Van Steenbergen 2018), 
both in situations that favor stable control as well as flexible con-
trol modes. For instance, task switching paradigms, which favor 
flexible control, engender larger phasic pupillary responses on 
task switch trials in comparison to task repetitions (da Silva 
Castanheira et al. 2021; Katidioti et al. 2014; Rondeel et al. 2015). 
A study that allowed participants to voluntarily switch tasks on 
certain trials, an indication of a more cognitively flexible state 
that increases the propensity to switch, also revealed larger 

phasic pupillary dilation when participants decided to switch 
between tasks (Katidioti et al. 2014). At the same time, in the 
classic Stroop interference task—for which a stable processing 
mode is thought to reduce response interference (Goschke and 
Bolte  2014)—incongruent trials evoked larger phasic pupil-
lary dilation in comparison to congruent trials (Hershman and 
Henik 2019; Laeng et al. 2011; Rondeel et al. 2015).

Another line of studies, informed by Adaptive Gain Theory, also 
suggests links between tonic versus phasic pupillary activity and 
behavioral expression of stable versus flexible control modes. 
For example, in an auditory oddball task, Gilzenrat et al. (2010) 
observed that larger tonic pupil diameter was associated with 
poorer performance. Using the same task, Murphy et al. (2011) 
revealed an inverted-U relationship between tonic pupil and 
response time (RT) variability (taking low RT variability as an 
index of stable cognitive control). This finding aligns with the 
inverted-U relationship between tonic pupil diameter and task 
performance predicted by Adaptive Gain Theory—similar to 
the Yerkes and Dodson (1908) performance-arousal curve—
which posits that performance is optimal at intermediate levels 
of tonic firing and declines on shifting to either extreme (low or 
high levels) of tonic activity (Aston-Jones et al. 1999). Relatedly, 
in an “n-armed bandit” reinforcement learning task, larger tonic 
pupil diameter was associated with greater rates of exploratory 
choice, interpreted as an indication of the operation of a flexible 
control state (Jepma and Nieuwenhuis  2011). Similarly, Hayes 
and Petrov (2016) observed sustained increases in pupil diam-
eter during periods of (presumably flexible) exploration in a 
Raven's Progressive Matrices task.

Based on these lines of empirical and theoretical work, the ex-
tent to which phasic pupillary activity reflects the operation 
of stable versus flexible processing modes remains unclear. 
Across studies, larger phasic pupillary dilation has been asso-
ciated with better performance in tasks favoring flexible control 
(da Silva Castanheira et al. 2021; Katidioti et al. 2014; Rondeel 
et al. 2015). At the same time, periods of larger tonic pupil di-
ameter are also associated with higher rates of reward-related 
exploration (Jepma and Nieuwenhuis 2011; Pajkossy et al. 2017) 
and task disengagement (Gilzenrat et al. 2010). Taken together, 
these studies suggest that both phasic and tonic pupillary ac-
tivity might index the operation of a flexible mode of cognitive 
control. However, according to Adaptive Gain Theory, phasic 
pupillary activity should reflect task-relevant processing, and 
the strength of these phasic responses should be greater during 
periods of higher task performance (Gilzenrat et al. 2010).

An unresolved question concerns whether tonic and phasic pu-
pillary activity map onto (or relate to) distinct control states—
that is, whether phasic versus tonic pupillary activity might 
distinctly index the operation of more stable versus flexible con-
trol modes. This ambiguity stems, in part, from the use of behav-
ioral paradigms that singularly favor one putative control mode 
over another (e.g., task-switching). Accordingly, in the present 
study, we sought to examine pupil dynamics in a task with vary-
ing trial-by-trial demands for stability and flexibility, which 
permits us to leverage both between- and within-individual 
differences to examine the extent to which phasic pupillary di-
lation and tonic pupil diameter are related to the operation of 
flexible versus stable control modes.
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To do this, we adapted a previously used cognitive control task 
for measurement of pupillary activity (Armbruster et al. 2012; 
Armbruster-Genç et al. 2016). In this paradigm (Figure 1), par-
ticipants completed four types of trials, for which performance is 
differentially informative with respect to the use of stable versus 
flexible control modes: “Regular” and “Distractor Inhibition” tri-
als, which require singular focus on the main subtask, favoring 
a stable control, as well as task-switching trials that require par-
ticipants to switch between subtasks, favoring flexible control. 
These task switches occurred either in a forced (“Task Switch”) 
or spontaneous (“Voluntary Task Switch”) fashion—which 
index an individual's dispositional (or default) tendency to em-
ploy the flexible control mode (Fröber and Dreisbach 2017). On 
Regular and Distractor Inhibition trials, participants perform a 
(frequently occurring) subtask—for example judging the parity 
of a number—with the added requirement of inhibiting an irrel-
evant (e.g., corresponding to a magnitude subtask) on Distractor 
Inhibition trials. On “Task Switch” or “Voluntary Task Switch” 
trials participants switch to and perform (a less frequent) sub-
task (e.g., magnitude judgments), with the former trial type forc-
ing switching between subtasks and the latter affording a choice 
to voluntary switch between subtasks. On the whole, the para-
digm affords characterization of individuals' use of stable pro-
cessing as a function of performance on Regular and Distractor 
Inhibition trials, and at the same time we could measure indi-
viduals' use of flexible processing by examining task-switching 
performance, as well as the possible interrelationships between 
these performance measures and voluntary task switch rates.

Furthermore, we analyzed the relationships between phasic 
(i.e., task-evoked) and tonic (slow-varying, non-task evoked) pu-
pillary activity and behavioral measures of expression of stable 

versus flexible processing across the trial types of interest. As 
previous works find that larger phasic pupillary dilations are 
typically observed during more demanding task circumstances 
(Van Der Wel and Van Steenbergen 2018), we predicted larger 
phasic pupillary dilations on Task Switch, Distractor Inhibition, 
and Voluntary Switch trials in comparison to Regular trials. We 
also examined the interrelationships between phasic pupillary 
dilations on Task Switch and Distractor Inhibition and (behav-
ioral) performance on these respective trials to probe the link be-
tween phasic pupillary activity and control modes. Based on our 
recent findings (da Silva Castanheira et al. 2021), we predicted 
that individuals with larger phasic pupillary dilations on Task 
Switch trials would exhibit reduced task switch costs (defined as 
the difference between RTs on Task Switch and Regular trials), 
an established index of flexible control (Armbruster et al. 2012).

