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Abstract
The modulation of cognitive control by threat of punishment has been under-characterized relative to examinations of reward, 
with mixed findings reported in the literature. Across two experiments, we examined the balance of proactive and reactive 
control in the AX-CPT under several negative affect and punishment manipulations. In Experiment 1, we compared cogni-
tive control performance between two task phases: an Affect phase, in which emotionally evocative images were used to 
induce either Fear, Anger, or Neutral affect; and a Punishment phase, in which the threat of receiving mild electric shocks 
was either performance-contingent, or noncontingent. In Experiment 2, we examined cognitive control under uncertain, 
noncontingent punishment, and whether effects of such punishment varied by individual differences in trait anxiety and 
intolerance of uncertainty. Across both experiments, we observed that threat of punishment was associated with increased 
proactive control and that this effect was heightened when punishment was performance-contingent. In contrast, punishment 
uncertainty did not appear to modulate cognitive control outcomes at the group level. However, exploratory analyses sug-
gested that punishment uncertainty might interact with individual variability in trait anxiety, intolerance of uncertainty, and 
threat-related physiological arousal responses to shape control outcomes. Together, our findings support an account in which 
punishment motivation might facilitate increased proactive control, similar to prior observations with reward motivation. In 
contrast, the relationship between negative affect and cognitive control outcomes may be more complex, and vary both with 
task contextual factors and individual differences in response to threat.
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Introduction

In daily life, cognition and behavior are typically guided 
by the motivation to achieve pleasant outcomes and avoid 
unpleasant ones. Reflecting growing recognition of this 
principle, the study of cognitive control, the ability to reg-
ulate and direct thoughts and behaviors to achieve a goal, 
has increasingly incorporated examination of motivational 
states and their influences on performance. Extensive 
evidence indicates that controlled performance typically 
improves under reward incentive conditions (Krebs et al., 
2010; Chiew & Braver, 2013; 2014; Fröber & Dreisbach, 
2014; Boehler et al., 2014). However, changes in cogni-
tive control under the influence of negative or aversive 

motivation, such as threat of punishment, have been less 
well characterized than changes in cognitive control under 
reward influences. Given ubiquitous motivators to avoid 
negative outcomes in day-to-day life (e.g., avoiding rejec-
tion in social contexts, or getting fired at work for poor 
performance), examining the impact of punishment threat 
on cognitive control is a key area for investigation.

A key theoretical question, that has been studied more 
extensively in the reward domain relative to the punishment 
domain, is whether emotional and motivational aspects of 
incentive anticipation differentially influence cognitive con-
trol outcomes (Chiew & Braver, 2011; Goschke & Bolte, 
2014). It has long been acknowledged that reward versus 
punishment incentives typically give rise to motivation to 
obtain a desired outcome versus avoid an undesired out-
come, respectively, and furthermore, that such incentives 
can give rise to positive and negative emotions depending 
on the current state of goal pursuit and its success (Cacioppo 
& Berntson, 1994; Carver, 2006; Roseman, 2008; Berridge 
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et al., 2009; Cooper, 2019; Yee et al., 2022). While moti-
vational and affective elements of incentive are closely 
related and interlinked, they have also been operational-
ized as separable constructs. Emotion has been defined in 
terms of affective experiences, characterized by a combi-
nation of the construal of that experience and associated 
physiological responses; in contrast, motivation may be 
characterized by the activation of specific, goal-directed 
behaviors that facilitate some actions and inhibit others in 
order to approach desirable states and avoid undesirable 
states (Chiew & Braver, 2011). While emotions may unfold 
alongside motivational processes (e.g., happiness resulting 
from successful obtainment of a reward, or fear resulting 
from the anticipation of punishment), they have been argued 
to be less specifically tied to the pursuit of a specific goal 
(Roseman, 2008; Chiew & Braver, 2011). While theoreti-
cal debate regarding the exact nature of the relationship 
between motivation and affect continues (Shenhav, 2024), 
distinguishing between momentary affective experience and 
motivated goal pursuit as dimensions of incentive has been 
important in advancing scientific understanding of incentive 
effects on cognitive performance.

Experimentally, one key distinction that has been set for-
ward between motivation and emotion manipulations has 
been the presence (versus absence) of performance contin-
gency in relation to positive and negative outcomes (Braem 
et al., 2013b; Chiew & Braver, 2014; Fröber & Dreisbach, 
2014, 2016; Prével et al., 2021; Yang et al., 2023). When 
the occurrence of a positive or negative outcome is contin-
gent on task performance, individuals should arguably have 
greater motivation to adjust their behavior to facilitate the 
desirable outcome. In contrast, when stimuli with positive 
or negative emotional valence are presented to participants, 
but in a fashion not contingent on task performance, the 
motivation to modulate performance to help facilitate a 
desirable outcome should be relatively lower. Importantly, 
while motivational and emotional experiences are typically 
not fully dissociated in such a comparison (e.g., motivation 
in performance-contingent conditions is likely accompanied 
by an affective experience, and other sources of motivation 
may be present in noncontingent affective manipulations), 
performance-contingent manipulations should induce rela-
tively increased motivation to adjust task performance com-
pared with noncontingent emotional manipulations, when 
holding other task features constant. Such relative differ-
ences in motivation have implications for cognitive control 
under differing experimental manipulations (Goschke & 
Bolte, 2014; Dreisbach & Fröber, 2019; Yang et al., 2023). 
While this argued distinction has been investigated in the 
context of reward incentives and positive affect, the extent 
to which a similar distinction is present when considering 
punishment and negative affect is less understood. Given 
that cognitive control demands are likely to be present in 

day-to-day contexts where individuals can avoid threaten-
ing outcomes by improving cognitive control, as well as 
in contexts where cognitive control is required alongside 
ongoing, unavoidable threats, investigation of this distinc-
tion in negative contexts as well as positive is important for 
developing a comprehensive and nuanced account of the 
affective modulation of cognitive control.

In the current study, we examine performance-contingent 
and noncontingent punishment influences on cognitive con-
trol within the context of the Dual Mechanisms of Control 
(DMC) framework, extending a robust literature examining 
effects of reward incentives on cognitive control mechanisms 
using this conceptual approach. The DMC framework pos-
its that cognitive control can be deployed in two different 
modes: proactive or reactive (Braver, 2012). Proactive con-
trol putatively involves the sustained maintenance of task 
goals and can be used to anticipate and prevent conflict 
between one’s environment and one’s goal in a preparatory 
fashion, before it arises. In contrast, reactive control puta-
tively involves transient activation of goals when conflict 
is detected, resolving conflict as it occurs. There are pro-
posed tradeoffs in using one type of control over the other, 
as proactive control may be more effective, but typically 
requires more cognitive resources; reactive control can be 
considered more flexible but may be less effective in con-
texts where control is required frequently and needs to be 
engaged repeatedly (Bugg & Crump, 2012). The relative use 
of these two control modes can be estimated based on certain 
dimensions of cognitive control task performance, as well 
as through the time course of biological metrics relating to 
control processes, such as prefrontal cortex activity (Braver 
et al., 2009) and pupil dilation (Chatham et al., 2009; Chiew 
& Braver, 2013).

The AX Continuous Performance Task (AX-CPT) is a 
well-established cognitive control paradigm providing rela-
tive indices of proactive and reactive control by comparing 
performance on different trial types. On each trial of the 
AX-CPT, participants are presented with a cue-probe stimu-
lus pair (e.g., alphabet letters) and are asked to indicate 
whether the pair is the target AX sequence (i.e., “A” cue 
followed by “X” probe) or a nontarget sequence. Nontar-
get pairs can be AY trials (target “A” cue followed by any 
nontarget probe), BX trials (any nontarget cue followed by 
target “X” probe), or BY trials (nontarget cue followed by 
nontarget probe). Crucially, AY and BX trial types occur 
less frequently than the AX and BY trial types, and per-
formance on those AY and BX trials can provide relative 
indices of proactive and reactive control use. On AY trials, 
greater proactive control would lead to increased anticipa-
tion of a target “X” probe following the “A” cue (due to the 
high frequency of target AX trials), and thus greater inter-
ference costs to accuracy and reaction time when respond-
ing to a nontarget probe on AY trials instead. Performance 
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on BX trials, on the other hand, is argued to serve as an 
index of reactive control, which should facilitate the ten-
dency to make a target response upon seeing the “X” probe, 
and thus increased interference on BX trials as participants 
must overcome that tendency and recall the presence of the 
“B” cue in order to make a nontarget response. Thus, in 
the AX-CPT paradigm, worsened performance on AY tri-
als is thought to indicate increased proactive control, and 
worsened performance on BX trials is thought to indicate 
increased reactive control.

