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Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)
Review Summary

Thank you for inviting me to review this work on “Phasic and tonic arousal distinctly shape human decision bias” by Nuiten
and colleagues. The authors examine how tonic and phasic arousal are related to inherent and strategic decision biases in
a perceptual choice task. They combine behavioral data with pharmacological manipulations, pupil measurements, and
EEG. The results indicate that tonic arousal is associated with inherent decision biases, expressed in terms of a higher rate
of “yes” responses in the current task. Moreover, phasic arousal was linked with strategic reduction of such biases. EEG and
computational modeling suggest that this is systematically related to biased preparatory signals in motor regions and a
starting-point bias. Pharmacological results are a bit more uncertain, which could be related to the sample size.

| really enjoyed reading the manuscript. In my opinion, the paper is well-written, and the quality of the analyses and methods
is very high. My major comments concern the interpretation of the pharmacological results.

Major:
1. Drug effects

The results in Figure 1B show that ATX increases arousal, but DNP does not. This was, in particular, reflected in tonic pupil
diameter (elevated for ATX but not DNP) and blood pressure (also higher for ATX).

In Figure 1D, the authors illustrate the drug effects on inherent decision bias, which were not significantly different from zero.
The authors interpret the finding that the 93% (ATX) and 91% (DNP) confidence intervals fell below zero as a possible trend
toward a lower inherent decision bias driven by pharmacological manipulation. In the discussion, they interpret this as
evidence suggesting more liberal decision-making under higher tonic arousal.

Although this interpretation seems plausible at first sight, I'm afraid itis notin line with the study findings shown in Figure 1B.
According to 1B and the results section, “ATX, but not DNP, increased physiological measures of arousal” (page 4). If we
trust that result, then | would be more cautious about the “trend” interpretation in 1D. A lower bias might be plausible in the
ATX condition (since the authors show evidence of higher tonic arousal), but it is inconsistent with a bias in the DNP
condition (since the authors argued for the absence of an effect on arousal). | would kindly ask the authors to double-check
their interpretation. If they think their initial interpretation is justified, | would recommend explaining and discussing the
argument more extensively.

Please also note that the DNP effect on blood pressure with a p-value = 0.09 is utilized to reject the alternative hypothesis
that DNP increases arousal. However, the DNP effect on inherent decision bias with the same p-value = 0.09 is interpreted
as a trend in favor of an effect. This might be related to the elevated statistical uncertainty in this case. However, | think one
should treat both p-values consistently, and in this case, there is not enough evidence to reject the null hypothesis and to
argue in favor of a more liberal bias due to the drugs.

2. Background information about ATX and DNP



The two types of drugs act on different neurotransmitter systems, in particular catecholamines (ATX) and acetylcholine
(DNP). However, it is not entirely clear why the study used these particular drugs and whether, from a theoretical
perspective, one would expect different (or similar) effects on arousal and decision biases. For example, Yu and Dayan’s
(2005) theory on expected and unexpected uncertainty would ascribe different computational roles to norepinephrine
(possibly altered by ATX) and acetylcholine (possibly altered by DNP). Therefore, | was wondering if the authors
hypothesized similar effects (possibly due to generally elevated levels of arousal) or different effects (possibly because the
studied decision biases are more strongly related to one type of drug).

Finally, in my opinion, the authors don’t discuss the absence of the drug effects sufficiently. The current discussion focuses
on ATX and potential task differences, which sounds plausible to me. However, | was missing a paragraph on DNP and,
most importantly, a discussion on the potential reasons for the null effects. Is it plausible that the sample size is too small
(and hence only the “trend”)?

3. Causal evidence that tonic arousal does not influence strategic decision bias

Page 19: “Pharmacological manipulations and baseline pupil size measurements respectively provided causal and
correlational evidence that tonic arousal did not affect strategic decision bias.”

While | tend to agree, | would recommend discussing this conclusion more extensively. It is true that the current study does
not provide any hint that the strategic decision bias is altered through pharmacological manipulations. However, at the same
time, the study did not reveal a reliable effect of pharmacologically induced tonic arousal on any behavioral marker, and it is
possible that the manipulation was not particularly effective. Especially since the effects of DNP on arousal were not
significant. As mentioned above, also the missing theoretical perspective and hypotheses regarding the two types of drugs
in the introduction made it a bit hard to interpret the effects.

Minor:

Figure 2C: “Tonic upil size” (P in pupil is missing on y-axis).

Page 17/18: “highly” significant does not exist. | recommend using “significant interaction between...”
Page 19:...provide causal evidence for claim (“the” missing before “claim”).

General: Concerning inherent decision bias, why is “more liberal decision-making” also called a “lowered inherent decision
bias™? Intuitively, | would have expected that more liberal = heightened bias (instead of lowered). Please explain.

Overall, lovely work!

References:
Yu & Dayan (2005). Uncertainty, neuromodulation, and attention. Neuron, 46(4), 681-692.

Reviewer #2

(Remarks to the Author)

Nuiten and collegues examine the role of arousal systems in shaping overall and task modulated decision biases. They
perform an impressive study that combines behavioral pharmacology, EEG, and pupillometry using a well calibrated
behavioral task suited to measure biases under different incentive conditions. They combine Bayesian hierarchical
modeling with signal detection theory — as well as with process models of decision making — to analyze the data rigorously
and transparently. They show that baseline pupil related to liberalness of response thresholds, whereas transient pupil
fluctuations related to the degree to which task-incentivized biases dominated responding in a manner that related to EEG
and computational markers of a reduction in starting point bias.

Overall, | found this study to be well designed, executed, and described. The results are interesting and certainly worthy of
publication. However, | have a few concerns and suggestions as well as a number of questions for the authors stemming
from the current manuscript.

Intro: the authors define phasic LC activation in the intro with respect to transient activations preceding a goal-directed
response. | understand that the authors are trying to motivate the study here, but it seems important that transient LC
activations also occur to stimuli in the absence of an action and that motor-locked LC activations actually occur after the
action in saccade tasks where response initiation can be measured accurately (Kalwani et al 2014). | think the latter timing
relationship is important in that it constrains the roles that this premotor activation is likely playing in the brain — that is to say,
it cannot be about action initiation if it happens after the action. However, the stimulus locked LC transients may very well
affect decision processing, and likely contribute to the pupil responses measured here.



Results:

Given that results are presented before methods, it would be good if authors could provide an overview of the study at the
beginning of results section.

The CPP analysis seemed a bit disconnected from the main points of the paper, and in the end | don’t think there was any
compelling takeaway from that section. The authors summarize that the Centroparietal activity reveals evidence
accumulation during decision making, but to show this convincingly would require ruling out component overlap (Froemer et
al, 2024). | expected the authors to examine whether the magnitude/slope of the CPP related to task-induced biases, but
unless | missed it, this wasn’t tested.

In terms of the modeling results, It seems noteworthy that the phasic response occurs after the starting point of the decision
process. So, while the DDM provides a nice summary of the RT and choice effects of the phasic pupil response, it leaves a
bit of a causal puzzle, since the phasic pupil response is a response to the stimulus, and the starting point must be set before
stimulus onset.

Preparatory low frequency effects were examined in a subset of the data that was balanced with respect to previous choice
to avoid spillover effects. | would have expected the authors to deal with spillover effects by regressing out previous trial
effects, which would allow them to use all of the data, and ensure that the results were not affected by the specific selection
of trials. Is there a reason for the subsetting, and if so, was the data selection performed multiple times with same results?

“The C195% for the drug effect on criterion overlapped with zero for both models, however, 93% (ATX-model) and 91%
(DNPmodel) of the posterior mass fell below zero, indicating a possible trend toward a reduction in inherent decision bias
(i.e., more liberal decision-making; ATX-model: P=0.07, y=-0.03, 0=0.02, CI95%=[-0.06, 0.01]; DNP-model: P=0.09, y=-0.02,
0=0.02, C195%=[-0.05, 0.01];”

I am confused as to why the statement above is interpreted as a reduction in bias... if participants show no overall decision
bias, shouldn't any systematic change to the criterion lead to a bias in one direction or the other?

I was very surprised at the very minimal effects of the drugs — did either drug affect the shape or amplitude of stimulus or
response locked pupil responses?

Discussion:

The bias, pupil, and contralateral motor data presented here seem roughly in line with the idea that arousal systems may
play a role in disengaging from some latent behavioral state (Nassar 2024, current opinion in behavioral sciences).
However, in work motivating that theory, the phasic pupil activations typically occur in response to stimuli that deviate from
expectations (Nassar 2012; Krishnamurthy 2017), whereas in this case, the stimuli are no more surprising than typical ones,
but instead signal the need for an unprepared behavioral policy. Perhaps overreaching, but | thought this might be another,
slightly more stimulus centered interpretation of the some of the results presented.

Minor points:

“Tightly correlate” perhaps is a subjective term, but | think that perhaps this is a bit much — correlation coefficients in the
Reimer and Joshi papers cited are probably not what this phrasing would evoke in most people’s minds.

“with large tonic pupil sizes preceding small task-evoked responses and vice versa (de Gee et al., 2014, 2017, 2020;
Knapen et al., 2016; Mridha et al., 2021)”

does "evoked" here mean the diameter after a task event, or the baseline subtracted diameter after a task event? if the latter,
doesn't this have to be the case, since if you measure tonic as the baseline, and phasic as increase from baseline, then
baseline is included in both sides of the correlation (with a negative sign on the phasic side)? I'm not against the authors
controlling for things, but | am also not convinced that this negative relationship between baseline and transient responses
really exists when you use measures that avoid the issue described above.

“\”in caption 2 was unclear to me.

Page 12: “CPP slope did, however, not differ between “yes” versus “no” responses”
Is there a “not” missing in this sentence?

Reviewer #3

(Remarks to the Author)

In this manuscript, Nuiten et al. investigate how phasic and tonic arousal shape perceptual decisions. To this end, they
rigorously combine pupillometry with pharmacology and experimental decision bias manipulations; and test various aspects
of a complex (but well-motivated) model of relations between neurotransmitters, decision computations, and non-invasive
readouts. Among a trifecta of intrinsic biases, task, and drug effects, the authors identify dissociable relations to tonic and
phasic arousal, as indexed via pupil size. Conclusions are based on a targeted analysis of signal detection behaviour,
preparatory response EEG data, and computational modelling. Overall, the presented data provide valuable data points
regarding current models of arousal contributions to perception and decision-making, even if not all complex angles of the
original model predictions are comprehensively tested (or supported). The manuscript is very well written (the discussion
specifically does a laudable job at summarizing and contextualizing observations), and the results are beautifully visualized.



I hope that my (slightly extensive) notes below can be helpful to identify points with which | was still struggling with the
accessibility of the manuscript and its specific tests, but | would not deem exhaustive responses to all of them necessary for
publication.

Major comments

1. The study relies on a rich web of expected dissociable relations. It would help to graphically summarize the expected
effects and consistently refer to subsets throughout the manuscript. | appreciate that this may have the character of a mini-
review, but throughout the manuscript | found myself trying to decompose the complex tangle of state x drug x task effects
and decision-stage outcomes: e.g., tonic arousal <-> pre-stimulus pupil <-> pre-stimulus alpha/theta (see 2.) <-> sensitivity
(but not bias) shift <-> noradrenaline/atomoxetine | phasic arousal <-> stimulus pupil change <-> <-> stimulus alpha/gamma
(see 2.) <->bias (but not sensitivity) shift <-> acetylcholine / donepezil. This may of course be oversimplified, but based on
the introduction, a version of this model shaped the considerations for the study design. It also highlights a more complicated
setup for predictions in the study setup, with which to evaluate the results and the model:

o the task-induced conservative shifts jointly increase both bias and sensitivity

0 some relations have not been observed in prior work (e.g., no effect of donezepil on bias; Nuiten et al., 2024, eNeuro)

o given that the sensitivity shift is thought to be non-linear, the direction of putative sensitivity shifts due to tonic arousal
increases should depend on baseline levels of tonic arousal

2. Prior work (e.g., Kloosterman et al., 2019, eL.ife) considered canonical rhythmic indices of stimulus processing: pre-
stimulus theta and alpha power, and stimulus-induced alpha desynchronization and gamma power. Given that this is a
conceptual replication of that work (and the present study replicated the main behavioural effects of bias and sensitivity
increases with conservative shifts), why were such signatures not used to provide additional evidence of stimulus
processing beyond behavioural modelling? These would provide particularly interesting targets given the dual quantification
of putatively more tonic pre-stimulus dynamics and presumably more phasic stimulus-related dynamics.