With respect to tonic pupil diameter, we expected to observe a 
positive relationship between an individual's average tonic pupil 
diameter and their overall rate of voluntary task-switching, on 
the basis of prior work suggesting an association between larger 
tonic pupil diameter and flexible behavior (Gilzenrat et al. 2010; 
Jepma and Nieuwenhuis  2011). In addition, beyond consider-
ing average tonic pupil diameter as an individual difference, 
we also examined relationships between momentary shifts in 
tonic pupil diameter within participants—filtering trial-level 
fluctuations in pupil size (< 0.05 Hz; Yellin et al. 2015) as well as 
the impact of recent errors (Gilzenrat et al. 2010; van den Brink 
et  al.  2016)—and task performance across trial types, permit-
ting us to probe possible associations between tonic pupillary 
activity and expression of stable versus flexible cognitive control 
modes. For example, previous work has found that a larger tonic 
(or baseline) pupil diameter predicts higher false alarm rates in 

FIGURE 1    |    Schematic illustration of the voluntary switch task where participants performed the parity task with no distractors (regular trials) in 
70% of the 210 trials. In the remaining trials subjects performed the parity task with distractors (Distractor Inhibition trials), switched to magnitude 
task (forced Task Switch trials) or chose to perform either task (voluntary trials, cued using an ambiguous stimulus). Task window durations were set 
as maximum response window of 2.6 s and an inter trial level of 1–3 s during which a Gabor patch was displayed on screen.
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detection tasks (Gilzenrat et al. 2010; van den Brink et al. 2016) 
in humans, as well as increased susceptibility to distractor inter-
ference in non-human primates (Ebitz et al. 2014). Finally, on the 
basis of prior work observing relationships between tonic pupil 
diameter and performance variability (Murphy et al. 2011), we 
examined the association between fluctuations in tonic pupil di-
ameter and variability in task performance.

2   |   Methods

2.1   |   Participants

Fifty-one healthy adults with normal or corrected-to-normal vi-
sion aged between 18 and 35 years (36 females, mean age = 23.0, 
SD = 3.7) from the McGill University community were recruited 
for the study. All participants provided informed consent in ac-
cordance with the McGill University Research Ethics Board. 
Individuals with color blindness, a history of a traumatic eye 
or head injury, learning disorders, psychiatric or psychologi-
cal disorders, or sleep problems were excluded from the study. 
Participants were instructed to sleep adequately the night before 
and avoid caffeine and drugs on the day of each visit. They com-
pleted two visits scheduled at least 4 days apart, with most par-
ticipants having a 1-week interval between sessions. For 13.7% of 
participants, sessions were scheduled < 4 days or > 7 days apart. 
Both visits were scheduled at the same time of day, for the major-
ity of participants (with 29.4% participants scheduled at different 
times of the day), to reduce the influence of circadian rhythmic-
ity of attention (Valdez et al. 2005) on task performance.

On day 1, participants performed the automated Operation 
Span task (OSPAN); a measure of working memory capac-
ity (Unsworth et  al.  2005) followed by the first session of the 
task-switching paradigm (Session 1). This was succeeded by a 
filler task with two conditions (not detailed in this paper) and a 
second session of the voluntary switch task (Session 2). On Day 
2, participants performed tasks in the same order, with the ex-
ception of OSPAN (Session 3 and 4). Task sessions on both days 
began with a 1-min baseline pupil recording. Three participants 
did not complete their second visit. Two participants dropped 
out of the study as they found the eye-tracker or the seating po-
sition uncomfortable. Data from a final sample of 46 subjects 
were analyzed.

2.2   |   Stability/Flexibility Task

Our main task was based on the voluntary task-switching 
paradigm used by Armbruster et  al.  (2012) and Armbruster-
Genç et  al.  (2016), which we adapted for pupillary recording. 
We changed the task cue from the original design to reduce 
luminance-driven changes in pupillometric responses. On each 
trial, a digit between 1 and 9 (excluding 5) is shown above or 
below a central Gabor patch (see Figure  1). Participants were 
required to perform one of two subtasks on each trial—judge 
the magnitude or parity of the number. In the parity subtask, 
participants were required to indicate whether the digit on the 
screen is odd or even. In the magnitude subtask, participants 
were required to indicate whether the digit is less than or greater 
than 5. The subtask was indicated by the orientation (horizontal 

or vertical) of the Gabor patch. The vertical Gabor patch was 
at an angle of 75° while the horizontal Gabor patch was at an 
angle of 15°. For instance, for a sample participant, a horizon-
tal Gabor patch would require them to focus on the digit above 
the patch and perform the parity subtask. The orientation of the 
Gabor patch (horizontal or vertical), the spatial mapping of tasks 
(parity/magnitude task above or below the patch), as well as the 
response mapping (using left/right hand for parity/magnitude 
task) were randomized and counterbalanced across participants.

Following Armbruster et al. (2012), participants used the index 
and middle fingers on either hand (keys ‘D’, ‘F’ or ‘J’, ‘K’) to re-
spond to parity and magnitude subtasks with a maximum re-
sponse window of 2.6 s. The intertrial interval varied randomly 
between 1 and 3 s during which a noisy Gabor patch (with both 
horizontal and vertical lines) was presented on screen.