Converging studies utilizing the AX-CPT paradigm 
have demonstrated that performance-contingent rewards 
can enhance proactive control (Fröber & Dreisbach, 2014; 
2016; Chiew & Braver, 2013; 2014; Jimura et al., 2010; 
Locke & Braver, 2008; Hefer & Dreisbach, 2016; Strang & 
Pollak, 2014). Furthermore, this paradigm has been used to 
characterize the extent to which manipulations of positive 
affect and reward motivation have similar or diverging influ-
ences on cognitive control (as discussed in Chiew, 2021). 
To address this question, two empirical studies (Chiew 
& Braver, 2014; Fröber & Dreisbach, 2014) used similar 
approaches to investigate whether performance-contingent 
monetary incentives and noncontingent positive affect 
inductions might differentially promote proactive or reac-
tive control in the AX-CPT. Fröber & Dreisbach (2014) 
compared participants’ performance on two iterations of the 
AX-CPT: an affective manipulation alone, and an affective 
manipulation in combination with a monetary reward. In an 
initial task block, participants completed the AX-CPT with 
either positive or neutral pictures, taken from the Interna-
tional Affective Picture System (IAPS; Lang et al., 1997), 
presented at the start of each trial as an affect induction. In a 
second task block, a monetary reward was offered on a sub-
set of trials in combination with the IAPS pictures. For half 
of the participants, these rewards were performance-con-
tingent, awarded for correct and fast performance (relative 
to a personalized reaction time cutoff) on a given trial. The 
other half of participants received noncontingent rewards, 
which were awarded regardless of performance speed and 
accuracy. Fröber & Dreisbach found that proactive control 
was lower for the positive affect group than for the neutral 
affect group. For participants in the noncontingent reward 
condition, reward prospect was associated with reduced 
proactive control relative to the neutral baseline condition. 
In contrast, for participants in the performance-contingent 
reward condition, reward prospect was associated with 
increased proactive control relative to both the neutral and 
positive affect baseline conditions. These results suggest 
that affective aspects of reward (i.e., positive affect) and 
motivational aspects of reward (such as performance contin-
gency) can lead to different effects on the balance between 
proactive and reactive control. Chiew & Braver (2014) 
also used the AX-CPT paradigm and reported a similar 

distinction between the effects of monetary incentives and 
a positive affect induction, manipulated in separate experi-
mental sessions and each compared with a within-session 
baseline, on cognitive control. Similar to Fröber & Dreis-
bach (2014), Chiew & Braver observed that performance-
contingent rewards robustly increased proactive control in 
the AX-CPT. Interestingly, they also observed increased 
proactive control under a positive affect condition relative 
to baseline, but the magnitude of this increase was much 
smaller than that of performance-contingent reward incen-
tives and, given completion of the positive affect condition 
following a neutral affect baseline, may have been driven 
by time-on-task effects (given observations that increasing 
time on task might be linked to increasing proactive con-
trol; Hefer & Dreisbach, 2020). Altogether, Chiew & Braver 
(2014) and Fröber & Dreisbach (2014) observed similar 
patterns of behavior, whereby performance-contingent 
reward motivation was associated with greater increases in 
proactive control compared with positive affect inductions 
(i.e., presentation of positively valenced stimuli or receipt 
of noncontingent rewards). Alongside such characteriza-
tions of affective and motivational dimensions of reward, 
initial efforts to characterize how performance-contingent 
versus noncontingent punishment might influence cognitive 
control have been reported (Yang et al., 2023). However, to 
our knowledge, effects of negative affect and performance-
contingent punishment motivation on cognitive control have 
not been directly compared experimentally within the DMC 
framework. Conducting such a comparison to clarify poten-
tial distinctions between negative affective and motivational 
influences on cognitive control is the overarching goal of 
the present study.

Initial work has begun to examine how negative affect, 
as induced by random, noncontingent punishment, may 
influence proactive and reactive cognitive control. Yang 
et al. (2018) observed that across two paradigms (the AX-
CPT and the Stroop task), the threat of receiving random 
electric shocks was associated with reduced proactive 
control and increased reactive control. These findings sug-
gest that the presence of an unavoidable, noncontingent 
punishment, which might induce negative affect (e.g., fear 
or anxiety) in the relative absence of motivation to avoid 
punishment by adjusting task performance, may facilitate 
reactive control and impair proactive control. Separately, 
the influence of performance-contingent punishments (i.e., 
including the motivational component of punishment) on 
proactive and reactive control has begun to be investigated. 
Some initial evidence suggests that performance-contin-
gent punishment motivation may facilitate increased reac-
tive control in a fashion similar to the effects of negative 
affect. Ličen et al. (2016) examined the use of proactive and 
reactive control in the AX-CPT paradigm under combined 
monetary gain and loss motivation, such that participants 
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won money for every trial on which they responded quickly 
and correctly, and lost money on any trial on which they 
responded incorrectly. The combined incentives condition 
was linked to global improvement in task performance 
relative to a within-subject baseline condition. Ličen & 
colleagues argued that this global improvement reflected 
simultaneous increases in proactive control, driven by the 
prospect of monetary gain, and reactive control, driven by 
loss avoidance. Importantly, while proactive and reactive 
control are often thought of as trading off with one another, 
they can also vary independently (Chaillou et al., 2018; 
Mäki-Marttunen et al., 2019), allowing for the possibility 
that motivational incentives might increase both proactive 
and reactive control. While interpretation of Ličen et al.’s 
results is somewhat limited by the bundling of reward and 
punishment incentives, they suggest that performance-
contingent punishment may be associated with increased 
reactive control in the AX-CPT paradigm, in contrast to the 
increases in proactive control observed with performance-
contingent rewards.

However, in contrast to these findings that performance-
contingent punishments might promote reactive control, 
conflicting observations have also been reported. Lindström 
et al. (2013) observed that stand-alone, performance-con-
tingent punishments were associated with increased pro-
active control in an adapted Go/No-Go task. Specifically, 
this adapted task required a two-alternative forced-choice 
response, such that high-frequency “Go” responses required 
one button response and low-frequency “No-Go” responses 
required a different button response. The task was performed 
under conditions of varying risk of receiving mild electric 
shocks for errors. Under risk of shock, performance was 
impaired on trials with high-frequency “Go” stimuli, which 
depended on habitual responding, but performance was 
enhanced on trials with low-frequency “No-Go” stimuli, 
requiring inhibition of the habitual response. This pattern 
suggests that participants proactively adopted an inhibitory 
control mode under threat.

One possibility is that the use of differing punishment 
types (i.e., monetary loss versus primary punishment by 
electric shock) across these two studies might account 
for diverging observations of the modulation of cognitive 
control by performance-contingent punishment. Ličen 
et al. (2016) used monetary loss, a secondary punishment, 
whereas Lindström et al. (2013) used threat of shock, a pri-
mary punishment. To date, the broader literature examining 
reward and punishment influences on cognitive control has 
typically employed monetary (i.e., secondary) incentives. 
Much less work has examined the influence of so-called 
“primary” rewards and punishments (appetitive foods/
liquids, aversive electric shock, etc.), despite arguments 
that primary incentives might engage motivational brain 
circuits more directly (Krug & Braver, 2014). In addition, 

monetary and nonmonetary incentives have been associ-
ated with different temporal dynamics of neural activity 
(Beck et al., 2010) and have been observed to activate dif-
ferent motivational circuitry (Murty et al., 2011). While 
electric shock, a primary threat, has been linked to greater 
activation in avoidance motivation neural circuitry, includ-
ing the amygdala (Delgado et al., 2008, 2011), monetary 
losses have been observed to engage overlapping approach 
motivation networks to those activated by monetary 
rewards (Carter et al., 2009). Monetary loss, therefore, 
may arguably be experienced as a missed opportunity to 
obtain a reward, rather than as a punishment, per se, with 
associated neural differences in responses to primary and 
secondary punishments leading to potentially distinct 
downstream consequences for cognitive control perfor-
mance. Taken together, initial evidence suggests that the 
effects of primary versus secondary punishments on cog-
nitive control may diverge (Lindström et al., 2013; Ličen 
et al., 2016). However, further work is needed to verify 
whether monetary loss and primary punishments modulate 
cognitive control differently, especially given that these 
studies also differed in the experimental task used, and in 
the presence (or absence) of a bundled reward incentive. 
In the current study, we used a primary punishment, threat 
of electric shock, as an incentive manipulation in the AX-
CPT paradigm to more directly examine the effect of a 
primary punishment on proactive and reactive control, and 
to compare such effects to those observed in prior work 
with monetary loss.

 The literature reviewed so far suggests that nega-
tive affect, as induced with noncontingent punishment, 
may facilitate the use of reactive control in the AX-CPT 
paradigm. In contrast, observed effects of performance-
contingent punishment have been more mixed, with mon-
etary loss associated with increased reactive control, and 
primary punishments associated with increased proactive 
control. To our knowledge, no work to-date has directly 
compared the effects of performance-contingent and 
noncontingent punishments on the AX-CPT in matched 
experimental contexts. Furthermore, to our knowledge, the 
effect of primary, performance-contingent punishments on 
cognitive control has not been previously examined in the 
context of the AX-CPT paradigm.

The present study aims to address these knowledge gaps. In 
Experiment 1, our primary aim was to examine whether nega-
tive affect and performance-contingent punishment differen-
tially modulate cognitive control. Using an experimental design 
adapted from Fröber & Dreisbach (2014), we directly compared 
the influence of image-based neutral and negative affect induc-
tions, noncontingent punishment, and performance-contingent 
punishments on the modulation of proactive and reactive control 
in the AX-CPT. Punishment incentives were manipulated on 
both the block-level and on the trial-level, to capitalize on the 
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multiple timescales on which incentives may influence cognitive 
control (following our prior work; Chiew & Braver, 2013; 2016). 
We hypothesized that negative affect, as induced by both the 
presentation of negatively valenced images and noncontingent 
punishment, would be associated with increased reactive con-
trol relative to a neutral condition. In contrast, we hypothesized 
that performance-contingent punishment motivation would be 
associated with increased proactive control relative to noncon-
tingent punishment, neutral, and image-induced negative affect 
conditions. We further predicted that the effects of performance-
contingent punishment might be present in a sustained fashion 
at the block-level, and further amplified transiently on trials with 
the immediate threat of punishment.