3. What is the motivation to response-lock phasic pupil (Fig. 2E) as compared to considering changes from pre-stimulus
upon stimulus onset (as also motivated in the introduction)? If the dynamics remain response-locked, the plot requires some
indication of the RT (or stimulus onset time), and potential condition differences therein. Especially as the observed criterion
shift may reflect in part response speeding. The response-locked perspective is also underscored by the focus on the CPP
(cf. pre-stimulus and stimulus dynamics, see 2 above). What is the motivation for focusing on the late decision stage
throughout?

4. For analyses in Fig. 2, the claim is made that phasic pupil is related to bias modulation. This appears to me as an overly
broad statement (e.g., “strategic decision bias was reflected in phasic pupil-linked arousal” (p.11), when it was even more
strongly associated with tonic pupil estimates (Fig. 2D)). Later, it is stated that “strategic decision bias was uniquely reflected
in phasic pupil-linked arousal”. Such uniqueness can be read in two ways: (1) itis not related to sensitivity. Has this been
tested? (2) Phasic, but not tonic pupil relates to criterion. This does not appear to be the case based on Fig. 2D and G. (3)
The tested notion: phasic and tonic pupil are not strongly coupled and can explain unique variance. It would be useful to
separate these notions of unique relations and specifically test these hypotheses.

5. The authors argue that “in the current dataset, phasic pupil-linked arousal captured a unique part of pupil dynamics”.
Given the robust anticorrelation reported in the literature, may this not be a concern about how these indices are
operationalized here?

6. The CPP analysis does not appear to add anything to the core questions of interest and may be more suitable for the
Supplement. Key questions do not receive formal tests of effects on CPP slope & threshold (possible markers of sensitivity
and bias): are there tonic/phasic pupil effects, liberal/conservative task effects (e.g., on the CPP integration threshold), drug
effects, or possible interactions? The CPP section in its current form does not attempt to link to any of the preceding result
sections, which could inform what may be expected, e.g., based on Fig. 1E conservative condition CPP may have steeper
slopes (higher sensitivity) to higher integration threshold (larger bias). Perhaps | am missing the rationale of a narrow focus
on (undifferentiated) yes/no CPP slope differences: the phasic pupil also appears insensitive to yes/no (Fig. 2E).

7. Intriguingly, the authors observe a pre-stimulus difference between conservative and liberal blocks in lateralized pre-
stimulus delta power, which mirrors a starting point difference in computational modelling. Both task biases are largest for
small phasic pupil trials. This is a very intriguing observation. However, (a) the causal relation is puzzling to me here:
presumably there is some autocorrelation in the neurocomputational bias, as well as in the phasic pupil response. Is it
possible to tease apart lead-lag from than instantaneous relations? (Currently, it sounds as if the bias is set based on the
phasic pupil, but the opposite appears equally sensible.) While causality cannot be established based on the current data, it
may be useful to watch out for wording and discuss these two different scenarios. Moreover, (b) the adaptivity given the task
design is not yet described: Larger pupil constriction alongside reduced biases may reflect stronger control that counteracts
biases. If so, would this be an adaptive strategy leading to higher accuracy in the current task, or are these biases
themselves largely adaptive? How does this link to the evidence that largest phasic dilations were related to unpreferred (yet
likely correct) responses (Fig. 2E)? It would be helpful to discuss the adaptivity of pupil dynamics in this task.

Minor comments

- Fig.2A may benefit from an indication of when stimuli occurred, as the authors want to argue that the fast pupil dynamics
relate to these onsets. | am also a bit surprised not to see a visualization of onset-related “phasic” dynamics, but merely a
response-locked presentation (Fig. 2E, see comment 3).

- No condition-specific tests are performed for the correlations in Fig. 2G (and D), with the argument that this would constitute
circular inference. | could not follow this rationale: given that the phasic pupil dilation is indicating a task x response
interaction, why not explicitly test the related, but independent question of whether the possible relation to criterion depends
on condition? As it stands, the claim about “converging lines” in the results section is based on visual inspection, not
statistical inference.



- What are the median values for fast and slow RT? Strictly speaking, the absence of observed differences between RT
splits on lateralized beta may not necessarily point to the absence of an evidence integration signature, given that the
integration rate would be expected to be both related to RT and accuracy. | agree that the divergence from the CPP slope
modulation is puzzling, however. For response-locked beta band lateralization, was a (e.g., pre-stimulus) temporal
normalization used (akin to the CPP; not noted in methods)?

- Was there a systematic relationship between detected blinks and trial timing?

- Fig. 1: If anything, DNP (no effect on tonic arousal) shifts bias and sensitivity based on distributional plots (Fig. 1D). This
picture is different in the average (Fig. 1E). What do the authors make of this?

- With respect to drug effects, the notion of a “liberal trend” may be an overstatement: the only observed trend is a drug-
unspecific reduction in decision bias. Liberal shifts in the task are marked by both such criterion reduction and sensitivity
decrease. The notion of a liberal trend is therefore oversimplifying.

- Fig. 2 C y-axis misses a “p”upil

- P.17 has a comma by mistake at the end of sentence 1.

- P. 19:2) provide causal evidence for [the] claim”

Signed,
Julian Q. Kosciessa

Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)
I would like to thank the authors for comprehensively addressing my comments and clarifying the use of the statistical
methods.

Reviewer #2

(Remarks to the Author)
The authors have largely addressed my concerns.

However, I'm still uncomfortable with one somewhat minor aspect of the results, which is the direct interpretation of CPP
results as evidence that individuals are accumulating evidence for decision making. All three features described in that
section can be simulated through component overlap of stimulus and response effects, and the Froemer paper that |
mentioned in my previous review provides strong evidence in several datasets that these signatures DO emerge from
component overlap, rather than an accumulation process. This evidence includes some basic analysis (ie. showing that
apparent accumulation like signals observed in a subselection of trials with shorter RTs go away when including trials with
much longer RT, where stimulus and response are separated) as well as more complex ones relying on unfold. l interpret
the paper cited by the authors in the rebuttal as providing evidence that in some cases, the unfold methods used in the
Froemer paper may fail to identify a particular kind of accumulation process (different from the ones that the method was
validated on in the original Froemer paper). But this does not mean that seeing the “signatures” of accumulation should be
automatically interpreted as accumulation—instead | think it means that there is some inherent ambiguity in the interpretation
of these signatures, since the best method available may still fail to arbitrate between their underlying cause in at least one
particular case. So | would ask the authors to acknowledge that these signatures, while predictions of an accumulation
signal, are not specific to it, and may also be reflective of component overlap.
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Amsterdam, December 6, 2025
Dear Editors of Communications Biology,

Please find enclosed our revised manuscript, “Phasic and tonic arousal distinctly
shape human decision bias”. In response to the reviewers’ thoughtful comments, we
have made several substantial revisions:

1) We added new univariate and multivariate analyses of neural data to show that
strategic shifts in decision bias were not related to alterations in sensory
processing or pre-stimulus changes in markers of cortical excitability and
cognitive control, in contrast to previous work using a similar task.

2) We integrated analyses of neural markers of evidence accumulation
(centroparietal positivity) into the drift diffusion modelling results, thereby
strengthening coherence across the manuscript.

3) We broadened the Introduction and Discussion to clarify our rationale for using
two different pharmacological agents, interpret the absence of Donepezil
effects, and better situate our findings within the existing literature.

We believe that our revisions have substantially improved the rigor, clarity, and
interpretability of the manuscript. Below, we provide our detailed responses (in black)
to the reviewer comments (in ) and have marked additions and revisions of the
manuscript in excerpts (in red).

We hope that our revisions adequately address the reviewers’ concerns. Thank you in
advance for your consideration.

Yours sincerely, and on behalf of all co-authors,

Simon van Gaal Stijn Nuiten

4%
| A
A vy |
YV /7YY o /]
7

/ [ (V1Y /lf
/ {
Associate Professor Postdoctoral researcher
Head of the Conscious Brain Lab Dept. of Psychiatry (UPK)
Dept. of Psychology (Brain & Cognition) University of Basel

University of Amsterdam



Reviewer #1
Major:

1. Druqg effects

The results in Figure 1B show that ATX increases arousal, but DNP does not. This
was, in particular, reflected in tonic pupil diameter (elevated for ATX but not DNP) and
blood pressure (also higher for ATX).

In Figure 1D, the authors illustrate the drug effects on inherent decision bias, which
were not significantly different from zero. The authors interpret the finding that the 93%
(ATX) and 91% (DNP) confidence intervals fell below zero as a possible trend toward
a lower inherent decision bias driven by pharmacological manipulation. In the
discussion, they interpret this as evidence suggesting more liberal decision-making
under higher tonic arousal.

Although this interpretation seems plausible at first sight, I'm afraid it is not in line with
the study findings shown in Figure 1B. According to 1B and the results section, “ATX,
but not DNP, increased physiological measures of arousal“ (page 4). If we trust that
result, then | would be more cautious about the “trend” interpretation in 1D. A lower
bias might be plausible in the ATX condition (since the authors show evidence of higher
tonic arousal), but it is inconsistent with a bias in the DNP condition (since the authors
argued for the absence of an effect on arousal). | would kindly ask the authors to
double-check their interpretation. If they think their initial interpretation is justified, |
would recommend explaining and discussing the argument more extensively.

We thank the reviewer for raising this issue and agree that the interpretation of our
results needs careful rephrasing. Based on the observations that 1) ATX but not DNP
enhances measures of physiological arousal and 2) both drugs non-robustly lower
inherent decision criterion it is indeed not possible to claim that pharmacological
elevation of tonic arousal lowers inherent decision criterion as DNP did in fact not affect
(physiological measures of) arousal. Although the DNP manipulation did not affect
arousal, similar doses of DNP have previously been shown to strongly modulate
cortical activity at rest (Pfeffer et al., 2018, 2022; Silver et al., 2008). Moreover, we
also observed neural modulations by DNP in the same set of participants while
performing a different visual task (Nuiten et al., 2023). As such, we do believe that
DNP increased cholinergic drive in cortex, although this may not have affected
physiological measures of arousal. We have adjusted the interpretation of our
pharmacological manipulations more precisely, by linking the drugs more directly to
their respective target neuromodulatory systems. Finally, although the effects of ATX
and DNP on inherent decision bias were not robust, we do believe that the
directionality of the non-robust drug effects should be mentioned for reasons of
transparency. Please note that we have added a paragraph to the Discussion where
we expand on possible reasons for the observed null-effects of DNP in the current



study. Below, we have included an excerpt showing the changes we have made in the
interpretation of our findings in the Discussion.

Discussion, page 22, lines 579-586

Baseline pupil size measurements showed no relationship with task-induced
changes in strategic decision bias. Furthermore, although increased
catecholaminergic drive (ATX) elevated physiological measures of arousal and
cholinergic drive (DNP) did not, neither manipulation influenced strategic
decision bias (Figure 1B-D). Interestingly, tonic pupil-linked arousal negatively
correlated to inherent decision bias, showing that decision-making becomes
more liberal in high baseline (tonic) arousal states, independent of task context
(Figure 2B-D). The pharmacological interventions revealed a trend in the same
direction (Figure 1D).