The task involved four different trial types—Regular, Task 
Switch, Distractor Inhibition, and Ambiguous trials. On Regular 
trials, participants saw one digit on the screen, above or below 
the Gabor patch, and performed the parity subtask. On the other 
three trial types, two digits appeared on screen, one above and 
one below the central Gabor patch. On Distractor Inhibition tri-
als, participants were required to perform the parity subtask (as 
in the Regular trials) but simultaneously ignore the second digit, 
which pertained to the magnitude subtask (as learned during 
preceding practice blocks). On Task Switch trials, participants 
were required to attend to the second digit and perform the mag-
nitude subtask while ignoring the first digit (which pertains to 
the parity subtask). Finally, on Ambiguous trials, the orientation 
of the Gabor patch was displayed at an angle between the two 
learned orientations, creating a perceptually ambiguous task 
cue. On these trials, participants could choose to perform either 
the magnitude or parity subtask. Participants did not have prior 
practice on Ambiguous trials, and no instructions or mention of 
these trials were made before the main task.

The first session on each day (i.e., Session 1 and 3) began with 
four practice blocks.

The first and second practice blocks each consisted of 10 trials of 
the parity and magnitude subtasks, respectively. The third block 
consisted of 10 trials each of the parity and magnitude subtasks, 
randomly intermixed, thereby requiring task switching. During 
the first three blocks, for each trial, participants were shown one 
digit on the screen. The fourth block consisted of 30 trials of the 
parity and magnitude subtasks, with two digits shown on the 
screen during magnitude trials, thereby requiring task switch-
ing and inhibition. Participants were required to achieve an ac-
curacy of 80% on each practice block (Regular and non-Regular 
trials) to progress to the main task.

The main task block consisted of 210 trials. 75% of trials were 
Regular trials. Every 2 to 5 Regular trials were followed by 
either a Task Switch, Distractor Inhibition, or Ambiguous trial. 
Each Task Switch, Distractor Inhibition, or Ambiguous trial 
was followed by a Regular trial. While response times (RTs) 
on cued (or forced) correct Task Switch trials were taken as 
an individual's ability to be flexible, the proportion of cho-
sen task switches on Ambiguous trials—in which partici-
pants chose to complete the magnitude subtask instead of 
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the more frequent parity subtask—was taken as indicative of 
an individual's disposition (or preference) for flexible control 
(Armbruster et  al.  2012). In addition, correct RTs and accu-
racy on Distractor Inhibition trials were indicative of the ex-
pression of a stable processing mode.

The Gabor patch and the digit colors were isoluminant with 
respect to the background to avoid luminance-driven pupil-
lary change in pupil diameter. The task was presented using 
PsychoPy (Version 1.85.2), with the pupillary recording anno-
tated with stimuli and response onsets and offsets. Each session 
of the main task was completed by participants in approximately 
12 min.

2.3   |   Pupillary Data Recording

All task sessions for all participants were conducted in the 
same experiment room with the ambient room lighting set at 
a constant low level between 100 and 103 cd/m2 throughout 
data collection. The positions of the chin rest, testing com-
puter, and eyetracker were kept constant across subjects. We 
used a 24-in. monitor set to a resolution of 1280 × 1024 pix-
els with brightness maintained at a luminance level of 22 cd/
m2 (measured at the distance of the eye-tracker chin rest). 
Luminance measurements were obtained using a ColorCAL 
MKII colorimeter (Cambridge Research Systems, Rochester, 
Kent, United Kingdom). Participants' right pupil diameter was 
measured throughout the experiment using an EyeLink 1000 
eye tracker (SR Research, Osgoode, ON) at a sampling rate of 
250 Hz.

2.4   |   Behavioral Data Analysis

Data from the voluntary switch task from the four study ses-
sions were included in all analyses, with the addition of nui-
sance variables to control for session number, the condition 
of the filler task, and counterbalanced task order. Ambiguous 
trials in which participants chose to repeat the parity subtask 
were considered Voluntary Repeat trials, while ambiguous tri-
als in which participants chose to (switch and) perform the 
magnitude subtask were considered Voluntary Switch trials. 
Individual preference to voluntarily switch was measured 
as the percentage voluntary switches on ambiguous trials. 
RTs on correct trials were log-transformed to mitigate skew. 
Switch costs were defined as (the log of) the difference in 
median RTs between correct Task Switch trials and correct 
Regular repeat trials.

2.5   |   Pupillary Data Analysis

Pupillary data were preprocessed in MATLAB (Version 2020a). 
First, eye blinks were detected and corrected using linear inter-
polation. As previous studies demonstrate that stimulus-evoked 
(i.e., phasic) pupillary responses are typically observable below 
4 Hz (Hoeks and Levelt  1993; Nakayama and Shimizu  2004), 
we applied a low-pass (4 Hz) Butterworth filter to phasic pu-
pillary responses (from stimulus onset of each trial to 200 ms 
before the stimulus onset of the next). Next, following previous 

work, we removed low-frequency drifts by applying a high-pass 
Butterworth filter of 0.2 Hz (Knapen et  al.  2016). In line with 
prior research, pupil diameters were z-scored within each ses-
sion to ensure comparability across sessions (de Gee et al. 2014; 
Nassar et al. 2012; Urai et al. 2017) and baseline corrected on 
a trial-by-trial basis by subtracting the average pupil diame-
ter in the 200 ms before stimulus onset (da Silva Castanheira 
et al. 2021).

Phasic pupillary dilations were calculated as the average dila-
tion in the window between 900 to 1900 ms after stimulus onset 
(Figure 3A,B show the time course of phasic pupillary response 
and average phasic dilation). The time window of interest was 
chosen to capture the order of peaks of phasic pupillary dila-
tions across all trial types (Figure 3A), as well as time periods 
with the largest number of observations (which were depen-
dent on participants' RTs). Across all trial types, 90%–93% of 
trials have complete pupillary time course data in this window 
(900–1900 ms).

Baseline tonic pupil was measured as the average diameter in 
the 200 ms before stimulus onset. A power spectrum analy-
sis (following (Joshi et al. 2016; Nakayama and Shimizu 2004; 
Peysakhovich et al. 2015) using the PSD function in MATLAB 
(MathWorks Inc.)) of the 1-min pupillary recording taken prior 
to the task indicated that the highest recorded frequency of base-
line tonic pupil was 3 Hz. Accordingly, we applied a low-pass 
Butterworth filter of 3 Hz to the pre-trial baseline tonic pupil 
to remove any spillover effects of phasic pupil dilation on tonic 
pupil. No high-pass filter was applied on baseline tonic pupil 
data. For within-participant trial-level analyses of tonic pupil, 
we z-scored pre-trial baseline tonic pupil within each session. 
For moving average analyses of tonic pupil, based on spectral 
power distribution of filtered tonic pupil diameter, we used a 
window of 10 trials. To analyze session-level tonic pupil, we z-
scored, across sessions and participants, the session-level aver-
age baseline tonic pupil.