In Experiment 1, we additionally tested the explora-
tory hypothesis that while the presentation of fear-induc-
ing images would be associated with increased reactive 
control relative to a neutral condition, anger-inducing 
images might not show the same pattern, and might even 
be associated with increased proactive control instead. 
While fear and anger are both negatively valenced emo-
tions, fear has been argued to promote avoidance-ori-
ented action tendencies, whereas anger has been associ-
ated with approach-oriented action tendencies (Carver & 
Harmon-Jones, 2009; Han et al., 2007; Harmon-Jones & 
Sigelman, 2001). Given this, an open question is whether 
anger-based and fear-based negative affect result in simi-
lar effects on proactive versus reactive cognitive control: 
specifically, anger inductions might promote reactive 
control, as previously observed with fear-based negative 
affect inductions, or anger inductions might facilitate 
approach-oriented action tendencies and promote pro-
active control, similar to effects of reward incentives. 
We tested this exploratory question in the current study 
by comparing effects of neutral affect, fear, and anger on 
cognitive control across three image-based conditions.

To provide a partial preview of our findings from Exper-
iment 1, we observed that, contrary to predictions, noncon-
tingent punishment was associated with increased proactive 
(rather than reactive) control relative to the neutral and 
negatively valenced affective conditions. In considering 
this surprising result, we identified that one key meth-
odological difference between Experiment 1 and previous 
literature reporting increased reactive control with nega-
tive affect (Yang et al., 2018) was that the threat cues in 
our Experiment 1’s noncontingent punishment condition 
were fully deterministic in predicting punishment, rather 
than probabilistic or uncertain. Uncertainty with regards 
to the occurrence of negative outcomes is hypothesized to 
amplify the experience of threat (Grupe & Nitschke, 2013) 
and may be a crucial contextual factor that might trigger 
the shift towards increased reactive control under threat of 
noncontingent punishment (Yang et al., 2018). Interest-
ingly, uncertainty has also been argued to signal a need 

for increased control (Bland & Schaefer, 2012; Mushtaq 
et al., 2011; Wu et al., 2020), but whether uncertainty 
might specifically enhance reactive control at the expense 
of proactive control has, to our knowledge, yet to be tested 
empirically. Additionally, the extent to which uncertain 
punishment might influence cognitive control might fur-
ther be modulated by individual differences in anxiety 
and related psychological constructs (Braem et al., 2013a; 
Grupe & Nitschke, 2013; Yang et al., 2018; Hur et al., 
2020). Elevated intolerance of uncertainty is a hallmark 
characteristic of anxiety disorders (Carleton, 2014), sug-
gesting that affective responses to uncertain threat might 
be exacerbated in high-anxiety individuals. Additionally, 
using fMRI, Fales et al. (2008) investigated differences in 
brain activity during performance of a working memory 
task as a function of trait anxiety and observed that high-
anxiety individuals demonstrated increased transient neural 
activity and reduced sustained neural activity, consistent 
with increased reactive control and reduced proactive con-
trol, relative to low-anxiety individuals. Despite these find-
ings, to our knowledge, the modulation of cognitive control 
by trait anxiety specifically in the context of uncertain, 
noncontingent punishment has yet to be examined.

To investigate whether punishment uncertainty could 
account for inconsistencies between our Experiment 1 
findings and those observed by Yang et al. (2018), we 
conducted a second experiment modifying our noncon-
tingent punishment condition such that trial-level threat 
was administered in a probabilistic (i.e., uncertain) fash-
ion, rather than deterministically. We hypothesized that 
uncertain, noncontingent punishment would be associated 
with increased reactive control relative to a neutral baseline 
condition, with this pattern amplified on trials with imme-
diate threat of shock. In addition, we hypothesized that in 
a cross-experiment comparison, the uncertain noncontin-
gent punishment condition from Experiment 2 would be 
associated with increased reactive control, relative to the 
deterministic noncontingent punishment condition from 
Experiment 1. Finally, we hypothesized that individuals 
higher in trait anxiety and intolerance of uncertainty would 
display greater increases in reactive control on threat versus 
safe trials under uncertain, noncontingent punishment in 
Experiment 2.

Our primary aim across the two experiments was to 
compare the influence of negative affect and motivational 
influences on proactive control under threat of punishment. 
We did so by assessing cognitive control performance 
under affect inductions and punishment contexts vary-
ing as a function of performance-contingency (serving as 
a manipulation of the motivational dimension of punish-
ment) and punishment uncertainty (serving as a manipula-
tion of affective experience). As secondary goals, we fur-
ther investigated whether negative affect as induced by 
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fear-based images, anger-based images, and performance 
noncontingent threat of electric shock differentially influ-
enced cognitive control outcomes in Experiment 1, and 
whether individual differences in trait anxiety and intoler-
ance of uncertainty influenced cognitive control outcomes 
under uncertain, noncontingent punishment in Experiment 
2. Across both experiments, we investigated these questions 
employing a study design closely matching that used by 
Fröber & Dreisbach (2014) to help enable a comprehensive 
comparison to their reported results regarding the influence 
of positive affect and performance-contingent rewards on 
cognitive control.

Experiment 1: Methods

In Experiment 1, we compared the effects of image-based 
negative affect inductions, performance-contingent punish-
ments, and noncontingent punishments on cognitive con-
trol in a design adapted from Fröber & Dreisbach (2014), 
with mild electric shock utilized as a punishment incen-
tive. This experiment was preregistered on the Open Sci-
ence Framework (https://​osf.​io/​kjmqg). Following Fröber 
& Dreisbach’s design, participants completed two phases 
of the AX-CPT paradigm. In the first phase, they were 
assigned in a between-subjects manner to one of three 
Affect conditions (Neutral, Fear, or Anger) and were shown 
an emotionally evocative image at the beginning of each 
task trial to elicit the assigned emotion (according to norm-
ing from a previous study: Barke et al., 2012). In the sec-
ond phase, participants were assigned to one of two Pun-
ishment conditions (contingent or noncontingent). In the 
contingent condition, participants received mild electric 
shocks as a punishment on trials in which they answered 
incorrectly or too slowly. In the noncontingent condition, 
participants received unavoidable mild electric shock on 
a subset of trials, regardless of performance. These con-
dition assignments resulted in six different combinations 
of Affect phase and Punishment phase manipulations that 
participants could undergo (Fig. 1). This design allowed 
us to examine differences in cognitive control by assigned 

Affect and Punishment inductions (i.e., between-subjects 
Neutral vs. Fear vs. Anger conditions, as well as between-
subjects Contingent vs. Noncontingent conditions), as well 
as comparing performance across the Affect vs. Punishment 
phases for each of our six groups.

Participants

A power estimate conducted in G*Power version 3.1.9.7 
for alpha = 0.05, power > 0.80, and a medium effect size 
(f = 0.25), yielded a goal sample size of 108. The power 
estimate was based on the expected effect of the within-
between subjects interaction between punishment condi-
tion (Contingent, Noncontingent) and trial type (AX, AY, 
BX, BY) on error rates in the Punishment phase.1 Fröber 
& Dreisbach (2014) found a large effect (f = 0.89) for the 
interaction between reward contingency and trial type. We 
chose to use a more conservative medium effect size for our 
power analysis (f = 0.25), given that this effect has not yet 
been investigated with punishment (as opposed to reward) 
incentives. We collected a total sample of 133 participants. 
Of these participants, 24 people were unable to complete the 
Punishment phase of the AX-CPT due to technical issues 
with the electric shock and were excluded from that task 
phase. This resulted in a final sample of 109 participants 
with full task data and an additional 24 with partial task data 
(Affect phase only).

Fig. 1   Overview of Experiment 1 design, including the conditions assigned across the Affect and Punishment phases, with final participant 
counts (i.e., following exclusions for low-accuracy performance).

1  Given the lack of prior studies contrasting effects of negative affect 
inductions and punishment manipulations on proactive control, we 
chose to conduct our a priori power analysis to focus on the key com-
parison of contingent vs. noncontingent punishment on proactive con-
trol. Given our additional conducted analyses (see Results), we con-
ducted post-hoc power analyses for these as well. These post-hoc tests 
did suggest that some marginal effects observed in additional analy-
ses may have been the product of low power (i.e., power = 0.3–0.5). 
While these power concerns were not present for analyses address-
ing our primary research aims, the implications of these low-powered 
analyses are discussed further in the interim Experiments 1 and 2 dis-
cussions and the General Discussion, especially with regards to the 
interpretation of null and marginally significant effects.

https://osf.io/kjmqg


Cognitive, Affective, & Behavioral Neuroscience	

Participants were recruited via the University of Denver 
SONA participant pool and posted flyers. To meet inclusion 
criteria, all participants were fluent English speakers, had 
normal or corrected-to-normal vision, and no reported 
current psychological illness, history of neurological 
illness or injury, current psychotropic medication use, and 
pacemaker use. Data collection was completed between 
February and July 2023. Our final sample, including all 
133 participants with at least partial usable data, had an 
age range of 18–28 years (M = 19.49, SD = 1.43), with an 
average of 13.6 years of education (SD = 1.31). Biological sex 
at birth was reported as 80 females and 52 males (one par-
ticipant chose not to respond). Gender identification was 
reported as 72 women, 52 men, and 6 gender queer/gender 
nonconforming (three participants chose not to respond 
or to self-describe). Self-reported racial identity was 1.5% 
“American Indian,” 9.1% “Asian,” 3.8% “Black,” 75.8% 
“White/Caucasian,” 5.3% selected more than one race, 
and 4.5% chose not to respond or to self-describe. Self-
reported ethnicity was 18.2% “Hispanic or Latino/a” and 
81.8% “NonHispanic or Latino/a.” Participants were com-
pensated either $10/hour or with course credit for completing 
the study. The study protocol was approved by the University 
of Denver Institutional Review Board.