Please also note that the DNP effect on blood pressure with a p-value = 0.09 is utilized
to reject the alternative hypothesis that DNP increases arousal. However, the DNP
effect on inherent decision bias with the same p-value = 0.09 is interpreted as a trend
in favor of an effect. This might be related to the elevated statistical uncertainty in this
case. However, | think one should treat both p-values consistently, and in this case,
there is not enough evidence to reject the null hypothesis and to argue in favor of a
more liberal bias due to the drugs.

We thank the reviewer for pointing out this apparent ambiguity. In addition to the
standard frequentist p-value (lowercase), we also reported a Bayesian probability of
direction (capital P; Makowski et al., 2019). We realize that the distinction between the
two metrics was not sufficiently clear in our initial manuscript, which might have led to
the impression of inconsistency. Below we clarify these metrics and indicate the
changes we made in the manuscript.

The Bayesian P reflected the probability that the true effect pointed in the opposite
direction of the posterior median. When formulated this way, a P=0.09 indicates that
9% of the posterior does not support the observed direction and, therefore, that 91%
of the posterior does support the observed effect direction. In contrast, frequentist p-
values reflect the probability of observing the current (or more extreme) data under the
assumption that the null-hypothesis is true. Thus, where a frequentist p-value
evaluates the compatibility with the null-hypothesis, the P-value reflects certainty in
the direction of an effect.

Under these interpretations, we rejected the alternative hypothesis that DNP increases
physiological measures of arousal (p=0.09), while noting that a substantial portion of
the posterior supports that both drugs may result in a more liberal inherent decision
bias (P=0.09). We would like to point out that despite these distinct interpretations, we
have refrained from making overly strong claims about the non-robust drug effects on
inherent bias throughout the manuscript.



To minimize confusion about these metrics, we have changed all capital P’s to the
more commonly used pd (probability of direction, Makowski et al., 2019) and now
report them as support for the direction of the observed median effect. For example,
P=0.09 is now reported as pd=0.91 and P<.001 as P>0.999. Moreover, we have
changed the introduction of these terms in the results section, depicted in the excerpt
below.

Results, page 7, lines 175-182

For each Bayesian posterior distribution, the 95% credibility interval (Clgs%) and
the probability of direction (pd) are reported (Kruschke, 2015; Makowski et al.,
2019). The pd corresponds to the proportion of the posterior that lies on the
same side of zero as the median estimate, providing a descriptive measure of
how strongly the data support an effect in a particular direction. Importantly, and
in contrast to a frequentist p-value, pd does not evaluate compatibility with the
null-hypothesis and is thus not used to make claims about significance. Group-
level estimates of criterion and d’ were reconstructed based on the median
values of the posterior distributions for all experimental conditions (Figure 1E).

2. Background information about ATX and DNP

The two types of drugs act on different neurotransmitter systems, in particular
catecholamines (ATX) and acetylcholine (DNP). However, it is not entirely clear why
the study used these particular drugs and whether, from a theoretical perspective, one
would expect different (or similar) effects on arousal and decision biases. For example,
Yu and Dayan’s (2005) theory on expected and unexpected uncertainty would ascribe
different computational roles to norepinephrine (possibly altered by ATX) and
acetylcholine (possibly altered by DNP). Therefore, | was wondering if the authors
hypothesized similar effects (possibly due to generally elevated levels of arousal) or
different effects (possibly because the studied decision biases are more strongly
related to one type of drug).

We thank the reviewer for this comment and agree that the drug-specific predictions
have remained somewhat opaque. Prior to the onset of this study, we were mostly
agnostic to the respective effects, because opposing predictions concerning the roles
of noradrenaline and acetylcholine could be made based on previous work. On the
one hand the work by Yu & Dayan (2003, 2005) and Hasselmo & Sarter (2009, 2011)
suggests that increased activation of both noradrenaline and acetylcholine results in
a relative increase in bottom-up activity (related to visual information) against top-down
activation (speculatively related to strategic or inherent decision bias). This would
result in similar modulations of decision bias by noradrenergic and cholinergic activity.
On the other hand, it has been hypothesized that noradrenergic and cholinergic activity
might shape distinct forms of neural gain: response gain and multiplicative gain,
respectively (Shine, 2019). Response gain effectively modulates the slope of the input-
output curve (thus affecting sensitivity), whereas multiplicative gain results in a
multiplication of the output signal only (thus potentially magnifying noisy inputs, driving



liberal decision bias). Based on this, one could expect that noradrenergic activity
primarily results in sensitivity changes, whereas cholinergic activity modulates
decision bias. Theoretical contradictions like these were an important factor for
deciding to pharmacologically manipulate both the noradrenergic and cholinergic
system in the same group of participants performing a task that further manipulated
decision bias. We now have expanded on these considerations in our Introduction,
see the excerpt below.

Introduction, page 3, lines 69-85

Despite this evidence for functionally distinct roles of tonic and phasic arousal
in regulating human decision bias, three critical gaps in understanding remain.
First, it is currently unknown which neural processes govern the relation
between phasic (and possibly tonic) arousal and biased decision-making in
human participants. Second, the claim that tonic arousal does not influence
decision bias lacks sufficient empirical support. Some pharmacological studies
have reported that causal elevations of tonic arousal do not affect inherent
decision bias (Gelbard-Sagiv et al., 2018; Nuiten et al., 2023, 2024), but the
lack of experimental control over decision biases in these studies limits
definitive conclusions. Third, the respective contributions of the
catecholaminergic and cholinergic systems remain unsolved, with prior work
yielding partially conflicting accounts. One view holds that both systems
attenuate top-down biases by amplifying bottom-up sensory drive (Hasselmo,
2006; Hasselmo & Sarter, 2011; Yu & Dayan, 2003, 2005). In contrast, other
work suggests a dissociation in their effects on cortical gain: catecholamines
are thought to modulate response gain (steepening input-output functions)
whereas acetylcholine is thought to modulate multiplicative gain (uniform
scaling of outputs across inputs) (Shine, 2019). Heightened response gain
enhances the discriminability between noise and sensory signals, improving
perceptual sensitivity, whereas increased multiplicative gain amplifies overall
output levels —including noise-driven activity— potentially biasing responses
toward signal presence.

Finally, in my opinion, the authors don’t discuss the absence of the drug effects
sufficiently. The current discussion focuses on ATX and potential task differences,
which sounds plausible to me. However, | was missing a paragraph on DNP and, most
importantly, a discussion on the potential reasons for the null effects. Is it plausible that
the sample size is too small (and hence only the “trend”)?

We agree that the absence of DNP effects deserves more attention in the discussion
of the current manuscript. In previous publications based on the same
pharmacological dataset (but from different behavioral tasks; Nuiten et al. (2023),
eLife; Nuiten et al. (2024), eNeuro), we did discuss the absence of DNP effects on
behavior and neural activity during different tasks in greater detail. For clarity on the
absence of clear DNP effects we have added the following paragraph to the
Discussion. Please, see the excerpt below.



Discussion, pages 27, lines 726-746
Absence of physiological, behavioral, and neural DNP effects

Administration of 5mg DNP did not produce any statistically robust
physiological, behavioral, and neural effects. This is in line with our
observations from two previous studies performed in the same group of
participants (Nuiten et al., 2023, 2024). It is difficult to retrospectively ascertain
whether this absence of effects was due to a non-existent role for the
cholinergic system in visual detection or was due to pharmacological properties
such as the used dosage. However, there is a growing body of work suggesting
that 5mg DNP may mostly shape cortical activity at rest (Pfeffer et al., 2018,
2022; Silver et al., 2008). For example, this dosage of DNP minimizes the
spread of visually evoked activity over visual regions when passively viewing
flickering stimuli (Silver et al., 2008) and reduces cortex-wide inter-regional
functional connectivity during resting-state measurements but not an active
task (Pfeffer et al., 2018). Pfeffer et al. (2018) further speculated that the
absence of DNP effects during behavioral tasks may be related to the fact that
the cholinergic system mostly operates through phasic transients (by e.g.,
modulating neural gain), rather than through long-lasting tonic effects. This
would be in line with the recent reconceptualization of the forebrain cholinergic
system proposed by Sarter & Lustig (2020), who claimed that likely all
behaviorally relevant cholinergic signaling is phasic in nature. One way to
establish the role of either tonic or phasic cholinergic activity in the regulation
of decision biases might be to antagonize the cholinergic system (with e.g.,
scopolamine or bupropion). For example, cholinergic antagonization might
cause a weakened relation between phasic pupil-linked arousal and strategic
decision biases, which would imply a role for phasic cholinergic signaling in
shaping strategic decision bias.

3. Causal evidence that tonic arousal does not influence strategic decision bias
Page 19: “Pharmacological manipulations and baseline pupil size measurements
respectively provided causal and correlational evidence that tonic arousal did not
affect strategic decision bias.”

While | tend to agree, | would recommend discussing this conclusion more extensively.
It is true that the current study does not provide any hint that the strategic decision
bias is altered through pharmacological manipulations. However, at the same time, the
study did not reveal a reliable effect of pharmacologically induced tonic arousal on any
behavioral marker, and it is possible that the manipulation was not particularly
effective. Especially since the effects of DNP on arousal were not significant. As
mentioned above, also the missing theoretical perspective and hypotheses regarding
the two types of drugs in the introduction made it a bit hard to interpret the effects.

We agree that we cannot firmly claim that the pharmacological manipulations did not
selectively affect strategic decision bias, as effects on inherent decision bias were also



not statistically robust. We have changed the wording in the Discussion to phrase our
pharmacological results more precisely. We would like to refer the reviewer to the
excerpt we included in response to their first comment.

Minor:
Figure 2C: “Tonic upil size” (P in pupil is missing on y-axis).

Page 17/18: “highly” significant does not exist. | recommend using “significant
interaction between...”

Page 19: ...provide causal evidence for claim (“the” missing before “claim”).

We thank the reviewer for pointing out these typographical and semantical errors and
we have corrected them in the updated manuscript.

General: Concerning inherent decision bias, why is “more liberal decision-making” also
called a “lowered inherent decision bias”? Intuitively, | would have expected that more
liberal = heightened bias (instead of lowered). Please explain.

With lowered inherent decision bias we refer to a lower value of the criterion parameter
from Signal Detection Theory (Green & Swets, 1966). We agree that the phrasing
‘lowered inherent decision bias’ is somewhat ambiguous, because a lower (inherent)
decision bias could also be interpreted as less bias (i.e., lower absolute bias, criterion
closer to 0). We have therefore replaced ‘lowered/increased decision bias’ with
‘lowered/increased criterion’ or ‘more liberal/conservative decision bias’. Below, we
show two excerpts where we have changed this wording.

Introduction, page 4, lines 105-106

Elevated tonic pupil-linked arousal was related to a lowered inherent decision
criterion (i.e., more liberal decision-making), but exhibited no relation to task-
dependent strategic shifts in decision bias.

Results, page 7, lines 191-196

The Close, for the drug effect on criterion overlapped with zero for both models,
however, 93% (ATX-model) and 91% (DNP-model) of the posterior mass fell
below zero, indicating a trend toward a reduction in inherent decision criterion
(i.e., more liberal decision-making; ATX-model: pd=0.93, y=-0.03, 0=0.02,
Clos%=[-0.06, 0.01]; DNP-model: pd=0.91, uy=-0.02, 0=0.02, Cles%=[-0.05, 0.01];
Figure 1D — upper middle panel).



Reviewer #2
Intro:

The authors define phasic LC activation in the intro with respect to transient activations
preceding a goal-directed response. | understand that the authors are trying to
motivate the study here, but it seems important that transient LC activations also occur
to stimuli in the absence of an action and that motor-locked LC activations actually
occur after the action in saccade tasks where response initiation can be measured
accurately (Kalwani et al 2014). | think the latter timing relationship is important in that
it constrains the roles that this premotor activation is likely playing in the brain — that
is to say, it cannot be about action initiation if it happens after the action. However, the
stimulus locked LC transients may very well affect decision processing, and likely
contribute to the pupil responses measured here.