Trial-level tonic and phasic pupil data requiring more than 
50% interpolation in the time window of interest were re-
moved from further analysis, following previous work 
(McGowan et  al.  2019). To avoid the influence of task nov-
elty on pupil diameter, we also excluded the first ten trials 
of each session (which contained only Regular trials). To ac-
count for any remaining linear influence of time on task on 
pupillary variables of interest, trial number was included as 
a covariate in linear regressions. The last trial was excluded 
as the complete pupillary response was not captured in the 
eye tracker recording. Pupillary recordings from 7 sessions 
(across 5 participants) were excluded from analyses due to 
technical issues arising from eye-tracker calibration record-
ings or excessive head movement. Trials with response times 
less than or greater than 3 standard deviations away from the 
mean, as well as trials with no responses, were excluded from 
all analyses.

2.6   |   Inferential Statistics

We estimated regressions using Bayesian multilevel mod-
els, using the brms package for the R programming language 
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(Bürkner 2017). For each model, we ran 4 chains (Bürkner 2018), 
each with 1000 warmup samples and a minimum 2000 itera-
tions (for a few models more iterations were run to get reliable 
estimates, that is, R-hat less than 1.01 for each estimate). To 
analyze binary outcomes (e.g., trial-level voluntary switching) 
we used multilevel logistic regressions. We used weakly in-
formative standard normal priors. Our regression models also 
included nuisance variables representing the trial number (to 
capture practice effects), the two conditions of the filler task, 
and whether the voluntary switch task session was preceded 
by the OSPAN measurement (which was binary coded). To ac-
count for the observed nonlinear influence of time on task on 
tonic pupil diameter, the square root of trial number was also 
included in tonic pupil analyses. Bayesian regression analysis 
provides estimates of model parameters along with measures 
of uncertainty based on posterior distributions, rather than 
point estimates. The coefficient estimates we report represent 
the mean of the posterior distribution and the standard error, 
which reflects the uncertainty in the posterior distribution. The 
95% HPDI-L and HPDI-U (Highest Posterior Density Intervals; 
Lower and Upper Bounds) represent the range within which the 
true parameter value lies with 95% probability, given the data 
and model assumptions. HPDIs quantify uncertainty based on 
posterior probability.

3   |   Results

3.1   |   Task Performance

We first examined accuracies and response times (RTs) for cor-
rect responses across the five trial types (see Figure 2A,B and 
Table  S1 for descriptive statistics). On Regular trials, partic-
ipants indicated the parity of the single digit presented, while 
on Task Switch trials, with two digits on screen, participants 
were required to respond to the magnitude task. On Distractor 
Inhibition trials, participants responded to the parity task while 
ignoring a second digit, corresponding to the magnitude task. 
On Ambiguous trials, participants either responded to the parity 
task (yielding a Voluntary Repeat trial) or the magnitude task 
(yielding a Voluntary Switch trial).

Participants were slower to respond on Distractor Inhibition 
(b = 0.42, 95% HPD = [0.38, 0.46]), Task Switch (b = 0.49, 95% 
HPD = [0.45, 0.54]), Voluntary Repeat (b = 0.46, 95% HPD = [0.39, 
0.52]) and Voluntary Switch trials (b = 0.62, 95% HPD = [0.58, 0.67]; 
Table  S2) compared to Regular trials. On ambiguous trials, we 
also found that participants were slower to respond on Voluntary 
Switch versus Voluntary Repeat (b = 0.18, 95% HPD = [0.12, 0.24]), 
mirroring previous examinations (Arrington and Logan  2004). 
In comparison to Regular trials, participants were less accurate 
on Task Switch (b = −0.97, 95% HPD = [−1.50, −0.45]), Distractor 
Inhibition (b = −1.00, 95% HPD = [−1.30, −0.70]), and Voluntary 
Repeat trials (b = −0.37, 95% HPD = [−0.66, −0.06]; Table S3).

Examining voluntary switch rates on ambiguous trials, we 
found that, on average, participants switched on 50.64% of tri-
als (SD = 38.45%), suggesting we had sufficient variability to 
examine voluntary switch rate as an individual difference. 
Participants with higher task switch costs—measured as the 
difference between (forced) Task Switch RTs and Regular 

Trials RTs—exhibited lower voluntary switch rates (b = −1.10, 
95% HPD = [−1.15, −0.69]) (see Figure  2C and Table  S4). 
Furthermore, we observed that participants who were faster on 
(correct) Distractor Inhibition trials exhibited a lower voluntary 
switch rate (b = 0.01, 95% HPD = [0.003, 0.01]) (see Figure  2D 
and Table S5). These contrasting relationships between sponta-
neous switch rates and task switch costs as well as Distractor 
Inhibition RT are further examined in the Discussion section.

We did not find evidence for a trade-off in performance between 
(forced) Task Switch trial RTs and Distractor Inhibition trial RTs, 
but rather observed a positive relationship between RTs across 
participants, such that individuals who were slower on (correct) 
Task Switch trials were also slower on Distractor Inhibition tri-
als (b = 0.23, 95% HPD = [0.10, 0.34]). Together, these patterns 
of behavioral results suggest that the trade-off between putative 
flexible and stable control modes manifested in the relationship 
between indices of stable versus flexible performance and vol-
untary task switch rates, rather than the relationship between 
indices of stable versus flexible performance.