Procedure

Upon arriving for the experiment, participants provided 
informed consent. They were then set up for monitoring of 
skin conductance levels (SCL). They were instructed on the 
rules of the AX-CPT and completed ten practice trials. Next, 
participants completed two task blocks of the AX-CPT in 
the Affect phase (either Neutral, Fear, or Anger condition, 
assigned in a counterbalanced fashion across participants). 
This was followed by completion of the demographic and 
questionnaire measures. The level of stimulation for the 
electric shock was then calibrated before participants com-
pleted two task blocks of the AX-CPT in the Punishment 
phase (either Contingent or Noncontingent condition, again 
counterbalanced across participants). Finally, participants 
were debriefed and compensated for their time. Details on 
each step of the procedure are provided below.

AX‑CPT paradigm

The AX-CPT paradigm was presented on a Dell PC com-
puter using E-prime software (Psychology Software Tools, 
Pittsburgh, PA), with participant responses collected using 
an E-prime button box connected to the stimulus presenta-
tion computer. In all task versions, participants were pre-
sented with an image at the start of each trial for 600 ms, 
followed by an inter-stimulus interval (ISI) for 200 ms, the 
cue letter for 300 ms, another ISI for 200 ms, three distractor 

letters for 300 ms each, an ISI for 200 ms, the probe letter, 
which remained on the screen until the participant made 
a button response, and finally performance feedback for 
1,500 ms, followed by an intertrial interval (ITI) with a fix-
ation cross for 500 ms before the next trial began (Fig. 2). 
Following Fröber & Dreisbach (2014), distractor letters 
were clearly distinguished from the cue and probe letters 
by presentation in a different ink color and font size (black, 
size 34 Consolas font for the distractor letters vs. purple, 
size 40 Consolas font for the cue and probe letters). The 
three distractor letters were randomly selected out of the 
26 letters of the alphabet for each trial. Participants were 
instructed to press button 1 if the cue-probe pair was the 
target AX sequence or press button 2 if the cue-probe pair 
was any nontarget sequence, using their index and middle 
fingers of the dominant hand. The frequency of each trial 
type, not made explicit to participants, was as follows: 40% 
AX, 10% AY, 10% BX, and 40% BY (following Richmond 
et al., 2015). Trials were presented in randomized order.

Affect and punishment manipulations

For the Affect phase of the AX-CPT, participants were 
assigned to one of three conditions: Neutral, Fear, or Anger. 
The image presented at the start of each trial was randomly 
selected from a set of ten images from the IAPS database 
(Lang et al., 1997) corresponding to the assigned valence 
condition. The Neutral (normed valence: M = 4.99, normed 
arousal: M = 2.45) images were the same images utilized 
by Fröber & Dreisbach (2014) for their Neutral condition. 
The Fear images (valence: M = 3.19, arousal: M = 6.15) 
and Anger images (valence: M = 2.95, arousal: M = 6.00) 
were matched on valence (t(18) = −1.31, p = 0.21) and 
arousal ratings (t(13) = −0.73, p = 0.48) and were selected 
based on the primary emotion they induced in a previous 
study, defined as the mostly frequently selected category 
chosen by participants to represent a given image (Barke 
et al., 2012). Fear-inducing images included depictions of 
threatening animals, weapons, and natural disaster threats, 
while anger-inducing images included depictions of armed 
militants, riots, and criminals. A full list of IAPS image 
files used, identified by image number, is included in the 
supplementary materials (Table S1), along with valence and 
arousal norms for each image. Participants were not given 
any specific instructions regarding attending to the images.

Each participant completed two task blocks in the Affect 
phase, with 80 trials per block. Following each block, par-
ticipants were asked to report their emotional state, 
on 5-point Likert scales, in terms of their current valence 
(1 being happy, 5 being unhappy), current arousal level 
(1 being calm, 5 being excited), how motivated they felt 
during the task (1 being not at all, 5 being extremely), and 
how much effort they put into the task (1 being none, 5 
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being a great deal). The Likert scale was presented using 
manikin images (Bradley & Lang, 1994) for the valence 
and arousal ratings, and numerical options for the motiva-
tion and effort ratings. Following these reports, partici-
pants were offered a short break prior to continuing the 
experiment. Prior to completing the two Affect task blocks, 
participants completed a series of ten practice trials, per-
formance on which was not analyzed. All participants were 
shown the ten IAPS images from the Neutral condition 
during the practice trials.

For the Punishment phase of the AX-CPT, participants 
were assigned to one of two conditions: Contingent or Non-
contingent. At the beginning of each trial, instead of an 
image from the IAPS stimulus set, participants were pre-
sented with an image indicating whether there was a pos-
sibility that they would receive a mild electric shock after 
making their response on the upcoming trial or not. The 
presented image was a yellow lightning bolt on trials where 
there was a chance of receiving an electric shock, and a blue 
cloud on trials where participants were safe and would not 
receive an electric shock. Threat and safe trials were ran-
domly intermixed. In the Contingent condition, there were 
equal numbers of threat and safe trials, such that there was 
a possibility of receiving an electric shock on 50% of the 
trials. On threat trials, the participant received an electric 

shock if they responded incorrectly or failed to respond 
faster than an individualized reaction time cutoff. This 
cutoff was calculated as the 30th percentile reaction time 
for correct responses for each participant across their two 
Affect task blocks. If the participant responded correctly 
and faster than their individualized reaction time cutoff, they 
avoided the electric shock.

In the Noncontingent condition, the lightning bolt image, 
indicating a threat trial, was only presented on 25% of trials. 
The remaining 75% of trials were safe from electric shock, 
designated by the cloud image, and were randomly inter-
mixed with the threat trials. In this condition, the lightning 
image was fully deterministic of receiving electric shock 
on that trial. While participants were still asked to respond 
faster than their individualized cutoff across all trials in this 
condition, they were not given the opportunity to avoid the 
electric shock. We kept the speeded response deadline con-
sistent between the two punishment conditions, as prior evi-
dence suggests that such a deadline might increase proactive 
control (Ličen et al., 2016); retaining this design element 
allowed us to more clearly interpret any differences between 
Contingent and Noncontingent conditions as reflecting per-
formance-outcome contingency. In both the Contingent and 
Noncontingent conditions, the electric shock was adminis-
tered following the button box response to the probe letter, at 

Fig. 2   Trial structure of the AX-CPT paradigm, with an example 
pre-cue image taken from the Neutral Affect condition. In the Punish-
ment phase, the pre-cue image indicated whether there was a threat 

of receiving mild electric shock on each trial. The trial structure was 
adapted from Fröber & Dreisbach (2014).
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the same time as the feedback slide was presented. Feedback 
indicated whether responses were correct, incorrect, or too 
slow, as well as whether an electric shock had been received. 
As in the Affect phase, participants completed two blocks of 
their assigned Punishment condition, with 80 trials per block, 
and rated their current emotional state in terms of valence, 
arousal, motivation, and effort levels following each block. 
At the very end of the experiment, participants were asked to 
rate how threatening they found the electric shock, on a scale 
from 1 (not at all) to 10 (extremely).

Electric shock protocol

The electric shocks were administered using a BIOPAC 
MP160 system (BIOPAC Systems, Santa Barbara, CA) 
to the forearm of the nondominant hand. General purpose 
electrodes were placed on the arm, with the electrode leads 
attached to a STM200 Constant Voltage Stimulator. A saline 
based gel (Sigma Gel: Parker Laboratories, Fairfield, NJ) 
was used as an electrolyte conductor. Each electric shock 
event consisted of a single, 1ms pulse.

Prior to the punishment condition, the appropriate level 
for the electric shock was calibrated for each participant 
using an ascending staircase procedure, following prior 
threat conditioning protocols (Murty et  al., 2016). The 
calibration procedure started off with a low 10 V voltage 
level that was not reported as perceptible by any participant, 
and was gradually increased in increments of 10 V until 
the point where the participant could feel the shock, then 
in increments of 5 V until a level the participant reported 
as “uncomfortable, but not painful.” The maximum voltage 
administered was 100 V.

Skin conductance measure

Participants’ SCL was monitored during each block of 
the AX-CPT, using a BIOPAC Systems MP160 skin con-
ductance module. Data was recorded at a sampling rate 
of 2,000 Hz. Electrodes with isotonic gel were placed 
on the index and ring fingers of the nondominant hand. 
A 30-second baseline recording was taken immediately 
prior to the start of the first block of the AX-CPT for each 
participant.

Questionnaires

Between the Affect and Punishment phases of the AX-CPT, 
participants completed a set of individual differences ques-
tionnaires, as well as a demographics measure. The ques-
tionnaires consisted of the State Trait Anxiety Inventory 
(STAI; Spielberger, 1983), Intolerance of Uncertainty Scale 
(IUS; Buhr & Dugas, 2002), and the Behavioral Inhibition 

Scale/Behavioral Activation Scale (BIS/BAS; Carver & 
White, 1994). The questionnaires were administered via 
Qualtrics.

Data analysis plan

The planned analyses were adopted from the procedures used 
by Fröber & Dreisbach (2014) and were preregistered on the 
Open Science Framework (https://​osf.​io/​kjmqg). In a depar-
ture from the preregistration, the results reported in the main 
manuscript use inverse efficiency scores (IES; described fur-
ther below) as our primary outcome measure, instead of reac-
tion time and error rate. We chose to use IES here to capture 
overall performance differences between conditions while 
helping to account for potential speed-accuracy tradeoffs and 
to streamline the results. Full analyses with reaction times 
and error rates as outcome measures, as well as visualizations 
of task performance using these outcomes, are reported in the 
supplementary materials. There were no major differences 
in results using IES compared with reaction times and error 
rates. However, some additional patterns, including sugges-
tions of potential speed-accuracy tradeoffs in the comparison 
of certain conditions, emerged in analyses of reaction time 
and error rate and provide further insights into the influences 
of punishment on cognitive control. These patterns are noted 
in our General Discussion. All analyses were performed in 
R (version 4.2.2; R Core Team, 2022) using the tidyverse, 
psych, ggplot2, ez, lme4, lmerTest, effectsize, emmeans, and 
afex packages.