We thank the reviewer for this insightful comment and drawing our attention to the
timing of phasic LC activity. Indeed, Kalwani et al. (2014) showed that motor-locked
LC activity in monkeys was observed following response (saccade) onset. However,
the authors also showed clear stimulus-locked LC activity in response to cues that
prompted the animals to initiate a saccade, prior to saccade onset. Clearly, phasic LC
activity cannot be reduced to supporting a single function in the brain (e.g., supporting
decision-making). We did not mean to imply this in our Introduction, but indeed wanted
to provide illustrative examples from prior neurophysiological work. To clarify this, we
have rewritten this section of the Introduction, see the excerpt below.

Introduction, page 2, lines 42-47

For example, tonic (i.e., baseline) activity of noradrenergic locus coeruleus (LC)
neurons is non-monotonically related to sensory evoked potentials in rat barrel
cortex (suggesting altered sensory processing; Devilbiss & Waterhouse, 2004),
whereas phasic (i.e., transient bursting) activity in monkey LC has been
observed in response to task-relevant cues and in close proximity to task-
relevant responses (e.g., Clayton et al., 2004; Kalwani et al., 2014), consistent
with possible roles in decision-making and motor execution.

Moreover, we would like to stress that the pupillometry results do not allow us to
determine the causal structure the effects (if any). Thus, we cannot distinguish whether
the preparation of unpreferred responses triggers phasic arousal, or whether phasic
arousal increases the probability of unpreferred responses. We have refrained from
making causal statements regarding our pupillometry results and also explicitly
discuss this issue in our Discussion (Establishing a causal relation between phasic
arousal and decision bias).

Results:
Given that results are presented before methods, it would be good if authors could
provide an overview of the study at the beginning of results section.



Although we agree that papers that present results before explaining the methods
benefit from a clear overview of the study before the manuscript, we would like to point
out that we conclude the introduction with an overview of the experimental design as
well as a summary of the results (as is required per the journal’s standards). To briefly
introduce the analysis methods, we have added the following section to the
Introduction.

Introduction, page 4, lines 98-103

This study tested if and how inherent (task-independent) and strategic (task-
related) decision biases were affected by pharmacological elevations of
neuromodulatory drive and if they correlate with pupil-linked tonic and phasic
arousal. Furthermore, EEG analyses and computational modelling of choice
behavior (drift diffusion modeling, DDM; Ratcliff et al., 2016) were used to
elucidate the neural and computational mechanisms possibly underlying
arousal-driven modulations of decision bias.

The CPP analysis seemed a bit disconnected from the main points of the paper, and
in the end | don’t think there was any compelling takeaway from that section. The
authors summarize that the Centroparietal activity reveals evidence accumulation
during decision making, but to show this convincingly would require ruling out
component overlap (Froemer et al, 2024). | expected the authors to examine whether
the magnitude/slope of the CPP related to task-induced biases, but unless | missed it,
this wasn’t tested.

Although we are aware that the response-locked CPP signal has been argued to be
contaminated with stimulus-related activity, removing this stimulus-related activity
(e.g., via deconvolution; Fromer et al., 2024) also has the potential for erroneously
removing meaningful RT-related aspects of the accumulation signal (O’Connell et al.,
2025). For this reason, we have decided to analyze the CPP using standardized
methods (Kelly & O’Connell, 2013; O’Connell et al., 2012).

We understand that the CPP analysis may have seemed somewhat detached from
the rest of the manuscript. Indeed, the CPP analysis was not used as a primary target
for our analyses but rather served a supportive purpose in providing neural evidence
that participants accumulated noisy evidence over time while forming their decision.
This is not a trivial point, as there are several other non-accumulation decision
strategies that our participants could have applied (e.g., extrema detection; for
elaboration on this issue see Stine et al., 2020). The CPP revealed clear signatures of
evidence accumulation (accumulation-to-bound profile, scaling with RT, reflecting
choice accuracy), which was a prerequisite for performing the subsequent DDM
analysis.

In the revised manuscript, we have integrated the CPP and DDM analyses (also in the
figure) to increase the coherence between these two sets of analyses.

Results, page 13, lines 332-356



Phasic pupil-linked arousal associated with weakened computational
starting point bias

Perceptual decisions are often formalized as a gradual accumulation of noisy
sensory evidence towards an internal decision threshold (Gold & Shadlen,
2007; Shadlen & Kiani, 2013). To assess whether the phasic pupil-linked
arousal modulations of strategic decision bias were related to alterations in
evidence accumulation, a stimulus-coded drift diffusion model (DDM) was fitted
to choice behavior data (Ratcliff & McKoon, 2008). Although evidence
accumulation processes are often studied using slow-paced experiments with
long stimulus durations that encourage participants to accumulate evidence
(e.g., random dot motion kinematogram task with >1s of stimulation; Kelly &
O’Connell, 2013), behavioral and neural markers of evidence accumulation
have also been observed during tasks with stimulus durations around 200ms
(as in the current experiment) and even as short as 30ms (Kiani et al., 2008;
Nuiten et al., 2023, 2024; Pereira et al., 2021; Ratcliff, 2002; Tagliabue et al.,
2019). To ensure that participants indeed accumulated sensory evidence to
form their decisions —rather than using different decision strategies (e.g.,
extrema detection; see Stine et al., 2020)— we first inspected the centroparietal
positivity component (CPP) as a neural marker of unsigned accumulation of
sensory evidence before fitting de DDM (O’Connell et al., 2012). Three features
of the CPP suggested that participants indeed accumulated sensory evidence
during the detection task (Figure 3A-D; O’Connell & Kelly, 2021). First, the
response-locked CPP displayed a clear accumulation-to-bound profile, with a
gradual build-up in amplitude that peaked around the time of the response.
Second, the slope of the response-locked CPP was significantly increased in
the 200ms preceding the behavioral response for fast versus slow RT trials
(median split; t1(27)=3.53, p=.002, d=0.47, BF01=0.04). Third, CPP slope was
increased for target present versus target absent trials (F(1,27)=20.15,
n;=0.43, p<.001, BF¢1=0.83) and for correct versus incorrect ftrials

(F(1,27)=72.33, n3=0.73, p<.001, BF01=5.82¢™"3), but was not different for “yes”
versus “no” responses (F(1,27)=2.80, n;=0.09, p=.11, BF01=1.18). These
neural effects afforded fitting the DDM.
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Figure 3 | Strategic decision bias related to computational indices of biased
evidence accumulation that are modulated by phasic pupil-linked arousal. A-D)
Centroparietal positivity component reveals evidence accumulation during decision-
making. A) Centroparietal ROl used to calculate the response-locked CPP. B) Response-
locked CPP for fast versus slow RT trials (median-split) and C) for hits, correct rejections,
misses, and false alarms. The grey area indicates the temporal window used to calculate
CPP slope. D) Average CPP slopes in the 200ms preceding the onset of the behavioral
response for fast trials, slow trials, hits (H), correct rejections (CR), misses (M), and false
alarms (FA). E) Schematic representation of the origins of decision biases in the DDM.
Decision bias can be brought about by changing the starting point of the accumulation
process (z, in green) or adding an evidence-independent constant (drift criterion, vbias, in
purple) to the drift rate. F) Posterior distributions of the effects of (from left to right) the
behavioral task, phasic pupil bin, and their interaction on parameters underlying biased
decisions. Top row: effects on drift criterion. Bottom row: effects on starting point. Horizontal
line on the bottom of the plot demarks the Clos%. G) Top panel: reconstructed drift criterion
values for each task (liberal task in blue, conservative task in red) and phasic pupil bin.
Depicted values were calculated from the group-level posterior means of the model
intercept and regressor weights. Bottom panel: similar to above, but for starting point. Error
bars indicate SEM.

In terms of the modeling results, It seems noteworthy that the phasic response occurs
after the starting point of the decision process. So, while the DDM provides a nice
summary of the RT and choice effects of the phasic pupil response, it leaves a bit of a
causal puzzle, since the phasic pupil response is a response to the stimulus, and the
starting point must be set before stimulus onset.



We fully recognize the conceptual tension between the timing of the phasic pupil
response and its relation to starting point bias. In the standard DDM, the starting point
is a pre-accumulation (not strictly pre-stimulus) bias, and therefore the stimulus-
evoked phasic pupil response cannot straightforwardly be interpreted as setting this
parameter in a causal manner.

Although we want to refrain from drawing causal inferences based on our correlational
results, it is worth noting that the starting point conceptually reflects an asymmetry in
the amount of evidence required to reach one decision bound versus the other. Such
asymmetries could arise during pre-accumulation phases (as generally assumed in
the model), but may, in principle, also emerge after the evidence accumulation has
begun. This suggests that the starting-point parameter may capture computational
biases that are not strictly confined to pre-stimulus states and could be modulated by
post-stimulus phasic arousal.

Conversely, the relationship could also operate in the opposite direction: overcoming
strategic decision biases by resetting the starting point may trigger phasic arousal.
This would similarly produce interactions between phasic arousal and starting point
measures (both DDM-derived and EEG-based preparatory motor cortex activity). Our
current data do not allow to discern this possibility from one in which phasic arousal
causally influences starting point.

Because this is a critical conceptual issue, we have expanded the Discussion section
‘Establishing a causal relation between phasic arousal and decision bias” to
address it. See the excerpt below.

Discussion, page 26, lines 709-718

The directionality of the relationship between phasic-pupil linked arousal and
strategic decision bias, motor cortex lateralization, and starting point bias is
hard to establish (e.g., pupillary effects preceded neural effects). First, all
pupillary analyses were correlational, preventing conclusions about causality.
Second, the pupillary response is relatively slow, almost akin to fMRI-BOLD
responses (Knapen et al., 2016; Mathét, 2018), which makes it challenging to
precisely align the timing of pupil-linked arousal signals with rapid changes in
decision-related neural activity. Our current data therefore do not allow to
distinguish between a scenario in which pupil-linked phasic arousal minimizes
strategic shifts in starting-point bias and one in which overcoming task-induced
starting-point bias triggers phasic pupil-linked arousal.

Preparatory low frequency effects were examined in a subset of the data that was
balanced with respect to previous choice to avoid spillover effects. | would have
expected the authors to deal with spillover effects by regressing out previous trial
effects, which would allow them to use all of the data, and ensure that the results were
not affected by the specific selection of trials. Is there a reason for the subsetting, and
if so, was the data selection performed multiple times with same results?

We thank the reviewer for raising this point about our neural analyses. We initially
decided on subsetting the data as it ensured that the distribution of previous responses



was exactly balanced across conditions, thereby minimizing the possibility that
differences in response history could affect the results. To verify the robustness of our
findings we followed the suggestion of the reviewer and regressed out previous
responses from the full dataset per participant, session, and task. Next, we performed
the exact same analyses as before, including averaging across epochs within sub-
conditions, performing the time-frequency decomposition, and running cluster-
corrected spectro-temporal rmANOVAs. The pattern of results remained unaltered,
with lateralized low-frequency activity 1) reflecting the upcoming response, 2)
revealing durable task effects, and 3) showing a pre-stimulus interaction between task
and phasic pupil bin. The only difference was the absence of the pre-stimulus
response effect cluster. Overall, though, this analysis is in line with our primary
findings. We have added this figure as a Supplement to the manuscript and refer to it
in our Results section. See excerpt and Supplementary Figure below.