3.2   |   Phasic Pupillary Dilation

Across trial types, we observed that the time window between 
900 and 1900 ms after stimulus onset allowed for differentiation 
of trial types based on the ordinal pattern of phasic pupillary 
dilations (Figure  3A; see Methods). This window was used 
to calculate the phasic pupillary dilations for each trial type 
(Figure 3B; see Methods for phasic pupillary dilation calculation 
details). We examined the difference in phasic pupillary dilations 
across trial types using pupillary measures in mm, in line with 
the guidelines published by the Society for Psychophysiological 
Research (Steinhauer et al. 2022).

Mirroring the observed ordinal pattern of RTs, participants 
exhibited larger phasic pupillary dilations on Task Switch tri-
als compared to Regular trials (b = 0.82, 95% HPD = [0.64, 
1.00]; Table  S6A), replicating previous observations (da Silva 
Castanheira et  al.  2021; Rondeel et  al.  2015). Further, we ob-
served significantly larger phasic pupillary dilations on 
Distractor Inhibition trials (b = 0.75, 95% HPD = [0.57, 0.92]), 
Voluntary Repeat trials (b = 0.81, 95% HPD = [0.62, 1.00]) and 
Voluntary Switch trials (b = 0.96, 95% HPD = [0.70, 1.21]) com-
pared to Regular trials. This pattern of phasic pupillary di-
lations suggests that processing demands for these trial types 
were greater than on Regular trials. Finally, echoing the finding 
that (forced) task switches imposed greater processing demands 
than task repetitions, we found that on Ambiguous trials (where 
a participant was free to switch or repeat tasks), phasic pupil-
lary dilations were larger for Voluntary Switch versus Voluntary 
Repeat trials (b = 0.14, 95% HPD = [0.001, 0.27]).

Additionally, to examine the potential influence of the pupillary 
transient around the motor response (de Gee et al. 2014; Hupe 
et al. 2009), we examined differences in response-locked phasic 
pupillary dilations across trials. Our analyses yield the same 
pattern of phasic pupillary dilations across trial types as with 
stimulus-locked phasic pupillary dilations (see Tables S6A and 
S6B) indicating a plausibly low influence of the motor response 
on the differences in phasic pupillary dilation.
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3.3   |   Relationships Between Phasic Pupillary 
Dilations and Task Performance

We next investigated the extent to which phasic pupillary di-
lations related to behavioral indices of flexible versus stable 
processing modes. We first examined the relationship between 
phasic pupillary dilations on (forced) Task Switch trials and 
task switch costs, computed as the RT difference between Task 

Switch and Regular trials per session, finding a significant pre-
dictive relationship between individuals' average (per session) 
phasic pupillary dilations on task switch trials and task switch 
costs (see Figure 4). Specifically, we observed that larger aver-
age phasic pupillary dilations on Task Switch trials predicted 
smaller RT switch costs (b = −0.14, 95% HPD = [−0.26, −0.01]; 
Table S7). Applying the same analysis approach, we also exam-
ined whether average phasic pupillary dilations on Distractor 

FIGURE 2    |    Mean response times (A) and accuracy (B) on correct trials across trial types. Each dot represents mean subject level RT/accuracy 
averaged across the four sessions. Within each box, middle lines denote median values and boxes extend from the 25th to the 75th percentile of the 
distribution of values. Error bars represent 95% confidence intervals. (C) Negative association observed between voluntary switch rate on Ambiguous 
trials and individual switch cost, calculated as the difference in median RT on forced Task Switch and Regular repeat trials. (D) Positive association 
observed between voluntary switch rate and RT on Distractor Inhibition trials. (C, D) Within each box, gray band represents 95% confidence inter-
val of the best fit line. The intercept and slope were estimated using Bayesian logistic regressions. The intercept indicates the log-odds of voluntary 
switching when task switch cost/Distractor Inhibition RT is zero. The slope indicates the change in log-odds of voluntary switching with 1 msec 
change in task switch cost/Distractor Inhibition RT. For ease of interpretation, the plots reflect subject- level estimates.
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Inhibition trials predicted interference costs on these trials 
(computed as the per-session RT difference between Distractor 
Inhibition and Regular trials), but we did not find a relationship 
(b = 11.91, 95% HPD = −36.43, 58.72]; Table S8).

Finally, to understand the robustness of the observed individual 
differences analyses, we conducted a post hoc power analysis 
of our individual difference analysis examining the relation-
ship between phasic pupillary dilations on switch trials, and RT 

switch costs (reported in Table S7). We ran 200 simulations of 
the Bayesian model with 4 chains each with 2000 samples. We 
used a Bayesian version of a well-established frequentist power 
estimation approach (Gelman and Hill 2006; Chapter 20). The 
computed power based on 95% HPD interval excluding zero in 
simulated datasets is 1—indicating all simulations exclude zero. 
The interpretation of this computed power is analogous to tradi-
tionally computed frequentist power. The power based on pos-
terior probability exceeding 0.95 is 0.14, and exceeding 0.80 is 
0.71. In other words, in 71% of the simulations, this posterior 
probability exceeded 0.80. In summary, while these simulations 
suggest the effect estimate (posterior mean) of this individual 
difference analysis is intrinsically variable, the 95% HPD in-
terval of all stimulated datasets excludes zero, suggesting that 
given the assumed effect size, our study design is sufficiently 
powered to detect it.

3.4   |   Relationships Between Trial-Level Tonic 
Pupil Diameter and Task Performance

As previous works suggest an association between higher tonic 
activity and behavioral measures of flexibility (Jepma and 
Nieuwenhuis  2011) as well as task disengagement (Gilzenrat 
et al. 2010), we examined trial-level tonic pupil diameter (in mm) 
and its relation to trial-level voluntary task switching, expecting 
to observe a positive association (Jepma and Nieuwenhuis 2011). 
Contrary to our expectations, there was no association between 
baseline tonic pupil diameter on Ambiguous trials and partici-
pants' likelihood of making a voluntary task switch (b = −0.30, 
95% HPD = [−0.66, 0.04]; Table S9).