Data exclusions

Twenty-four participants completed the Affect phase but 
were not able to complete the Punishment phase of the AX-
CPT due to technical issues. These 24 participants were 
included in analyses of between-group differences in the 
Affect phase (i.e., comparing performance across Neutral, 
Fear, and Anger conditions), for which they had intact data, 
but were not included in analyses of the Punishment phase 
or in between-phase (Affect versus Punishment) analyses. In 
addition, participants with accuracy scores below 50% for 
any task block, or with overall accuracy less than 3 standard 
deviations below the sample mean, were fully excluded from 
analysis. One participant was excluded on the basis of low 
accuracy using these criteria.

AX‑CPT outcome measures

AX-CPT performance was examined in terms of IES, 
calculated by dividing correct response reaction time 
by proportion correct (Bruyer & Brysbaert, 2011) for 

https://osf.io/kjmqg
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each experimental condition. IES is therefore a cor-
rected reaction time measure, with larger values indi-
cating worse performance. In addition, we used IES 
outcomes to calculate a composite measure of cogni-
tive control, the Proactive Behavioral Index (PBI). The 
PBI is computed as a normalized difference score of 
performance on AY and BX trial types, using the for-
mula [AY-BX]/[AY+BX], with a range from −1 to +1 
(Gonthier et al., 2016). By integrating performance on 
both AY and BX trial types, the PBI measure provides 
an index of the relative use of proactive versus reactive 
control. Positive PBI values indicate relatively greater 
proactive control, whereas negative PBI values indi-
cate greater reactive control. A PBI value of zero is 
thought to indicate relatively equal levels of proactive 
and reactive control.

Given prior findings that proactive and reactive control 
can also vary independently of one another (Mäki-Mart-
tunen et al., 2019), we computed two additional indices 
from IES outcomes, BX-interference and A-cue bias, 
allowing for separate evaluations of reactive and proactive 
control, respectively. We report results with these indices 
as outcomes in the supplementary materials. The results 
of these analyses aligned with our findings using the PBI 
measure as an outcome and are not discussed further.

Affect Phase: How do fear‑ and anger‑based 
negative affect modulate proactive and reactive 
control, relative to a neutral affect condition?

To examine task performance during the Affect phase, 
we used a 3 (Affect condition: Neutral, Fear, Anger) × 
4 (trial type: AX, AY, BX, BY) mixed-factors ANOVA. 
IES was examined as the dependent variable. An additional 
ANOVA was used to analyze the effect of Affect condition 
(Neutral, Fear, Anger) on PBI. We planned to follow-up on 
any significant effects using Tukey’s Honestly Significant 
Difference (HSD) test for pairwise comparisons.

Punishment Phase: Is performance‑contingent 
punishment associated with increased proactive 
control relative to noncontingent punishment? If so, 
is this effect amplified on threat trials?

To examine task performance during the Punishment phase, 
we used a 2 (Punishment condition: Contingent, Noncon-
tingent) × 4 (trial type: AX, AY, BX, BY) × 2 (Threat-of-
Shock: safe, threat) mixed-factors ANOVA with IES as the 
dependent variable. An additional 2 (Punishment condition: 
Contingent, Noncontingent) × 2 (Threat-of-Shock: safe, 
threat) ANOVA was with PBI as the dependent variable. 
Again, we planned to follow-up on any significant effects 
using Tukey’s HSD test for pairwise comparisons.

Within‑group differences in Affect vs. 
Punishment Phase: Are sustained (block‑level) 
performance‑contingent and noncontingent 
punishment contexts associated with differences 
in proactive and reactive control, relative to each 
other and to performance under affect inductions?

We examined whether performance differed between the 
Affect and Punishment phases by conducting two linear 
mixed-effects regression analyses (using the lmer com-
mand in the lmerTest package, Kuznetsova et al., 2017). 
Only safe trials were included from the Punishment phase, 
in order to examine the sustained (i.e., block-level) effect 
of the threat of punishment context relative to the Affect 
phase. In the first analysis, we examined whether IES 
was predicted by the following fixed effects: task Phase 
(Affect, Punishment), Trial Type (AX, AY, BX, BY), 
and between-subject Group (Anger-Contingent, Anger-
Noncontingent, Fear-Contingent, Fear-Noncontingent, 
Neutral-Contingent, Neutral-Noncontingent). In the sec-
ond analysis, we examined whether the composite PBI 
score (calculated from IES measures) was predicted by 
the following fixed effects: phase and between-subject 
group. Subject was included as a random intercept in both 
analyses. Maximum likelihood estimation was employed.

To determine whether each of the two analyses should 
include interaction terms between the fixed effects of 
interest or not, model comparison procedures were con-
ducted (following best practice recommendations in 
Meteyard & Davies, 2020) whereby simpler models, 
including fixed main effects only, were iteratively com-
pared with more complex models, including two-way and 
three-way interaction terms using the ANOVA function 
(R stats library; provides likelihood ratio test statistics 
and related p-values). If the inclusion of two-way and 
three-way interaction terms led to a statistically bet-
ter fit for the outcome variable, such interactions were 
retained in the final model. Models for the two analyses 
were examined in three stages (with subjects as a ran-
dom intercept at all stages): fixed main effects only, fixed 
main effects and two-way interactions between them, and 
fixed main effects, two-way interactions, and (for the first 
analysis only) the three-way interaction. After identifying 
the best-fit model for each analysis, we assessed the sig-
nificance of each fixed effect using Type III F-tests with 
Satterthwaite’s approximation for degrees of freedom. 
Significant effects and interactions were followed up 
with using estimated marginal means and pairwise con-
trasts between factor levels, computed with the emmeans 
R package (Lenth & Piaskowski, 2025). Contrasts were 
adjusted for multiple comparisons in emmeans using the 
Tukey HSD procedure for main effects and the Šidák 
method for interaction effects.
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To preview results of these analyses, we observed con-
sistent differences in proactive control between Affect and 
Punishment phases across all six between-subjects groups 
in Experiment 1. Detailed results of analyses conducted 
separately for each combination of Affect and Punishment 
manipulations are included in the supplementary materi-
als for reference. Given that our Affect and Punishment 
phases occurred in a set order, and prior evidence suggests 
that proactive control might increase with time on task 
(Fröber & Dreisbach, 2016; Hefer & Dreisbach, 2020), 
we also ran additional analyses including task block num-
ber as an additional factor, to help control for potential 
time on task effects on PBI, reported in the supplementary 
materials.

Experiment 1: Results

Data Exclusions

No participants had accuracy less than 50% on any task 
block. However, one participant had overall task accuracy 
less than 3 standard deviations below the sample mean and 
was excluded from analysis. In addition, as noted above in 
Methods: Participants, 24 participants’ Punishment phase 
data could not be used because of technical difficulties 
with shock administration. Our analysis of the Affect phase 
therefore had a sample of 132 participants, and analysis of 
the Punishment phase and between-phase (Affect versus 
Punishment) effects had a sample of 108 participants.

Affect Phase: How do fear‑ and anger‑based 
negative affect modulate proactive and reactive 
control, relative to a neutral affect condition?

For analysis of the Affect phase, we used a 4 (Trial Type: AX, 
AY, BX, BY) by 3 (Affect condition: Neutral, Fear, Anger) 
mixed-factors ANOVA, examining IES as the outcome meas-
ure (results shown in Fig. 3a). There was a significant main 
effect of trial type (F(3, 384) = 61.37, p < 0.0001, η2

p = 0.33); 
follow-up comparisons using the Tukey HSD test revealed 
that IES was significantly higher on AY trials (M = 638, SD 
= 205) than on BX (M = 520, SD = 256; p < 0.0001, 95% 
confidence interval [CI] [50.49, 187.28]), AX (M = 493, SD 
= 161; p < 0.0001, 95% CI [76.96, 213.49]), and BY (M = 
492, SD = 229; p < 0.0001, 95% CI [77.86, 214.39]) trials 
(F(3) = 13.78, p < 0.0001). No other significant trial type 
differences were observed (all p’s > 0.73). This robust trial 
type effect whereby performance is worst on AY trials is con-
sistent with a bias towards a proactive control mode, even in 
so-called “neutral” conditions, typically observed for healthy 
young adult populations (Gonthier et al., 2016). We did not 
observe a significant main effect of Affect condition (F(2, 
128) = 0.31, p = 0.74, η2

p = 0.005) or a significant Affect × 
trial type interaction (F(6, 384) = 1.02, p = 0.41, η2

p = 0.02).

Proactive Behavioral Index

We then tested whether there was an effect of Affect con-
dition on IES PBI. Results are shown in Fig. 3b. There 
was a marginally significant effect of Affect condition on 

Fig. 3   A) Experiment 1: IES as a function of Trial Type (AX, AY, 
BX, BY) across the three Affect conditions. IES did not significantly 
differ by Affect condition. B) Experiment 1: PBI as a function of 

Affect condition. PBI was marginally greater in the Fear condition 
compared with the Anger condition but did not significantly differ 
from the Neutral condition.
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IES PBI (F(2, 128) = 2.49, p = 0.09, η2
p = 0.04). Follow-up 

comparisons revealed that PBI was marginally lower in the 
Anger condition (M = 0.09, SD = 0.14), than in the Fear 
condition (M = 0.16, SD = 0.18; p = 0.096, 95% CI [−0.15, 
0.01]). No other comparisons were significant (p’s > 0.21).