Results, page 16, lines 424-428

To obtain response-selective neural signals that were unaffected by spillover
effects from the previous response on the current trial, trial counts of stimulus-
locked and response-locked EEG epochs were first balanced with regard to the
behavioral response on the previous trial, within each task. Note that regressing
out the previous response from time-domain EEG data, instead of balancing
trial counts, did not affect the results (Supplementary Figure S8).

Supplementary information, page 48, lines 1417-1420
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Supplementary Figure S8 | Neural effects remain intact when regressing out previous
trial response instead of sub-selecting epochs. Same as Figure 4B, but for residual neural
data after regressing previous trial responses from time-domain data instead of sub-selecting
trials to ensure equal trial counts in each sub-condition.

“The CI95% for the drug effect on criterion overlapped with zero for both models,
however, 93% (ATX-model) and 91% (DNPmodel) of the posterior mass fell below
zero, indicating a possible trend toward a reduction in inherent decision bias (i.e., more
liberal decision-making; ATX-model: P=0.07, y=-0.03, 0=0.02, CI95%=[-0.06, 0.01];
DNP-model: P=0.09, y=-0.02, 0=0.02, C195%=[-0.05, 0.01];”



| am confused as to why the statement above is interpreted as a reduction in bias... if
participants show no overall decision bias, shouldn't any systematic change to the
criterion lead to a bias in one direction or the other?

We agree with the reviewer that the wording here (‘reduction in inherent decision bias’)
is unnecessarily ambiguous. A substantial portion of the posterior masses fell below
zero, which suggests a reduction in the signal detection theoretical criterion. This is
not the same per se as ‘less biased’, as that statement can also mean that criterion
moved towards 0 (no bias) from either positive (conservative bias) or negative (liberal
bias) criterion values. We have removed this ambiguity from the manuscript
throughout, see the excerpts below.

Introduction, page 4, lines 105-107

Elevated tonic pupil-linked arousal was related to a lowered inherent decision
criterion (i.e., more liberal decision-making), but exhibited no relation to task-
dependent strategic shifts in decision bias.

Results, page 7, lines 191-196

The Close, for the drug effect on criterion overlapped with zero for both models,
however, 93% (ATX-model) and 91% (DNP-model) of the posterior mass fell
below zero, indicating a possible trend toward a reduction in inherent decision
criterion (i.e., more liberal decision-making; ATX-model: pd=0.93, p=-0.03,
0=0.02, Clgs%=[-0.06, 0.01]; DNP-model: pd=0.91, u=-0.02, 0=0.02, Cles%=[-
0.05, 0.01]; Figure 1D — upper middle panel).

| was very surprised at the very minimal effects of the drugs — did either drug affect
the shape or amplitude of stimulus or response locked pupil responses?

In agreement with the reviewer, we were also surprised by the absence of any drug
effects and in particular effects of atomoxetine. In the same group of participants
performing two different visual discrimination tasks, atomoxetine increased perceptual
sensitivity (d’) and the amplitude of the CPP component (Nuiten et al., 2023, 2024).
Donepezil did not show consistent effects on the CPP or behavior in these studies,
although it did modulate an early ERP component following a covert attentional cue
(Nuiten et al., 2023). Based on these findings, we expected effects of atomoxetine on
d’ and CPP peak amplitude effects in this experiment too. To our surprise, there were
no statistically robust associations with behavior. Furthermore, as reported in
Supplementary Figure S5, neither drug affected the overall amplitude nor the reflection
of strategic decision bias in the response-locked pupil response. We are unsure of the
origin of this absence of effects, but in the Discussion we speculate that it may relate
to differences in discrimination versus detection tasks (Differential effect of ATX on
visual detection task vs. visual discrimination tasks).

Discussion:
The bias, pupil, and contralateral motor data presented here seem roughly in line with
the idea that arousal systems may play a role in disengaging from some latent



behavioral state (Nassar 2024, current opinion in behavioral sciences). However, in
work motivating that theory, the phasic pupil activations typically occur in response to
stimuli that deviate from expectations (Nassar 2012; Krishnamurthy 2017), whereas in
this case, the stimuli are no more surprising than typical ones, but instead signal the
need for an unprepared behavioral policy. Perhaps overreaching, but | thought this
might be another, slightly more stimulus centered interpretation of the some of the
results presented.

As the reviewer correctly points out, phasic arousal is frequently linked to the signaling
of uncertainty about, and violations of, predictions. Because our experiment did not
contain any manipulations targeting predictions, it is difficult establish the source of
trial-by-trial variability in phasic pupil-linked arousal. However, local repetitive stimulus
patterns that occur by chance in pseudorandomized tasks, such as ours, may elicit
short-term predictions that affect behavior and possibly phasic arousal (Yu & Cohen,
2008). As a consequence, our results may be compatible with a broader view in which
phasic arousal reflects the need to disengage from an ongoing behavioral state, for
example triggered by surprising external events or violations of predictions. We
consider this an interesting perspective and now briefly note it in the Discussion, see
the excerpt below.

Discussion, page 23, lines 624-635

In contrast, phasic arousal has been linked to rapid behavioral adjustments in
the face of uncertainty or violated predictions, through a reset of cortical
network dynamics and the promotion of bottom-up processing of sensory
information over top-down influences (Bouret & Sara, 2004; Hasselmo, 2006;
Hasselmo & Sarter, 2011; Krishnamurthy et al., 2017; Nassar, 2024; Nassar et
al., 2012; Yu & Dayan, 2003, 2005). The negative correlation between trial-by-
trial variations in phasic pupil-linked arousal and strategic decision bias
reported here is broadly consistent with these theoretical accounts. However,
because our design did not explicitly manipulate predictions or uncertainty, it
remains difficult to directly attribute the observed variability in phasic pupil-
linked arousal to the prediction-related processes. Although the observed
effects of phasic arousal may have been partially driven by local stimulus
patterns that occur by chance in pseudorandomized tasks (driving the formation
of short-term predictions; Yu & Cohen, 2008), future work should test this
hypothesis with designs optimized to probe such predictive mechanisms.

Minor points:

“Tightly correlate” perhaps is a subjective term, but | think that perhaps this is a bit
much — correlation coefficients in the Reimer and Joshi papers cited are probably not
what this phrasing would evoke in most people’s minds.

We agree that this phrasing is subjective and have removed the word tightly from the
manuscript.



“‘with large tonic pupil sizes preceding small task-evoked responses and vice versa
(de Gee et al., 2014, 2017, 2020; Knapen et al., 2016; Mridha et al., 2021)” does
"evoked" here mean the diameter after a task event, or the baseline subtracted
diameter after a task event? if the latter, doesn't this have to be the case, since if you
measure tonic as the baseline, and phasic as increase from baseline, then baseline is
included in both sides of the correlation (with a negative sign on the phasic side)? I'm
not against the authors controlling for things, but | am also not convinced that this
negative relationship between baseline and transient responses really exists when you
use measures that avoid the issue described above.

Evoked here refers to the mean baseline-corrected pupil diameter after a task-event.
Although we agree that this measure effectively inserts baseline values into the task-
evoked pupil response, the anti-correlation between baseline pupil size and evoked
responses goes beyond this simple interpretation. For example, when creating
pseudo-epochs during rest (no task) by locking the pupil signal to random time-points
and sorting pupil traces according to their ‘baseline’ pupil size, the pupil traces show
“reversion to the mean” (Mridha et al., 2021). In other words, even in the absence of
any stimulus input or behavioral responses, the pupil has the tendency to constrict
back to a mean pupil size. This results in relative pupil constrictions following periods
of large pupil sizes and relative dilations following periods of small pupil sizes.

Quantifying the exact origins of the anticorrelation between baseline and evoked pupil
responses fell outside the scope of this work. However, as it is a frequently observed
feature of pupil dynamics, we felt it was important to control for it in our analyses.

“\:" in caption 2 was unclear to me.

We have replaced the \:" with ‘pup.:’ to indicate the Bayesian pd-value (i.e., probability
of direction) for the main effect of pupil-linked arousal on criterion.

Page 12: “CPP slope did, however, not differ between “yes” versus “no” responses”
Is there a “not” missing in this sentence?

The word ‘not’ was currently written after ‘however’. We have now placed it after ‘did’.



Reviewer #3
Major comments

1. The study relies on a rich web of expected dissociable relations. It would help to
graphically summarize the expected effects and consistently refer to subsets
throughout the manuscript. | appreciate that this may have the character of a mini-
review, but throughout the manuscript | found myself trying to decompose the complex
tangle of state x drug x task effects and decision-stage outcomes: e.g., tonic arousal
<-> pre-stimulus pupil <-> pre-stimulus alpha/theta (see 2.) <-> sensitivity (but not
bias) shift <-> noradrenaline/atomoxetine | phasic arousal <-> stimulus pupil change
<-> <-> sgtimulus alpha/gamma (see 2.) <->bias (but not sensitivity) shift <->
acetylcholine / donepezil. This may of course be oversimplified, but based on the
introduction, a version of this model shaped the considerations for the study design. It
also highlights a more complicated setup for predictions in the study setup, with which
to evaluate the results and the model:

o the task-induced conservative shifts jointly increase both bias and sensitivity

o some relations have not been observed in prior work (e.g., no effect of donezepil on
bias; Nuiten et al., 2024, eNeuro)

o given that the sensitivity shift is thought to be non-linear, the direction of putative
sensitivity shifts due to tonic arousal increases should depend on baseline levels of
tonic arousal

The manuscript indeed features various concepts (e.g., inherent vs. strategic bias),
manipulations (pharmacological vs. experimental), and analyses (pupillometry, EEG,
DDM) that all aim to address the central question: do variations in tonic and phasic
arousal differentially affect decision bias? Our main conclusions are that 1) tonic
arousal relates to inherent decision bias whereas phasic arousal relates to strategic
decision bias and 2) the correlation of strategic decision bias with phasic arousal is
related to alterations in preparatory signals over motor cortex resembling a starting-
point bias and not stimulus processing.

To keep the manuscript as concise as possible, we have tried to mostly emphasize the
primary endpoints of our analyses. For example, although we do report some d’ effects
(task, drug), we mostly focus on inherent and strategic decision bias. In earlier work
from our group, we have more thoroughly investigated the (non-linear) relation
between tonic pupil-linked arousal and d’ (Beerendonk et al., 2024, 2025; Nuiten et
al., 2024). Related to the final bullet-point, pharmacologically elevating arousal via ATX
did not result in an alteration of the non-linear relation between tonic arousal and d’,
but rather induced a shift in the absolute position of the non-linear curve on the
arousal-axis (Beerendonk et al., 2025).

While we agree that it would be highly interesting to integrate findings across arousal
types (tonic, phasic), performance measures (d’, criterion), and experimental settings
(e.g., manipulating bias, detection vs. discrimination tasks), we believe this does not



fall within the primary scope of the current work. To make the manuscript somewhat
easier to follow from the onset, we have added the following section to the Introduction,
in which we give a brief overview of the analyses that were performed in the
manuscript.

Introduction, page 4, lines 98-116

This study tested if and how inherent (task-independent) and strategic (task-
related) decision biases were affected by pharmacological elevations of
neuromodulatory drive and correlated with pupillary correlates of tonic and
phasic arousal. Furthermore, EEG analyses and computational modelling of
choice behavior (drift diffusion modeling, DDM; Ratcliff et al., 2016) were used
to elucidate the neural and computational mechanisms possibly underlying
arousal-driven modulations of decision bias. To anticipate the results, this study
not only confirms the distinct functional roles of tonic and phasic arousal in
shaping decision bias, but also provides novel insights into the neural
processes through which phasic arousal governs decision bias. Elevated tonic
pupil-linked arousal was related to a lowered inherent decision criterion (i.e.,
more liberal decision-making), but exhibited no relation to task-dependent
strategic shifts in decision bias. Pharmacological elevation of catecholamines
(with ATX) and acetylcholine (with DNP) revealed a non-robust trend in the
same direction. In sharp contrast, phasic pupil-linked arousal was selectively
related to strategic shifts in decision bias, but did not correlate with inherent
decision bias. Further neural and computational analyses suggest that the
relation between phasic pupil-linked arousal and strategic decision bias could
be attributed to modulations of anticipatory activity over motor cortex reflecting
a “head start” (biased starting point) in the preparation of preferred behavioral
responses. These findings illuminate the distinct mechanisms through which
arousal shapes decision-making and offer a deeper understanding of the
sources of variability in human behavior.