Past studies have also observed that a larger trial-level tonic 
pupil diameter was evoked by errors in preceding trials, with the 
errors resulting in a reorientation of attention to the task at hand 
(Unsworth et al. 2018). Mirroring these findings, in our task, we 
observed higher trial-level tonic pupil post error on the previ-
ous trial (b = 10.86, 95% HPD = [5.08, 16.29]) and two trials prior 
(b = 4.66, 95% HPD = [0.003, 9.10]; Figure 5 and Table S10). This 
post-error increase in tonic pupil was also higher for the more 
difficult trial types in comparison to Regular trials (Table S11). 

FIGURE 3    |    (A) Time course of average phasic pupil from stimulus onset to 2 s after, by trial type (after removing trials with RTs <> 3SDs from 
the mean). Median RTs for each trial type are depicted as dashed vertical lines. The shaded area represents the standard error of mean across par-
ticipants. (B) Average phasic pupillary dilation in the 900 msec to 1900 msec window, by trial type. Each dot represents mean subject level phasic 
pupillary dilation averaged across the four sessions. Within each box, middle lines denote median values and boxes extend from the 25th to the 75th 
percentile of the distribution of values. Error bars represent 95% confidence intervals.

FIGURE 4    |    Negative relationship between task switch cost and pha-
sic pupil dilation on correct Task Switch trials. Gray band represents 
95% confidence interval of the best fit line. The intercept and slope were 
estimated using Bayesian linear regression. The intercept indicates 
session-level task switch costs when session-level phasic pupil dilation 
on correct Task Switch trials is at its mean value. The slope indicates 
the change in session-level task switch costs with 1 standard deviation 
increase in session-level phasic pupil dilation on correct Task Switch 
trials. For ease of interpretation, the plots reflect subject-level estimates.
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Larger baseline tonic pupil was also associated with slower RTs 
on Regular trials (b = 0.02, 95% HPD = [0.01, 0.02]; S11).

Urai et al. (2017) reported larger phasic pupil dilation after er-
rors within the same trial. We observed larger phasic pupil di-
lation on trials following error trials (Figure 5B). However, the 
sustained elevation of tonic pupil diameter two trials after an 
error challenges the possibility of a simple carry-over effect of 
phasic pupil dilation on tonic pupil diameter. The delay of 3–5.5 s 
between the occurrence of an error two trials prior to the cur-
rent trial and tonic pupil diameter on the current trial signifies a 
gradual carryover, which seems conceptually indistinguishable 
from tonic pupillary response.

3.5   |   Relationships Between Fluctuations in Tonic 
Pupil Diameter and Task Performance

We also considered, in an exploratory analysis, whether puta-
tively spontaneous fluctuations in tonic pupil diameter might 
predict performance across different trial types (van den Brink 
et  al.  2016). Examination of the filtered tonic pupil diameter 
showed fluctuations which roughly corresponded to a window 
of approximately 10 trials. Accordingly, for this analysis of tonic 
pupillary fluctuations, we calculated a moving average of tonic 
pupil diameter across 10 trials (see Figure  S1). In examining 
attentional lapses, we focused on Distractor Inhibition trials as 
these place the highest demands on stability, presumably ren-
dering them most sensitive to these lapses (Ebitz et al. 2014). We 
observed that larger moving average tonic pupil diameter was 
not associated with changes in accuracy on Distractor Inhibition 
trials (b = −0.00021, 95% HPD = [−0.0004, 0.0001]; Table  S12), 
or RT on correct Distractor Inhibition trials (b = 0.000017, 95% 
HPD = [−0.000001, 0.000038]); Table  S13; we found the same 
relationships between moving average tonic pupil diameter and 
RT and accuracy for all other trial types. However, we did find 
that higher moving average of tonic pupil diameter was associ-
ated with faster Distractor Inhibition errors (b = −0.00011, 95% 
HPD = [−0.000168, −0.000003]) (Figure 6 and Table S14).

Additionally, we analyzed the relationship between moving av-
erage tonic pupil diameter and behavioral variability (similar to 

Murphy et al. 2011), which we operationalized here as the mov-
ing standard deviation in Accuracy as well as RT (in a 10-trial 
window, mirroring the tonic pupillary window). We observed, 
ordinally, that variability in accuracy and RT was largest in peri-
ods with larger moving average tonic pupil diameter (Figure 7). 
Statistically, we found that although moving average tonic pupil 
diameter was not associated with RT variability (b = 0.05, 95% 

FIGURE 5    |    (A) Higher tonic pupil diameter was observed post errors on previous trial and two trials prior. Error bars represent 95% confidence 
intervals. (B) Greater phasic pupil dilation post error on previous trial.

FIGURE 6    |    Faster errors were observed on Distractor Inhibition 
trials with higher moving average tonic pupil diameter. Each dot rep-
resents mean subject level RT averaged across the four sessions within 
each moving average tonic quartile. Within each box, middle lines de-
note median values and boxes extend from the 25th to the 75th percen-
tile of the distribution of values. Error bars represent 95% confidence 
intervals.
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HPD = [−0.01, 0.12]; Table S15), moving average tonic pupil di-
ameter was positively associated with variability in accuracy 
(taking the SD of accuracy over a 10-trial window; b = 0.12, 95% 
HPD = [0.06, 0.18]; Table S16).

3.6   |   Relationship Between Average Session-Level 
Tonic Pupillary Activity and Behavioral 
Performance

Finally, we expected that individual differences in tonic pupil 
diameter would be positively associated with individuals' rates 
of voluntary task switching. To probe this relationship, we ex-
amined per-participant rates of voluntary task switching on 
Ambiguous trials, which we regressed against average tonic 
pupil diameter z-scored across all participants and sessions. We 
observed a negative relationship between average tonic pupil di-
ameter and voluntary switch rates (see Figure 8). Statistically, a 
Bayesian mixed-effects regression revealed that participants with 
larger average (per-session) tonic pupil diameter were signifi-
cantly less likely to voluntarily switch tasks on Ambiguous tri-
als (b = −0.33, 95% HPD = [−0.61, −0.09]; see Table S17). We also 
observed that higher (session-level) average tonic pupil diameter 
during a session was associated with slower RTs (b = 0.03, 95% 
HPD = [0.02, 0.04]; see Table S18) and lower accuracy (b = −0.36, 
95% HPD = -0.49, −0.23]; see Table S19) on Regular trials.