Punishment Phase: Is performance‑contingent 
punishment associated with increased proactive 
control relative to noncontingent punishment? If so, 
is this effect amplified on threat trials?

To examine performance in the Punishment phase, we ran 
an ANOVA similar to that for the Affect phase, but with 
an additional factor for trial-level threat of shock (safe vs. 
threat) included in the model. We therefore examined the 
effects of Trial Type (AX, AY, BX, BY), Punishment con-
dition (Contingent, Noncontingent), and trial-level Threat-
of-Shock (safe, threat) on IES (results shown in Fig. 4a). 
The main effect of Trial Type was significant (F(3, 303) 
= 110.42, p < 0.0001, η2

p = 0.52), with follow-up com-
parisons using the Tukey HSD test revealing that IES was 
larger on AY (M = 785, SD = 615) trials compared with 
AX (M = 284, SD = 73; p < 0.0001, 95% CI [423.17, 
579.38]) trials, which in turn had larger IES than BY (M 
= 199, SD = 80; p = 0.03, 95% CI [7.47, 162.77]) and BX 
(M = 193, SD = 100; p = 0.01, 95% CI [13.26, 168.56]) 
trials. There was no significant main effect of Punishment 
condition (F(1, 101) = 0.21, p = 0.65, η2

p = 0.002). The 
main effect of Threat-of-Shock was also not significant 
(F(1, 101) = 0.16, p < 0.69, η2

p = 0.002). However, there 
was a significant interaction between Punishment condi-
tion and Trial Type (F(3, 303) = 3.22, p = 0.02, η2

p = 

0.03). Follow-up comparisons revealed that this was driven 
by AY trials, where larger IES in the Contingent versus 
Noncontingent condition was observed (p = 0.007, 95% CI 
[25.78, 286.33]), indicative of increased proactive control 
in the Contingent condition. No other interactions reached 
significance (Trial Type × Threat-of-Shock: F(3, 303) = 
1.86, p = 0.14, η2

p = 0.02; Punishment condition × Threat-
of-Shock: F(1, 101) = 0.15, p = 0.7, η2

p = 0.002; Trial Type 
× Threat-of-Shock × Punishment condition: F(3, 303) = 
0.16, p = 0.93, η2

p = 0.002).

Proactive Behavioral Index

We then tested whether Punishment condition and trial-
level Threat-of-Shock significantly modulated the IES 
PBI. Results are shown in Fig. 4b. There was a significant 
main effect of Punishment condition (F(1, 101) = 5.1, p = 
0.03, η2

p = 0.05), such that PBI was greater in the Contin-
gent condition (M = 0.58, SD = 0.21) than in the Noncon-
tingent condition (M = 0.5, SD = 0.21). The main effect of 
Threat-of-Shock was also significant (F(1, 101) = 12.98, p 
= 0.0005, η2

p = 0.11), such that PBI was greater on threat 
trials (M = 0.57, SD = 0.21) than on safe trials (M = 0.51, 
SD = 0.22). There was no significant interaction between 
Punishment condition and Threat-of-Shock (F(1, 101) = 
1.16, p = 0.28, η2

p = 0.01).

Punishment Avoidance Success

Participants in the Contingent punishment group avoided 
punishment on an average of 81% of threat trials (range 
58–100%), by meeting the individualized response 

Fig. 4   A) Experiment 1: IES as a function of Trial Type (AX, AY, 
BX, BY) and Threat-of-Shock (threat, safe) across the two Punish-
ment conditions. IES was heightened on AY trials in the Contingent 
condition relative to the Noncontingent condition. B) Experiment 1: 

IES PBI as a function of Punishment condition and Threat-of-Shock. 
PBI was higher in the Contingent condition than in the Noncontingent 
condition, and higher on threat trials compared with safe trials. The 
two effects did not interact.
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deadline criteria. This resulted in participants in the 
Contingent group receiving an average of 15 pulses of 
electric shock across the two Punishment blocks. Par-
ticipants in the Noncontingent group met the response 
deadline criteria at a similar rate, 80% of threat trials 
(range 22–98%), even though doing so did not allow for 
shock avoidance. On average, participants in both pun-
ishment conditions therefore met the response deadline 
criteria at rates much higher than the 30% rate that would 
be expected if performance was unchanged relative to 
the Affect phase. This suggests that participants were 
able to adaptively improve their performance under threat, 
regardless of whether receiving electric shock punishment 
was contingent on that performance.

Within‑group Differences in Affect vs. 
Punishment Phase: Are sustained (block‑level) 
performance‑contingent and noncontingent 
punishment contexts associated with differences 
in proactive and reactive control, relative to each 
other and to performance under affect inductions?

Using a linear mixed-effects regression analysis, we exam-
ined whether IES was predicted by Trial Type (AX, AY, 
BX, BY), Phase (Affect, Punishment), and between-subject 
Group (Anger-Contingent, Anger-Noncontingent, Fear-
Contingent, Fear-Noncontingent, Neutral-Contingent, 
Neutral-Noncontingent). Subject was included as a random 
intercept. The model including two-way interaction terms 
was a better fit than a model including main effects only 
(χ2(23) = 130.42, p < 0.0001), but adding the Trial Type × 
Phase × Group three-way interaction did not further improve 
model fit (χ2(15) = 19.41, p = 0.2) and was removed. Final 
model structure, using R notation, was thus as follows: 
IES ~ Trial-Type + Phase + Group + Trial-Type:Phase + 
Trial-Type:Group + Phase:Group + (1|Subject). We report 
key pairwise contrasts from this model; full statistics are 
reported in the supplementary material (Table S2).

We observed a significant effect of Trial-Type (F(3,727.05) 
= 87.81, p <.001) driven by higher IES, indicating worse per-
formance, on AY trials relative to all other trial types (AY vs. 
AX: estimate = 299.6, SE = 24.7, t = 12.14, p <.001, AY vs. 
BX: estimate = 332.8, SE = 24.7, t = 13.47, p <.001, AY vs. 
BY: estimate = 343.3, SE = 24.7, t = 13.91, p <.001). We also 
observed a significant effect of Phase (F(1,727.05) = 104.42, 
p <.001), driven by higher IES, and thus worse performance, 
in the Affect versus Punishment phase (estimate = 178, SE = 
17.5, t = 10.22, p <.001). These main effects were qualified 
by a significant Phase × Trial Type interaction (F(3,727.05) 
= 33.14, p < 0.001), such that the performance difference 
between AY trials and all other trial types were amplified 
in the Punishment vs. Affect phase (AY vs. AX: estimate = 
308.7, SE = 49.4, t = 6.25, p <.001; AY vs. BX: estimate = 

442.6, SE = 49.4, t = 8.96, p <.001; AY vs. BY: estimate = 
407, SE = 49.4, t = 8.24, p <.001).

The between-subject groups did not significantly dif-
fer in overall IES (F(5,101.82) = 1.77, p = 0.12). In 
addition, the Trial Type × Group interaction was not sig-
nificant (F(15,727.05) = 1.38, p = 0.15). However, there 
was a significant Phase × Group interaction (F(5,727.05) 
= 3.58, p = 0.003), such that IES differences between 
the Affect and Punishment phases were generally greater 
for the groups undergoing Noncontingent punishment 
versus those undergoing Contingent punishment. More 
specifically, after correcting for multiple comparisons, 
the Affect-Punishment phase difference in performance 
was significantly larger in the Fear-Noncontingent group 
relative to the Fear-Contingent group (estimate = 234.7, 
SE = 60.4, t = 3.89, p =.002), as well as in the Anger-
Noncontingent group relative to the Fear-Contingent 
group (estimate = 183.1, SE = 60.5, t = 3.03, p =.038). 
Overall, while performance was better (i.e., lower 
IES) in the Punishment vs. Affect phase across all six 
groups, there was some suggestion that this difference 
was reduced in the Fear-Contingent condition relative 
to the contrast of both Fear and Anger groups receiv-
ing Noncontingent punishment. The lack of a significant 
three-way interaction suggests that all six groups further 
experienced a similar increase in proactive control in the 
Punishment phase relative to Affect phase.

Proactive Behavioral Index

Using a second linear mixed-effects regression analysis, we 
examined whether composite PBI scores (calculated from 
IES measures) was predicted by Phase (Affect, Punishment) 
and between-subject Group (Anger-Contingent, Anger-Non-
contingent, Fear-Contingent, Fear-Noncontingent, Neutral-
Contingent, Neutral-Noncontingent). Subject was again 
included as a random intercept. The model including the 
Phase × Group interaction did not provide a better fit than 
the model including fixed main effects alone (χ2(5) = 2.55, 
p = 0.77). Final model structure, using R notation, was thus 
as follows: PBI ~ Phase + Group + (1|Subject).

We observed a significant effect of Phase (F(1,105.45) 
= 372.91, p < 0.0001), such that PBI was heightened in the 
Punishment phase relative to the Affect phase (estimate = 
−.384, SE =.02, t = −19.31, p <.001). The main effect of 
Group was not significant (F(5,101.35) = 1.7, p = 0.14), 
suggesting that the six groups did not significantly differ 
in overall levels of proactive control. Further, the fact that 
adding the Phase × Group interaction term did not improve 
model fit suggests that higher levels of proactive control in 
the Punishment versus Affect phase were comparable across 
groups. PBI levels separated by Phase for each of the six 
groups are visualized in Fig. 5.
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Experiment 1: Discussion

In Experiment 1, we investigated whether proactive and 
reactive control differed across image-based neutral and 
negative affect, performance-contingent punishment, and 
noncontingent punishment conditions. Our primary hypoth-
esis was that negative affect, as induced by both the presen-
tation of fear-based images and noncontingent punishment 
with electric shock, would be associated with increased 
reactive control relative to a neutral condition, while per-
formance-contingent punishment would be associated with 
increased proactive control relative to all other conditions. 
We did not observe support for the first part of this hypoth-
esis: reactive control did not significantly differ between 
fear-based and neutral images, and noncontingent punish-
ment was associated with increased proactive, rather than 
reactive, control relative to both the neutral and negative 
affect image conditions. However, we did observe that, as 
predicted, performance-contingent punishment was associ-
ated with increased proactive control, as characterized by 
increases in both interference on AY trials and in the PBI 
composite measure, relative to the neutral, image-based 
negative affect, and noncontingent punishment conditions.