2. Prior work (e.g., Kloosterman et al., 2019, eLife) considered canonical rhythmic
indices of stimulus processing: pre-stimulus theta and alpha power, and stimulus-
induced alpha desynchronization and gamma power. Given that this is a conceptual
replication of that work (and the present study replicated the main behavioural effects
of bias and sensitivity increases with conservative shifts), why were such signatures
not used to provide additional evidence of stimulus processing beyond behavioural
modelling? These would provide particularly interesting targets given the dual
quantification of putatively more tonic pre-stimulus dynamics and presumably more
phasic stimulus-related dynamics.

We agree with the reviewer that it is valuable to also examine the canonical rhythmic
indices of stimulus processing reported by Kloosterman et al. (2019). In the revised
manuscript, we therefore added supplementary analyses showing no task on
prestimulus occipital alpha or frontal theta. To more directly probe stimulus processing,
we also performed a decoding analysis in which we quantified neural representations



of signal presence with signal detection theoretic (SDT) measures. Specifically, a
classifier trained on data from a separate task was applied to the current dataset and
classifier outputs were summarized as neural d’ (reflecting the separability of noise
versus target representations) and neural criterion (reflecting overall bias in classifier
outputs). This approach goes beyond quantifying stimulus processing as deflections
in gamma power (Kloosterman et al., 2019), by testing whether distributed neural
patterns in fact contain information that reliably distinguishes target stimuli from noise.
The results showed increased classifier d’' in the conservative versus liberal task
(paralleling behavioral d' effects), but no differences in neural criterion. These findings
indicate that strategic decision biases were not driven by biased sensory
representations of target stimuli. Below, we have included the newly added section of
our Results.

Results, pages 19-22, lines 513-571

Strategic shifts in decision bias show no reliable association with pre-
stimulus frontal theta, occipital alpha, and biases in sensory processing

In a previous study in which aversive tones were presented to induce strategic
decision biases in a visual detection task, the liberal task (vs. conservative task)
was associated with increased pre-stimulus frontal theta-band 2Hz to 6Hz
power, reduced pre-stimulus occipital alpha-band power (8Hz to 12Hz), and a
weak increase in stimulus-locked occipital gamma-band power (59Hz to
100Hz), suggesting that strategic biases may already arise at the earliest
stages of sensory processing (Kloosterman et al., 2019). To test whether we
could replicate these findings, we performed two sets of analyses: a spectral
power analysis on pre-stimulus (-500ms to Oms) activity and a time-resolved
multivariate decoding analysis on stimulus-locked activity. Pre-stimulus power
was calculated within pre-defined frontal and occipital electrode clusters based
on Kloosterman et al. (2019) and then tested using a hypothesis-driven (with
respect to frequency) paired sample t-tests between tasks, as well as a
hypothesis free (with respect to frequency) cluster-corrected permutation test.
We observed no task effects on frontal theta-band and occipital alpha-band
activity (Supplementary Figure S10).

Next, we trained a linear discriminant classifier (LDA) to distinguish Gabor
stimuli from noise on EEG data obtained from an independent task performed
by the participants (localizer task; see Methods, Figure 5A). During the
localizer participants indicated the orientation, not the presence, of Gabor
patches. Therefore, we could disentangle patterns of neural activity underlying
the processing of the Gabor stimulus, independent from neural patterns related
to response preparation and execution. The classifier was trained on each
timepoint and tested across all other timepoints to investigate how patterns of
activity underlying Gabor detection generalized over time (generalization
across time, GAT; King & Dehaene, 2014). A 10-fold within-localizer decoding
procedure revealed that stimulus presence could be decoded from the localizer



task with high accuracy (p<.001, training time: 16ms-750ms, testing time:
23ms-750ms, maximal cluster AUC=0.87, mean cluster AUC=0.62; Figure 5B).

We then verified whether Gabor presence could be cross-decoded by training
the classifier on data from the localizer task and testing it on data from the
detection task. For every trial of the detection task we obtained a classifier
response (“yes” or “no”), which we could match to objective stimulus presence
to obtain classifier hits, false alarms, misses, and correct rejections. This
facilitated calculating classifier sensitivity (d’) and bias (criterion). These
measures were then compared between the liberal and conservative tasks to
investigate if sensory processing was altered. Across tasks, the classifier was
able to predict stimulus presence above chance, indicated by d’>0 (p<.001,
training time: 117ms to 750ms, testing time: 227ms to 750ms, maximal cluster
d’=0.33, mean cluster d'=0.12; Figure 5D). In line with the behavioral results
(d’ task effects, Figure 1D), classifier d’ was increased for the conservative vs.
liberal task condition (p=.002, training time: 328ms to 570ms, testing time:
453ms to 641ms, maximal cluster d'=0.10, mean cluster d’=0.06; Figure 5D).
The classifier had a strong liberal bias for classifying neural signals as reflecting
Gabor presence information, indicated by criterion<0 (p<.001, training time:
47ms to 750ms, testing time: Oms to 748ms, maximal cluster criterion=-1.19,
mean cluster criterion=-0.48; Figure 5E). Crucially, however, we observed no
condition difference when comparing classifier criterion between the
conservative and liberal condition (all clusters: p>.59; Figure 5E). This
suggests that behavioral task effects on decision bias were likely not related to
alterations in sensory processing in the current dataset.

Taken together, these analyses provide no evidence that strategic shifts in
decision bias were accompanied by changes in prestimulus frontal theta or
occipital alpha power, nor by alterations in sensory processing as assessed
with cross-decoding. These results contrast with earlier findings (Kloosterman
et al., 2019). We speculate on possible explanations for these differences in the
Discussion.
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Figure 5 | Strategic shifts in decision bias alter the precision, but not bias, of sensory
representations in neural activity. A) Schematic of the localizer task. Participants
reported whether Gabor stimuli were presented closer to the horizontal or vertical axis,
thus responses and stimulus presence were orthogonal. B) Within-localizer task 10-fold
stimulus presence decoding (area under the curve, AUC). C) Reconstructed activity
patterns of the localizer task on early (150ms-300ms) and later timepoints (325-550ms).
D) Left panel: classifier d’ averaged across tasks. The classifier was able to decode
stimulus presence above chance level (d’>0). Right panel: Classifier d’ was increased
under the conservative versus liberal task. E) Left panel: classifier criterion averaged tasks.
Across tasks, the classifier had a liberal decision bias, i.e., it was biased towards classifying
trials as containing a Gabor patch. Right panel: Classifier criterion was not modulated by
task.

Supplementary Figure, page 49, lines 1436-1445
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and liberal (in blue) tasks. Marker between 2Hz and 6HZ indicates predefined spectral ROI.
Middle panel: Power difference (liberal — conservative). There were no task-differences
over frontal electrodes in the spectral delta ROI (1(27)=1.15, p=.27, d=0.21, BF01=2.84) or
in any other frequency band (no detected clusters). Right panel: Topographical map of
prestimulus theta-band (2Hz-6Hz) power. White dots indicate spatial ROI. B) Same as
panel A), but for occipital alpha (8Hz — 12Hz) power. There were no task-differences over
occipital electrodes in the spectral alpha ROI (t(27)=-1.34, p=.19, d=0.25, BF01=2.34) or in
any other frequency band (no detected clusters).

3. What is the motivation to response-lock phasic pupil (Fig. 2E) as compared to
considering changes from pre-stimulus upon stimulus onset (as also motivated in the
introduction)? If the dynamics remain response-locked, the plot requires some
indication of the RT (or stimulus onset time), and potential condition differences
therein. Especially as the observed criterion shift may reflect in part response
speeding. The response-locked perspective is also underscored by the focus on the
CPP (cf. pre-stimulus and stimulus dynamics, see 2 above). What is the motivation for
focusing on the late decision stage throughout?

The decision to use response-locked rather than stimulus-locked pupil data is
motivated by two reasons. First, previous work from our group revealed that the phasic
pupil response is most strongly driven by a sustained component during the formation
of a decision (rather than transient responses to stimulus onset or the response itself)
and that it tracks upcoming choices irrespective of the stimulus (de Gee et al., 2014).
This suggests that stimulus information, although clearly reflected in the pupil, is not
the primary force driving pupil dilation during perceptual decision-making tasks.
Consequently, all follow-up studies from our group in which phasic pupil responses
were studied in relation to decision bias used the same method for quantifying the
phasic pupil response (de Gee et al., 2017, 2020; Mridha et al., 2021). Second, by
response-locking the pupil signal, we could ensure that any post-response auditory
feedback-related pupil effects were not convoluted with our signal of interest. The
auditory feedback, which was given when participants provided the unpreferred
response, evoked strong pupil dilation within 500ms after the response (Letter Figure
1). If we were to use stimulus-locked pupil analyses, these feedback-evoked
responses could have overlapped with the time window of interest, making it difficult
to disentangle decision-related pupil dynamics from feedback-related effects.
Specifically, stimulus-locked pupil dynamics would conflate pre-decision processes
(e.g., increased dilation in preparation for an unpreferred response) with post-decision
feedback responses (e.g., increased sound-evoked dilation following an unpreferred
response). Response-locking therefore allows a cleaner isolation of the decision-
related component of pupil dynamics, ensuring that our results more accurately reflect
the processes of interest.
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Letter Figure 1 — Aversive auditory feedback evokes strong pupil dilation.

As further correctly pointed out by the reviewer, it is important to consider RT
differences between conditions when investigating pupil dynamics. The sluggish
peripheral pupil apparatus acts as a temporal low-pass filter (Hoeks & Levelt, 1993;
Korn & Bach, 2016) and, therefore, (condition-related) variations in RT can result in
different pupil responses without actual changes in the underlying neural response.
Indeed, the phasic pupil response on slow vs. fast RT trials showed peaked earlier in
time (Supplementary Figure S4). This could be problematic as a 2x2 (task x
response) rmANOVA revealed both a main effect of task (slower RTs on the liberal vs.
conservative task) and an interaction effect between task and response (slower RTs
for the unpreferred vs. preferred response). In other words, the observed task x
response interaction effect in the phasic pupil response might have been related to
condition differences in RT. To control for this, we regressed out trial-by-trial variations
in RT from the pupil signal per subject, session, and task. After doing so, we performed
the exact same time-resolved cluster-corrected analysis reported in Figure 2E and
again observed a cluster (-610ms to -270ms, p=0.01) in which there was a task x
response interaction effect, with increased pupil responses for unpreferred responses.
These analyses have also been added as supplements (Supplementary Figure S4)
to the manuscript and are referenced in the Results section, as can be seen in the
excerpts below.

Results, page 11, lines 291-292

A permutation-based cluster-corrected 2x2 (task x response, cluster-threshold:
p<.05, 10.000 permutations) rmANOVA over time revealed an interaction
between task and response in phasic pupil-linked arousal from -590ms to -
270ms before the response (p=.02; Figure 2E). At these times, phasic pupil-
linked arousal was increased for responses that violated the decision bias
induced by the task (Figure 2F). For example, during the conservative task —in
which participants were biased towards providing “no” responses— phasic pupil-
linked arousal was highest for “yes” responses. Within this time-window, there
was no main effect of response on phasic pupil-linked arousal (F(1,27)=0.02,
nf,=0.00, p=.88, BF01=3.93; Figure 2F). This effect was not driven by condition

differences in RT (Supplementary Figure S4).
Supplementary Information, page 45, lines 1384-1390
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Supplementary Figure S4 | Reflection of strategic decision bias in phasic pupil-
linked arousal not driven by condition differences in RT. A) The phasic-pupil response
for fast vs. slow RT trials (median split), showing that RT affects the slope and amplitude
of the pupil response. B) Reflection of strategic decision bias in the phasic pupil response,
after regressing out trial-by-trial variations in log-transformed RT. Horizontal black bar
indicated the significant cluster in which there was an interaction effect between task and
response. C) Residualized phasic pupil response extracted from the cluster in panel B)
reveals the same pattern as Figure 2F.