4   |   Discussion

A body of previous research has examined the link between 
phasic and tonic pupillary activity and cognitive control 
modes. While larger phasic pupillary activity has been shown 
to index lower switch costs (da Silva Castanheira et  al.  2021) 
and quicker responses on congruent Stroop trials (Rondeel 
et al. 2015), greater tonic pupil diameter has also been observed 
to index greater exploration (Gilzenrat et  al.  2010; Jepma and 

Nieuwenhuis 2011). Here, we investigated the extent to which 
tonic and phasic pupil activity relate to cognitive stability and 
flexibility, using a task that allows us to characterize both task 
switching and distractor inhibition costs. Additionally, we also 
capture participants' voluntary task switching preferences, to 
index their cognitive flexibility.

FIGURE 7    |    (A) Moving SD of RTs did not vary with moving average tonic pupil. (B) Higher Moving SD in Accuracy was observed at higher mov-
ing average tonic pupil. Each dot represents mean subject level moving SD in RT/accuracy. Within each box, middle lines denote median values and 
boxes extend from the 25th to the 75th percentile of the distribution of values. Error bars represent 95% confidence intervals.

FIGURE 8    |    Relationship between voluntary switch rate and average 
tonic pupil diameter for each subject. Gray band represents 95% confi-
dence interval of the logistic regression slope. The intercept and slope 
were estimated using Bayesian logistic regression. The intercept indi-
cates the log-odds of voluntary switching when session-level tonic pupil 
diameter is zero. The slope indicates the change in log-odds of voluntary 
switching with unit increase in session-level tonic pupil diameter. For 
ease of interpretation, the plots reflect subject-level estimates.
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Examining individual differences in task performance, we rep-
licated previous work finding that individuals with larger task 
switch costs are less likely to voluntarily switch tasks on ambig-
uous trials (Armbruster et al. 2012). A possible interpretation of 
this finding is that individuals implicitly or explicitly account for 
their cost of task switching while choosing to be cognitively flex-
ible or stable, that is, choosing which task to perform on ambigu-
ous trials. It also indicates that voluntary switch rates positively 
index individuals' cognitive flexibility.

Perhaps more interestingly, we also observed a previously un-
tested relationship between RTs on Distractor Inhibition trials 
and voluntary switch rates, finding that individuals who made 
slower responses on distractor inhibition trials—presumably 
indexing lower cognitive stability—exhibited larger voluntary 
switch rates. This finding suggests that voluntary switch rates 
negatively index individuals' cognitive stability.

Taken together, the above two observed behavioral relationships 
suggest that voluntary switch rates differentially index cognitive 
flexibility and cognitive stability. Moreover, these differential 
predictive relationships highlight a potential trade-off between 
voluntary task-switching preference and flexible versus stable per-
formance, as a higher voluntary switch rate is observed in individ-
uals with lower switch costs and longer Distractor Inhibition RT.

Echoing past work, our analysis revealed larger phasic pupil-
lary dilations in Task Switch, Distractor Inhibition, Voluntary 
Repeat, and Voluntary Switch trials in comparison to Regular 
trials, suggesting the greater task demands exerted by these tri-
als. It is plausible that the infrequent occurrence of Task Switch, 
Distractor Inhibition, and Voluntary trials (relative to Regular 
trials) engendered a “surprise” response which manifested as 
larger phasic pupillary dilations on these trials. However, the 
observation that individuals exhibiting larger phasic pupillary 
dilations on Task Switch trials exhibited smaller RT switch 
costs—which conceptually replicates our previous findings 
(da Silva Castanheira et al. 2021; Katidioti et al. 2014; Rondeel 
et al. 2015)—is difficult to explain with a surprise account of pha-
sic pupillary dilations. Similarly, Rondeel et al. (2015) found that 
larger pupil dilations on congruent trials were associated with 
quicker responses, suggesting that greater effort investment on 
these trials resulted in faster RTs. However, we do not observe 
a similar relationship between RTs on Distractor Inhibition tri-
als and phasic pupillary dilations. Along similar lines, Rondeel 
et al. saw a positive relationship between the Stroop Effect in RT 
and pupillary Stroop Effect (difference in pupil dilation between 
incongruent and congruent trials). The authors interpret these 
results to signify the relationship between pupil dilation and 
task difficulty, rather than task performance. However, dove-
tailing our findings, Hong et al. (2022) showed that larger pha-
sic pupillary responses were associated with a neural measure 
of response inhibition—as indexed by decreased BOLD signals 
in the postcentral gyrus and superior parietal lobule. The varied 
findings across the three studies point towards a lack of a clear 
association between phasic pupil and distractor inhibition per-
formance. In our study, the absence of a relationship between 
response times and phasic pupillary dilations in Distractor 
Inhibition trials alludes to the possibility that, unlike for trials 
requiring cognitive flexibility, in trials requiring stability, phasic 
dilation indexes task difficulty over performance.

We hypothesized that individuals with larger tonic pupil diame-
ter, as indexed by average tonic pupil diameter during a session, 
would display a higher voluntary switch rate, based on earlier 
work showing higher exploration at higher tonic (Gilzenrat 
et  al.  2010; Hong et  al.  2022; Jepma and Nieuwenhuis  2011). 
Somewhat unexpectedly, we find no association between trial 
level tonic pupil diameter and voluntary switching, as well as 
the opposite relationship between voluntary switch rate and av-
erage tonic pupil diameter. The latter finding might be driven by 
the difference between exploration, that is potentially reward-
ing, and voluntary switching, which, as operationalized in our 
task, was not rewarding. Additionally, as shown in Figure 3, we 
observed a larger phasic pupillary dilation in Voluntary Switch 
trials in comparison to Voluntary Repeat trials, indicating the 
higher effort required to switch on Ambiguous trials. If our study 
participants lie on greater than optimal arousal levels on the 
Yerkes-Dodson inverted-U curve, a higher tonic pupil diameter, 
that is, a greater arousal, would be associated with lower task 
performance or greater task engagement. As such, a possible rea-
son for the observed lower voluntary switching at larger average 
tonic pupil diameter might be that we are capturing task perfor-
mance at higher than optimal arousal levels in our analysis.