In testing the exploratory hypothesis that fear and anger-
based negative affect inductions might differentially predict 
cognitive control outcomes, we observed marginally lower 
PBI in the Anger condition compared with the Fear condi-
tion. Although this effect did not reach significance, it was 

contrary to our exploratory hypothesis of potentially height-
ened proactive control in the Anger condition, given that 
anger is considered an approach-oriented emotion (Carver 
& Harmon-Jones, 2009). One limitation of the current study 
is that we did not obtain emotion ratings from participants 
for each stimulus image as an induction check. It is there-
fore possible that our Fear versus Anger manipulations had 
unintended effects on affect; anger in particular has been 
argued to be a complex emotion that might be challenging 
to induce using image stimuli (Gilam & Hendler, 2015; Thi-
bodeau et al., 2008). Exploratory analyses of self-reported 
negative affect revealed that participants in the Anger condi-
tion reported greater negative affect that participants in the 
Neutral condition, while reported affect in the Fear condi-
tion did not significantly differ from reported affect in the 
other conditions. Therefore, our Fear manipulation may not 
have induced negative affect to the extent intended, while our 
Anger-related stimuli may have induced unintended nega-
tive emotions such as fear or disgust instead. In addition, 
it is possible that the images we used to induce Anger may 
have also differed from the Fear-inducing images in aspects 
other than emotion. Anger-inducing images may have had 
increased complexity (i.e., 9 of 10 Anger-inducing images 
depicted scenes, whereas 8 of 10 Fear-inducing stimuli 
depicted single objects or people) and increased social con-
tent (i.e., all 10 of the Anger-inducing stimuli included social 
content, whereas only 4 of 10 Fear-inducing stimuli included 
social content). It is possible that the Anger-inducing stimuli 

Fig. 5   Experiment 1: IES PBI as a function of Affect and Punish-
ment condition for each of six between-subjects groups. Upward and 
downward arrows indicating greater proactive versus reactive control 

apply to each of the six plots. Across all six sub-conditions, proactive 
control was heightened in the Punishment phase relative to the Affect 
phase.
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may have required more in-depth semantic interpretation 
due to the combination of these two features, which could 
potentially have interfered with proactive cognitive control 
processes. Finally, we note that post-hoc power analyses 
suggested that we were somewhat underpowered to detect 
a significant effect of Affect condition on PBI based on our 
observed effect size (power = 0.53, given alpha = 0.05, f = 
0.20, N = 132). As such, the lack of significant differences in 
proactive versus reactive control between our Neutral Affect 
condition and our Fear and Anger conditions should be taken 
as tentative. Future work should recruit a more robust sample 
in order to detect potentially small effects of negative emo-
tion manipulations. We will return to the implications of this 
marginal finding in the General Discussion.

Returning to our primary hypothesis, our observed asso-
ciation between performance-contingent primary punish-
ment and increased proactive control was consistent with 
our predictions based on prior work utilizing threat of per-
formance-contingent electric shock (Lindström et al., 2013). 
However, contrary to predictions, noncontingent punishment 
was associated with increased proactive control relative to 
the IAPs-induced neutral or negative affect conditions. One 
factor potentially contributing to this surprising finding is 
task order, as proactive control has been shown to increase 
with greater time on task (Fröber & Dreisbach, 2016; Hefer 
& Dreisbach, 2020) and the Punishment phase followed the 
Affect phase in the current study. However, exploratory anal-
yses (reported in the supplementary materials) revealed that 
proactive control was still significantly higher in the Punish-
ment relative to the Affect phase when block number was 
included as a predictor (i.e., helping control for time on task), 
suggesting that time-on-task effects were not likely to be solely 
responsible for observed differences by task phase.

Alternatively, there is a key methodological difference 
between Experiment 1 and previous literature reporting 
increased reactive control with negative affect (Yang et al., 
2018), in that the threat cues in the Noncontingent condition 
in the current study were fully deterministic in predicting 
punishment, rather than probabilistic or uncertain. To inves-
tigate whether punishment uncertainty could account for our 
divergent findings, we conducted a second experiment modi-
fying our Noncontingent condition such that trial-level threat 
was administered in a probabilistic (i.e., uncertain) fashion. In 
Experiment 2, we also aimed to systematically investigate the 
role of individual differences in trait anxiety and intolerance of 
uncertainty in shaping cognitive control under unpredictable, 
unavoidable threat of punishment. Finally, in Experiment 2, we 
counterbalanced task phase order, to more tightly control for the 
possibility that the phase-related differences in cognitive control 
observed in Experiment 1 were the product of time on task 
effects (Fröber & Dreisbach, 2016; Hefer & Dreisbach, 2020).

Experiment 2: Methods

In Experiment 2, we followed up on the results of Experi-
ment 1 by investigating the effect of uncertain, noncon-
tingent punishment, in combination with individual dif-
ferences in trait anxiety and intolerance of uncertainty, in 
modulating cognitive control. Experiment 2 was also pre-
registered on the Open Science Framework (https://​osf.​io/​
fvkdy). Given the lack of significant differences observed 
between the neutral and negative affect image-inductions 
in Experiment 1, we chose to simplify the task design and 
omitted the Fear and Anger affective manipulations from 
Experiment 2. We also focused on introducing uncer-
tainty to the noncontingent punishment condition, given 
that our performance-contingent punishment manipula-
tion arguably included some level of inherent uncertainty 
(i.e., individuals are not fully certain whether their per-
formance will be adequate to avoid the electric shock on 
a given trial). Therefore, all participants in Experiment 2 
completed the AX-CPT under both an emotionally neutral 
baseline condition and a noncontingent punishment condi-
tion. The noncontingent punishment AX-CPT matched that 
in Experiment 1 with one key difference: instead of fully 
deterministic cues indicating whether electric shock would 
be received on a given trial, the cues indicating electric 
shock were probabilistic and only resulted in the receipt 
of electric shock a portion of the time. This allowed us to 
test the hypothesis that uncertain noncontingent punish-
ment would be associated with increased reactive control 
relative to the within-subject neutral baseline condition in 
Experiment 2, as well as in comparison to the deterministic 
noncontingent punishment condition from Experiment 1 in 
a cross-experiment comparison (reported below).

Furthermore, to investigate the extent to which uncer-
tainty might interact with trait individual differences to 
modulate cognitive control under noncontingent punishment 
conditions, we specifically recruited participants varying in 
trait anxiety. Compared with exploratory analyses of anxiety 
from Experiment 1 (reported in the supplementary materi-
als), this allowed for a more targeted examination of whether 
individuals higher in trait anxiety and intolerance of uncer-
tainty would display increased reactive control under threat 
of uncertain, noncontingent punishment.

Participants

We aimed to collect a sample of 52 participants, matched 
in trait anxiety levels to the Experiment 1 Contingent group 
with intact STAI-Trait data (more details on matched anxi-
ety scores below). We further matched the number of times 

https://osf.io/fvkdy
https://osf.io/fvkdy
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individuals received electric shocks, relative to their trait 
anxiety scores, across the punishment conditions in Experi-
ments 1 and 2. In addition to matching our Experiment 1 
sample in terms of trait anxiety distribution, we collected 
data from as many additional participants as possible during 
the participant recruitment period (i.e., until the end of the 
academic quarter, given recruitment of participants from an 
undergraduate subject pool). Our final sample consisted of 
70 individuals, 51 of whom were matched on trait anxiety 
levels and number of electric shocks to Experiment 1 partici-
pants, and an additional 19 participants. Of participants in 
this final sample, 9 did not complete the Punishment condi-
tion due to technical issues with the electric shock device, 
leaving 61 with full data. The analyses reported below 
include only the 51 participants with full data who were 
matched to the Contingent group from Experiment 1, to 
facilitate comparison of the effects of predictable and uncer-
tain punishment on cognitive control, with minimized differ-
ences in trait anxiety levels and frequency of electric shock. 
Analysis of task performance in the full collected sample 
can be found in the supplementary materials, and any diver-
gences in the results between the full sample and the Experi-
ment 1-matched subsample are briefly discussed in Experi-
ment 2 Discussion below. To preview, results were generally 
consistent across the full sample versus the matched subsam-
ple. The only divergence was relatively small and occurred 
in the comparison of PBI scores between threat and safe tri-
als within the Punishment phase, an effect which was found 
to be marginally significant with the matched subsample and 
nonsignificant with the full sample.