4. For analyses in Fig. 2, the claim is made that phasic pupil is related to bias
modulation. This appears to me as an overly broad statement (e.g., “strategic decision
bias was reflected in phasic pupil-linked arousal” (p.11), when it was even more
strongly associated with tonic pupil estimates (Fig. 2D)). Later, it is stated that
“strategic decision bias was uniquely reflected in phasic pupil-linked arousal”. Such
uniqueness can be read in two ways: (1) it is not related to sensitivity. Has this been
tested? (2) Phasic, but not tonic pupil relates to criterion. This does not appear to be
the case based on Fig. 2D and G. (3) The tested notion: phasic and tonic pupil are not
strongly coupled and can explain unique variance. It would be useful to separate these
notions of unique relations and specifically test these hypotheses.

We apologize for any confusion, as we did not mean to conclude that phasic pupil is
related to any bias modulation. Our results instead provide a more nuanced insight,
which we hope to have conveyed in our manuscript.

Figure 2B-D shows that tonic (baseline) pupil-linked arousal is negatively related to
inherent decision bias, meaning the task-independent decision bias. Specifically,
Figure 2D shows that criterion is lowered (i.e., more liberal decision-making) at high
levels of tonic pupil-linked arousal during both the conservative task and the liberal
task. Moreover, there is no interaction between tonic arousal and task in terms of
criterion. In contrast, Figure 2E-G shows that phasic (task-evoked) pupil-linked arousal
is negatively related to strategic decision bias, meaning the task-effect on decision
bias. Specifically, Figure 2G shows that criterion approaches zero at high levels of
phasic pupil-linked arousal for both the conservative and liberal tasks. This means that
the task effects on criterion (which we refer to as strategic bias) are smaller at high
levels of phasic pupil-linked arousal. However, across both tasks there was not
systematic reduction of criterion at high levels of phasic pupil-linked arousal.



Thus, two distinct patterns of results emerge. On the one hand, tonic arousal lowers
criterion independent of task context, whereas on the other hand, phasic arousal
minimizes the effects of task context on criterion. This pattern of results is why we
claim that phasic pupil-link arousal is uniquely related to strategic decision bias,
meaning that this relation does not hold for tonic pupil-linked arousal. We have
rewritten the abstract slightly and more carefully phrased this difference in the Results,
see excerpt below.

Abstract, page 1, lines 15-29

Neuroscientific theories hypothesize that arousal fluctuations influence human
perception and behavior in two functionally distinct ways: through variations in
baseline state (tonic arousal) and by transient task-evoked bursts (phasic
arousal). We combined causal (pharmacology) and correlational (pupillometry)
methods to test the hypothesis that tonic and phasic arousal differentially
influence decision biases in human male participants performing a yes/no visual
detection task. Computational modeling of choice behavior and analyses of
neural data (EEG) revealed that experimentally induced shifts in decision bias
were associated with changes in preparatory activity over motor cortex
resembling a starting-point bias in the decision formation. The behavioral,
computational, and neural effects of strategic shifts in decision bias were
weakest on trials with high phasic pupil-linked arousal, but did not relate to tonic
pupil-linked arousal or pharmacology. In sharp contrast, tonic pupil-linked
arousal and pharmacological interventions were associated with more liberal
decision-making (increased proportion of “yes” choices) independent of task
context. Thus, in line with the hypothesized functional distinction, tonic arousal
was associated with inherent decision bias, whereas phasic arousal was related
to context-dependent strategic shifts in decision bias.

Results, page 12, lines 324-327

In sum, strategic decision bias was uniquely reflected in phasic pupil-linked
arousal, not tonic pupil-linked arousal, and this relation was neither affected by
pharmacological elevations of catecholaminergic and cholinergic levels, nor by
slow spontaneous fluctuations in tonic pupil-linked arousal.

5. The authors argue that “in the current dataset, phasic pupil-linked arousal captured
a unique part of pupil dynamics”. Given the robust anticorrelation reported in the
literature, may this not be a concern about how these indices are operationalized
here?

Although we were also surprised by the absence of an anticorrelation between tonic
and phasic pupil-linked arousal, we are neither concerned about our quantification of
phasic arousal nor of possible downstream consequences of this absent
anticorrelation. First, the quantification of phasic pupil-linked arousal we used here is
identical to earlier work of our group, which did observe a robust anticorrelation
between tonic and phasic pupil-linked arousal (de Gee et al.,, 2014, 2017). A



speculative explanation for the absence of this relation is the fast pace of the current
task, as discussed in the Results under Behavioral task alters decision bias and
perceptual sensitivity, irrespective of drug condition. Further research may be
necessary to delineate the experimental conditions under which the anticorrelation
between tonic and phasic pupil-linked arousal can be observed versus when it
diminishes. Second, the absence of this relation in the current study was actually
advantageous for discerning the behavioral effects of tonic arousal from those of
phasic arousal. The relation between phasic pupil-linked arousal and strategic
decision bias was also unaffected after regressing out trial-by-trial variations in tonic
pupil-linked arousal from the phasic signal, providing further evidence that our findings
were in no way influenced by changes in tonic arousal.

6. The CPP analysis does not appear to add anything to the core questions of interest
and may be more suitable for the Supplement. Key questions do not receive formal
tests of effects on CPP slope & threshold (possible markers of sensitivity and bias):
are there tonic/phasic pupil effects, liberal/conservative task effects (e.g., on the CPP
integration threshold), drug effects, or possible interactions? The CPP section in its
current form does not attempt to link to any of the preceding result sections, which
could inform what may be expected, e.g., based on Fig. 1E conservative condition
CPP may have steeper slopes (higher sensitivity) to higher integration threshold
(larger bias). Perhaps | am missing the rationale of a narrow focus on (undifferentiated)
yes/no CPP slope differences: the phasic pupil also appears insensitive to yes/no (Fig.
2E).

We thank the reviewer for this remark. The CPP analysis indeed served a supporting
role in providing neural evidence that participants accumulated noisy evidence over
time while forming their decision. As other decision strategies exist, such as extrema
detection (Stine et al, 2020), it was important to clarify whether participants
accumulated evidence for our subsequent drift diffusion modelling analysis. Besides
this, the CPP is not an ideal candidate component for studying decision biases, as it
reflects the rate of evidence accumulation (slope) and the total amount of accumulated
evidence (amplitude) for any response. In other words, it reflects unsigned evidence
for both target present and target absent responses. In contrast, the lateralized signals
we analyzed over motor cortex were response-specific. These signals thus allowed us
to investigate how strategic decision biases affected the preparation of the preferred
versus the unpreferred response.

To make sure the CPP result stand out less, we have integrated the CPP analyses
with the DDM results to further emphasize their supportive role. See the excerpts
below for the updated Results.

Results, pages 13-14, lines 332-356

Phasic pupil-linked arousal associated with weakened computational
starting point bias



Perceptual decisions are often formalized as a gradual accumulation of noisy
sensory evidence towards an internal decision threshold (Gold & Shadlen,
2007; Shadlen & Kiani, 2013). To assess whether the phasic pupil-linked
arousal modulations of strategic decision bias were related to alterations in
evidence accumulation, a stimulus-coded drift diffusion model (DDM) was fitted
to choice behavior data (Ratcliff & McKoon, 2008). Although evidence
accumulation processes are often studied using slow-paced experiments with
long stimulus durations that encourage participants to accumulate evidence
(e.g., random dot motion kinematogram task with >1s of stimulation; Kelly &
O’Connell, 2013), behavioral and neural markers of evidence accumulation
have also been observed during tasks with stimulus durations around 200ms
(as in the current experiment) and even as short as 30ms (Kiani et al., 2008;
Nuiten et al., 2023, 2024, Pereira et al., 2021; Ratcliff, 2002; Tagliabue et al.,
2019). To ensure that participants indeed accumulated sensory evidence to
form their decisions —rather than using different decision strategies (e.g.,
extrema detection; see Stine et al., 2020)— we first inspected the centroparietal
positivity component (CPP) as a neural marker of unsigned accumulation of
sensory evidence before fitting de DDM (O’Connell et al., 2012). Three features
of the CPP suggested that participants indeed accumulated sensory evidence
during the detection task (Figure 3A-D; O’Connell & Kelly, 2021). First, the
response-locked CPP displayed a clear accumulation-to-bound profile, with a
gradual build-up in amplitude that peaked around the time of the response.
Second, the slope of the response-locked CPP was significantly increased in
the 200ms preceding the behavioral response for fast versus slow RT trials
(median split; t1(27)=3.53, p=.002, d=0.47, BF01=0.04). Third, CPP slope was
increased for target present versus target absent trials (F(1,27)=20.15,
n;=0.43, p<.001, BF¢1=0.83) and for correct versus incorrect ftrials

(F(1,27)=72.33, n3=0.73, p<.001, BF01=5.82¢""3), but was not different for “yes”
versus “no” responses (F(1,27)=2.80, n;=0.09, p=.11, BF01=1.18). These
neural effects afforded fitting the DDM.
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Figure 3 | Strategic decision bias related to computational indices of biased
evidence accumulation that are modulated by phasic pupil-linked arousal. A-D)
Centroparietal positivity component reveals evidence accumulation during decision-
making. A) Centroparietal ROl used to calculate the response-locked CPP. B) Response-
locked CPP for fast versus slow RT trials (median-split) and C) for hits, correct rejections,
misses, and false alarms. The grey area indicates the temporal window used to calculate
CPP slope. D) Average CPP slopes in the 200ms preceding the onset of the behavioral
response for fast trials, slow trials, hits (H), correct rejections (CR), misses (M), and false
alarms (FA). E) Schematic representation of the origins of decision biases in the DDM.
Decision bias can be brought about by changing the starting point of the accumulation
process (z, in green) or adding an evidence-independent constant (drift criterion, vbias, in
purple) to the drift rate. F) Posterior distributions of the effects of (from left to right) the
behavioral task, phasic pupil bin, and their interaction on parameters underlying biased
decisions. Top row: effects on drift criterion. Bottom row: effects on starting point. Horizontal
line on the bottom of the plot demarks the Cles%. G) Top panel: reconstructed drift criterion
values for each task (liberal task in blue, conservative task in red) and phasic pupil bin.
Depicted values were calculated from the group-level posterior means of the model
intercept and regressor weights. Bottom panel: similar to above, but for starting point. Error
bars indicate SEM.

7. Intriguingly, the authors observe a pre-stimulus difference between conservative
and liberal blocks in lateralized pre-stimulus delta power, which mirrors a starting point
difference in computational modelling. Both task biases are largest for small phasic
pupil trials. This is a very intriguing observation. However, (a) the causal relation is
puzzling to me here: presumably there is some autocorrelation in the
neurocomputational bias, as well as in the phasic pupil response. Is it possible to tease
apart lead-lag from than instantaneous relations? (Currently, it sounds as if the bias is



set based on the phasic pupil, but the opposite appears equally sensible.) While
causality cannot be established based on the current data, it may be useful to watch
out for wording and discuss these two different scenarios. Moreover, (b) the adaptivity
given the task design is not yet described: Larger pupil constriction alongside reduced
biases may reflect stronger control that counteracts biases. If so, would this be an
adaptive strategy leading to higher accuracy in the current task, or are these biases
themselves largely adaptive? How does this link to the evidence that largest phasic
dilations were related to unpreferred (yet likely correct) responses (Fig. 2E)? It would
be helpful to discuss the adaptivity of pupil dynamics in this task.