Furthermore, we observed that an error on the previous trial 
and an error two trials before were followed by larger tonic pupil 
diameter on the current trial. This observation echoes previ-
ous work finding an association between slower RTs on a prior 
trial and greater tonic activity on the current trial (Unsworth 
et  al.  2018), potentially indicating an intentional reorientation 
of attention after task disengagement. Unsworth et  al.  (2018) 
showed that trials with longer response times were followed by 
quicker response times, larger tonic pupil diameter, and larger 
phasic pupillary response on the current trial, suggesting an 
increase in attention. Corroborating these results, Weissman 
et  al.  (2006) showed that slower RTs were associated with re-
duced activity in the inferior frontal gyrus and increased activ-
ity in areas of the default mode network, reflecting greater focus 
on task-irrelevant internal thoughts and lower sustained atten-
tion. The observed increase in tonic pupil diameter in our study, 
therefore, indicates a possible increase in alertness and arousal 
and greater attention to the current task after an error.

Our analyses also revealed that higher moving average tonic 
pupil is associated with quicker errors on Distractor Inhibition 
trials, signaling attentional lapses or greater mind wandering/
off-task brain activity (Unsworth et al. 2010). This result is also 
evocative of prior work observing a higher false alarm/error 
rate and longer correct response times in detection tasks on tri-
als with larger baseline pupil diameters (Gilzenrat et al. 2010; 
Konishi et  al.  2017; Rajkowski et  al.  1993), especially in the 
presence of distractors (Ebitz et al. 2014). This association also 
corroborates Hong et al.'s finding of a negative relationship be-
tween baseline tonic pupil diameter and diminished P3 ERP 
and BOLD responses associated with task performance. The 
observed relationship also aligns with the Yerkes–Dodson 
performance-arousal curve (Murphy et al. 2014), wherein higher 
than optimal levels of tonic pupil diameter predict impaired task 
performance. However, one interpretational difficulty in as-
sessing concordance between data and predictions of nonlinear 
(e.g., inverted-U shaped) accounts lies in characterizing where 
participants lie on the spectrum of possible tonic pupil diameter.
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Finally, we also found that higher moving average tonic pupil 
diameter is associated with higher variability in accuracy, but 
not RT. Murphy et al. (2011) showed a U-shaped relationship be-
tween quintiles of tonic pupil diameter and RT variability (mea-
sured as the RT coefficient of variation). However, our analyses 
reveal an increasing variability in accuracy during periods with 
greater tonic pupillary activity. Along with the previous finding 
of quicker errors on Distractor Inhibition trials at higher moving 
average tonic pupil diameter, our finding of higher variability 
in accuracy at higher moving average tonic pupil diameter sup-
ports the overall idea of impaired task performance at higher 
than optimal tonic pupil levels.

The observed association between average tonic pupil diameter 
and voluntary task switching, in addition to the associations be-
tween moving average tonic pupil diameter and behavioral vari-
ability, as well as error RTs on DI trials, could reflect, in addition to 
lower flexibility preference and attentional lapses, off-task mind 
wandering. Although we mostly consider voluntary task switch-
ing as a marker of the operation of flexible (vs. stable) control, a 
lower preference to switch tasks, as observed at higher tonic pupil 
diameter could also be indicative of greater distracted states of 
attention (Unsworth and Robison 2016). Our results linking pha-
sic pupil with task switching cost and distraction inhibition RT 
highlight that while phasic pupil dilation indexes flexible perfor-
mance, it does not index improvements in stable performance. It 
is also plausible that phasic pupil dilation is reflecting the overall 
higher requirement of flexibility in this experimental design—in-
volving switches between various trial types. However, as noted, 
the link between greater phasic pupillary activity and reduced 
(behavioral) task switch costs has been observed in previous work 
employing tasks with an equal need for stable and flexible control 
(da Silva Castanheira et  al.  2021; Katidioti et  al.  2014; Rondeel 
et  al.  2015). These prior findings render the interpretation that 
greater phasic pupil dilation is associated with higher cognitively 
flexible, versus stable, performance, more likely.

While our study focuses on the association between LC-
NE activity and pupillary activity based on past work (Joshi 
et al. 2016), newer work has called into question whether pupil-
lary responses provide a valid real-time readout of LC activity 
(Megemont et al. 2022), finding that the pupil-LC relationship 
is dynamically modulated by brain states. Furthermore, pupil-
lary responses might also reflect the influence of acetylcholine 
(Loewenfeld and Lowenstein 1993; Mridha et al. 2021; Reimer 
et al. 2016), 5HT (Cazettes et al. 2021) and orexin (Grujic et al. 
2023). Further work is needed to understand the LC and non-LC 
contributions to pupillary dilation, especially as they relate to 
behavioral indices of cognitive control.

Our relatively small sample size of 51 participants may lead to 
considerable instability in regression estimates, making it dif-
ficult to interpret the results (Schönbrodt and Perugini 2013). 
Additionally, the individual difference scores examined in this 
study may exhibit low reliability, which further complicates the 
interpretation of the associated correlations and regression co-
efficients (Ackerman and Hambrick 2020; Hedge et  al. 2018). 
Future research with substantially larger samples is therefore 
needed to assess the robustness and reliability of the present 
findings (For reliability estimates and descriptive statistics of 
regression measures see Table S20).

Overall, our findings shed initial light on how phasic and tonic 
pupillary activity differentially relate to the operation of stable 
versus flexible cognitive control modes. We observe that phasic 
pupil dilation indexes flexible versus stable task performance. 
Additionally, larger tonic pupil in our task was associated with 
decreased flexibility and increased task disengagement. While 
the association between phasic pupil dilation and cognitive con-
trol modes dovetails existing findings in the literature (Rondeel 
et al. 2015), the associations between tonic pupil and task per-
formance add to our current understanding of the relationship 
between LC-NE activity and operation of flexible versus stable 
control modes (Aston-Jones et al. 1999).
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