We fully agree with the reviewer that we cannot infer the causal nature of our effects
and have therefore tried to refrain from making causal claims about our pupillometry
results. We have added the following section to our Discussion to elaborate on this.

Discussion, page 26, lines 709-718

The directionality of the relationship between phasic-pupil linked arousal and
strategic decision bias, motor cortex lateralization, and starting point bias is
hard to establish (e.g., pupillary effects preceded neural effects). First, all
pupillary analyses were correlational, preventing conclusions about causality.
Second, the pupillary response is relatively slow, almost akin to fMRI-BOLD
responses (Knapen et al., 2016; Mathét, 2018), which makes it challenging to
precisely align the timing of pupil-linked arousal signals with rapid changes in
decision-related neural activity. Our current data therefore do not allow to
distinguish between a scenario in which pupil-linked phasic arousal minimizes
strategic shifts in starting-point bias and one in which overcoming task-induced
starting-point bias triggers phasic pupil-linked arousal.

The question of adaptivity is indeed an interesting one. Target stimulus presence was
pseudo-randomized and targets and non-targets appeared equally often, such that
adopting a neutral decision criterion (close to zero) would be task-optimal. The bias
manipulation therefore induced maladaptive decision strategies with respect to the
task at hand (visual detection). From this perspective, the observation that large phasic
pupil-linked arousal coincided with the lowest strategic shifts in decision bias (Figure
2E) may indeed reflect adaptive processes that counteracted these externally induced
sub-optimal decision strategies. Although the current dataset does not allow to
contrast a more general bias reduction (happening to be adaptive in the current task)
against actual adaptive control, previous work from our group provides evidence for
the former interpretation. Specifically, the adaptive bias shift that was observed when
the proportion of target versus non-target stimuli was changed in an auditory yes/no
detection task was also weakest on trials with strong phasic pupil-linked arousal (de
Gee et al., 2017). Although this an interesting and important distinction, we decided
not to elaborate on it in the Discussion as we cannot meaningfully tie it to the results
obtained in this study and hope to keep our manuscript somewhat concise.

Minor comments




- Fig.2A may benefit from an indication of when stimuli occurred, as the authors want
to argue that the fast pupil dynamics relate to these onsets. | am also a bit surprised
not to see a visualization of onset-related “phasic” dynamics, but merely a response-
locked presentation (Fig. 2E, see comment 3).

In line with the reviewers’ suggestion, we have now included a marker indicating the
across-condition mean RT to Figure 2E.

- No condition-specific tests are performed for the correlations in Fig. 2G (and D), with
the argument that this would constitute circular inference. | could not follow this
rationale: given that the phasic pupil dilation is indicating a task x response interaction,
why not explicitly test the related, but independent question of whether the possible
relation to criterion depends on condition? As it stands, the claim about “converging
lines” in the results section is based on visual inspection, not statistical inference.

The circularity we referred to stems from 1) selecting a temporal ROI for our pupil-
based analyses based on the presence of a bias effect (interaction response x task)
and 2) using trial-wise pupil responses in that window to predict decision bias via
regression. Reporting an interaction between the phasic pupil response in this specific
temporal ROl and tasks effects on criterion (‘strategic bias’) has a strong hint of
circularity, which we mean to refrain from. We fully agree though that the claim about
‘converging lines’ is not supported by statistics and is, moreover, somewhat irrelevant
as we already reported the reflection of strategic decision bias in phasic pupil
responses in Fig. 2E-F. We have therefore decided to remove this sentence from the
manuscript.

- What are the median values for fast and slow RT? Strictly speaking, the absence of
observed differences between RT splits on lateralized beta may not necessarily point
to the absence of an evidence integration signature, given that the integration rate
would be expected to be both related to RT and accuracy. | agree that the divergence
from the CPP slope modulation is puzzling, however. For response-locked beta band
lateralization, was a (e.g., pre-stimulus) temporal normalization used (akin to the CPP;
not noted in methods)?

Slow RTs were on average 693ms (+108ms) and fast RTs were on average 529ms
(x84ms), thus they differed 170ms on average. This latency shift can be somewhat
seen in stimulus-locked beta-activity, but more clearly in both stimulus-locked and
response-locked delta-band activity. However, these shifts did not translate into slope
differences, which is a pre-requisite for a neural signal to be considered a marker of
evidence accumulation (O’Connell & Kelly, 2021). As such, we concluded that, in the
current dataset, neither lateralized delta-band nor lateralized beta-band activity over
motor cortex reflected the accumulation of sensory evidence.

Response-locked lateralized activity was not normalized to a prestimulus window, as
we compared raw power between the left and right spatial ROls. Applying a temporal
normalization would have made this comparison difficult if not impossible, mostly for



pre-stimulus activity falling in the baseline window that we could have used for the
normalization.

- Was there a systematic relationship between detected blinks and trial timing?

We initially did not investigate the relation between detected blinks and trial timing, as
we excluded trials in which participants blinked during critical trial phases (i.e., stimulus
presentation and response intervals) from all analyses. Across all participants, drug
conditions and tasks, participant blinked on average on 9.40% (£9.03%) of trials. A
3x2 (drug x task) repeated measures ANOVA revealed no changes in blink rates
between tasks, drugs, or their interaction (all p>.35). Most blink onsets started during
the response interval (46.88%+24.96%) and the ITl (46.47%%22.97%). Almost no
blinks were made during the baseline (5.38%%4.52%) and stimulus presentation
intervals (2.43%+3.05%). So, participants were well able to suppress their blinks when
visual stimuli were (about to be) presented and mostly blinked within the response
window and ITI.

- Fig. 1: If anything, DNP (no effect on tonic arousal) shifts bias and sensitivity based
on distributional plots (Fig. 1D). This picture is different in the average (Fig. 1E). What
do the authors make of this?

The plots in Figure 1D-E show posterior distributions for the effects of, from left to right,
the behavioral task, drug condition (pairwise, ATX/DNP vs. PLC), and the interaction
between drug and task. For this analysis, all predictors were effect-coded (as -1 and
1), meaning that effects can be interpreted similarly to the effects in an ANOVA, as
deviations from a grand mean across experimental conditions. The top row in Figure
1D shows that both ATX and DNP non-robustly lowered decision criterion from the
grand mean across conditions (including the PLC condition). This is also visible in
Figure 1E, where —across task conditions— criterion is lowered for ATX and DNP when
compared to PLC. The lower row of Figure 1D shows the effect of task, drug, and their
interaction on d’ and, in contrast to the trend observed for criterion, neither drug
seemed to affect d’ across task conditions. Notice how d’ seems increased for DNP
vs. PLC in the liberal task (blue dots), but actually decreased in the conservative task.
Taken together, this results in the absence of a main effect (across tasks) of DNP d'.

- With respect to drug effects, the notion of a “liberal trend” may be an overstatement:
the only observed trend is a drug-unspecific reduction in decision bias. Liberal shifts
in the task are marked by both such criterion reduction and sensitivity decrease. The
notion of a liberal trend is therefore oversimplifying.

We agree with the reviewer that the phrasing ‘liberal trend’ is somewhat ambiguous
and has been removed from the revised manuscript. However, we would like to point
out that we do not consider the d’ reduction in the ‘liberal task’ as a liberal shift in
behavior, because the liberal-conservative axis exclusively relates to decision biases
and not to perceptual sensitivity. At this point, it is unclear why participants have
increased d’ in conservative tasks (see also Kloosterman et al., 2019). Somewhat
speculatively, a conservative strategic decision bias may co-occur with, result in, or



depend on enhanced attention, which in turn would increase d’. This hypothesis
requires further examination though.

- Fig. 2 C y-axis misses a “p”upil
- P.17 has a comma by mistake at the end of sentence 1.
- P. 19: “2) provide causal evidence for [the] claim”

We thank the reviewer for pointing out these typographical errors and have corrected
them in the updated version of the manuscript.
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Reviewer #2
The authors have largely addressed my concerns.

However, I’'m still uncomfortable with one somewhat minor aspect of the results, which
is the direct interpretation of CPP results as evidence that individuals are accumulating
evidence for decision making. All three features described in that section can be
simulated through component overlap of stimulus and response effects, and the
Froemer paper that | mentioned in my previous review provides strong evidence in
several datasets that these signatures DO emerge from component overlap, rather
than an accumulation process. This evidence includes some basic analysis (ie.
showing that apparent accumulation like signals observed in a subselection of trials
with shorter RTs go away when including trials with much longer RT, where stimulus
and response are separated) as well as more complex ones relying on unfold. |
interpret the paper cited by the authors in the rebuttal as providing evidence that in
some cases, the unfold methods used in the Froemer paper may fail to identify a
particular kind of accumulation process (different from the ones that the method was
validated on in the original Froemer paper). But this does not mean that seeing the
“signatures” of accumulation should be automatically interpreted as accumulation—
instead | think it means that there is some inherent ambiguity in the interpretation of
these signatures, since the best method available may still fail to arbitrate between
their underlying cause in at least one particular case. So | would ask the authors to
acknowledge that these signatures, while predictions of an accumulation signal, are
not specific to it, and may also be reflective of component overlap.

We thank the reviewer for further clarifying this issue and we agree that the observed
CPP signatures, while consistent with evidence accumulation, may not be uniquely
diagnostic and could also arise from overlapping non-accumulation components. In
response, we have revised the Discussion to acknowledge this issue and phrase the
interpretation of the CPP signatures more cautiously. We included the revised excerpts
below.

Results, lines 291-304

To assess whether participants engaged in decision processes compatible with
evidence accumulation —rather than using different decision strategies (e.g.,
extrema detection®?)— we first inspected the centroparietal positivity component
(CPP) as a neural marker commonly associated with unsigned evidence
accumulation®®%4 (but see Discussion). Three features of the CPP were
consistent with an accumulation-like process during the detection task (Figure
3A-D). First, the response-locked CPP displayed a gradual build-up in
amplitude that peaked around the time of the response. Second, the slope of
the response-locked CPP was significantly increased in the 200ms preceding
the behavioral response for fast versus slow RT trials (median split; (27)=3.53,
p=.002, d=0.47, BF01=0.04). Third, CPP slope was increased for target present
versus target absent trials (F(1,27)=20.15, n;=0.43, p<.001, BF01=0.83) and for



correct versus incorrect trials (F(1,27)=72.33, n3=0.73, p<.001, BF01=5.82¢"3),
but was not different for “yes” versus “no” responses (F(1,27)=2.38, 1;=0.08,
p=.13, BF01=1.18). These neural patterns indicated that the task elicited
decision-related build-up dynamics compatible with sequential-sampling
models, thereby affording the following DDM analysis.

Discussion, lines 547-559

A complementary approach is to analyze neural data or using neurally informed
computational models of choice behavior’®. Here, EEG recordings with high
temporal resolution revealed a relation between phasic pupil-linked arousal and
pre-stimulus preparatory activity over motor cortex, consistent with a pre-
accumulation starting point modulation (Figure 4). However, the interpretation
of EEG components as signatures of decision-related processes remains
debated. Recent work using a deconvolution analysis suggests that the CPP
may not solely reflect evidence accumulation, but instead comprises multiple
overlapping sources, including stimulus-evoked activity%?. In turn, others have
argued that this deconvolution approach is problematic and may obscure
genuine accumulation-related activity®3. Although the observed CPP signatures
are thus consistent with evidence accumulation, they are not uniquely
diagnostic and may reflect component overlap. Overall, our results provide a
deeper understanding of the relation between decision bias and phasic pupil-
linked arousal, but future work is needed to delineate the conditions under
which phasic arousal affects evidence accumulation, pre-accumulation motor
preparation, or both.
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