As in Experiment 1, participants were recruited via the 
University of Denver SONA participant pool and posted 
flyers. To meet inclusion criteria, all participants were flu-
ent English speakers, had normal or corrected-to-normal 
vision, and no reported current psychological illness, his-
tory of neurological illness or injury, current psychotropic 
medication use, or pacemaker use. Data collection was com-
pleted between October 2023 and March 2024. Our final 
sample, including all 70 participants with at least partial 
usable data, had an age range of 18–31 years (M = 19.51, 
SD = 2.1), with an average of 13.6 years of education (SD 
= 1.57). Biological sex at birth was reported as 48 females 
and 22 males. Gender identification was reported as 44 
women, 20 men, and 2 gender queer/gender nonconforming 
(three participants chose not to respond or to self-describe). 
Self-reported racial identity was 1.4% “American Indian”; 
4.3% “Asian”; 4.3% “Black”; 1.4% “Central/South Ameri-
can”; 75.7% “White/Caucasian”; 5.7% selected more than 
one race; and 7.1% chose not to respond or to self-describe. 
Self-reported ethnicity was 17.1% “Hispanic or Latino/a” 
and 82.9% “NonHispanic or Latino/a.” Participants were 

compensated either $10/hour or with course credit for com-
pleting the study. The study protocol was approved by the 
University of Denver Institutional Review Board.

Potential participants were characterized as high- or 
low-anxiety based on whether their scores on the STAI-
Trait scale fell above or below 40, which was the median 
STAI-Trait score for the Contingent group in Experiment 1. 
We therefore aimed to recruit 26 low-anxiety participants 
with scores < 40, and 26 high-anxiety participants with 
scores ≥ 40. The first half of our data collection resulted 
in unbalanced groups, with more high-anxiety individuals 
participating (i.e., individuals with STAI-trait scores ≥ 40). 
Given this, partway through data collection we added an 
online pre-screening survey before the in-person session to 
selectively recruit the remaining participants needed for the 
low-anxiety group. We recruited based on a median dividing 
value from Experiment 1 in order to examine the effects of 
uncertain punishment in Experiment 2 in a sample with a 
comparable range of trait anxiety levels.

Procedure

Participants provided informed consent upon arriving for the 
experiment. Initial self-report ratings of emotional valence 
and arousal were collected as a measure of current emotional 
state. Participants were then instructed on the AX-CPT 
paradigm and completed ten practice trials, performance on 
which were not analyzed. The practice trials were followed by 
another ten-trial mini-block, which was used to generate the 
individualized 30th percentile reaction time cutoff for use in 
the Punishment phase. Next, participants were asked to com-
plete a series of individual differences questionnaires identical 
to those in Experiment 1 (i.e., demographics, BIS/BAS, IUS, 
and STAI measures). Participants were set up with electrodes 
on the nondominant hand to monitor SCL, and then they com-
pleted two task blocks each of the Baseline and Punishment 
phases of the AX-CPT. The two phases were completed in a 
counterbalanced order, such that half the participants com-
pleted the two Baseline task blocks first, followed by the two 
Punishment task blocks, while the other half of participants 
completed the two Punishment task blocks first, followed by 
the Baseline task blocks. The electric shock calibration pro-
tocol was completed immediately prior to the Punishment 
phase. Finally, participants completed a brief post-task sur-
vey and then were debriefed and compensated for their time.

The AX-CPT paradigm was identical to that of Experiment 
1, apart from the punishment manipulation, detailed below. As 
in Experiment 1, SCL was monitored during each task block, 
and self-report ratings of emotional valence, arousal, motiva-
tion, effort, and threat ratings of the electric shock were col-
lected after completion of the AX-CPT.
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Baseline and Punishment Manipulations

In both the practice and reaction time cutoff mini-blocks, 
the pre-cue image displayed on each trial was an empty 
circle. During the neutral Baseline phase, the image of an 
empty circle again served as a pre-cue on each trial, for two 
task blocks of 80 trials each, with participants instructed 
that there was no possibility of receiving electric shocks. 
In the Punishment phase, all participants completed the 
noncontingent punishment AX-CPT.

The noncontingent punishment condition was identical 
to that used in Experiment 1, with the key exception that the 
image cues indicating whether there was a threat of electric 
shock on a given trial were not 100% deterministic. Instead, 
the lightning bolt cue served as a probabilistic predictor of 
whether electric shock could be received on that trial. The 
probability that the lightning bolt cue would be followed by 
electric shock on a given punishment trial varied across par-
ticipants, to match the number of shocks received between the 
current experiment and the Contingent condition in Experi-
ment 1. Matching the number of shocks received was designed 
to facilitate cross-experiment comparisons (reported below) of 
the effect of performance contingency, while controlling for 
the total number of shocks received at the individual subject 
level. This resulted in the probability of electric shock receipt 
on Threat trials ranging from 0% to 42.5% across participants, 
with an average of 22%. Instead of a cloud image, the cue for 
safe trials in this experiment was replaced with a crossed out 
lightning bolt to signal the lack of threat. As in Experiment 
1, the safe trials indicated with 100% certainty that there was 
no possibility of receiving electric shock on that trial. Once 
again, participants completed two task blocks in the Punish-
ment phase, with 80 trials each.

Electric Shock Protocol, Skin Conductance Measure, 
and Questionnaires

The protocol for calibrating and administering electric 
shocks, the procedure for measuring SCL, and the procedure 
for questionnaire administration were all identical to those 
described for Experiment 1.

Post‑Task Survey

At the very end of the experiment, just prior to debriefing 
and compensation, participants completed an additional brief 
post-task survey. Participants were asked to rate how threat-
ening they found the electric shock, on a scale from 1 to 10. 
Additional questions inquired about the perceived frequency 
of threat of shock trials, and whether participants did anything 
differently on trials with the possibility of electric shock. If 
participants responded “yes” to this last question, they were 

asked to explain what they did differently in an open-ended 
response.

Data Analysis Plan

As in Experiment 1, the planned analyses were preregistered on 
the Open Science Framework (https://​osf.​io/​fvkdy). Once again, 
in a departure from the preregistration, the results reported in the 
main manuscript use IES in place of reaction time and error rate. 
The full results with reaction times and error rates are reported in 
the supplementary materials. There were no major differences in 
results using IES compared with reaction times and error rates, 
but any small divergences are noted in our General Discussion. 
As in Experiment 1, analyses were carried out in R (version 
4.2.2; R Core Team, 2022) using the tidyverse, psych, ggplot2, 
ez, lme4, lmerTest, effectsize, and afex packages.

Data Exclusions

Following the protocol established for Experiment 1, participants 
with accuracy scores below 50% for any task block, or with over-
all accuracy less than 3 standard deviations below the sample 
mean, were fully excluded from analysis. One participant was 
excluded on the basis of low accuracy using these criteria.

AX‑CPT Outcome Measures

As in Experiment 1, IES and a composite measure of proac-
tive control, PBI, were computed for use in analyses. Higher 
IES scores indicated worse performance, and more positive 
PBI measures indicated higher levels of proactive control 
(versus more negative PBI measures indicating higher levels 
of reactive control).

Punishment Phase: Is reactive control heightened on threat 
versus safe trials under uncertain noncontingent threat 
of punishment?

To examine task performance during the Punishment phase, 
we used a 4 (Trial Type: AX, AY, BX, BY) × 2 (Threat-of-
Shock: safe, uncertain threat) repeated-measures ANOVA, 
with IES as the dependent measure. We also conducted a 
paired t-test to test for significant differences in PBI by Threat-
of-Shock (uncertain threat, safe) in the Punishment phase.

Within‑group differences in Baseline vs. Punishment 
Phase: Is the sustained effect of uncertain noncontingent 
punishment associated with increased reactive control 
relative to a neutral baseline condition?

To evaluate the sustained, block-level effect of threat on 
cognitive control, we analyzed differences between Baseline 

https://osf.io/fvkdy
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block trials and safe trials from the Punishment block using 
a 2 (Phase: Baseline, Punishment) × 4 (Trial Type: AX, 
AY, BX, BY) repeated-measures ANOVA, with IES as the 
dependent measure. We also performed a paired t-test to 
examine whether PBI differed between the Baseline phase 
and safe trials in the Punishment phase.

Punishment Phase – Individual Differences Effects: 
Do individuals higher in trait anxiety and intolerance 
of uncertainty display greater increases in reactive control 
on threat versus safe trials under uncertain punishment?

We investigated whether individual differences in trait anxi-
ety and intolerance of uncertainty modulated cognitive con-
trol performance in the Punishment Phase. Scores on the 
STAI-Trait scale ranged from 22 to 72 (male M = 39.53 
SD = 10.86; female M = 43.11, SD = 12.24). Scores on the 
IUS ranged from 37 to 125 (male M = 61.07, SD = 20.51; 
female M = 66.91, SD = 22.14). We note that these scores 
are slightly higher than average scores in published norms 
for young adults on the STAI-Trait scale and comparable 
young adult samples for the IUS.2 However, given that no 
participants reported a current anxiety disorder diagnosis 
(given exclusion criteria during screening), we consider our 
sample to be in the subclinical range.

Given a strong correlation between trait anxiety and intoler-
ance of uncertainty in our sample (R = 0.74, p < 0.0001), we 
performed a multivariate K-means cluster analysis to form two 
separate groups on the basis of both measures, following the 
procedure used by Wroblewski et al. (2022). This approach 
allowed us to characterize participants as either relatively 
high-scoring in both trait anxiety/intolerance of uncertainty 
(TA/IU), versus relatively low-scoring in both measures, maxi-
mizing the difference between clusters. The cluster analysis 
resulted in 29 participants characterized as low TA/IU (mean 
STAI-Trait score = 35.55, mean IUS score = 50.55) and 20 
participants characterized as high TA/IU (mean STAI-Trait 
score = 51.05, mean IUS score = 86.55). The distribution of 
scores for each cluster are visualized in Fig. 6.

We then conducted a 2 (TA/IU Cluster: low-TA/IU, high-
TA/IU) × 4 (Trial Type: AX, AY, BX, BY) × 2 (trial-level 
Threat-of-Shock: safe, uncertain threat) repeated-measures 
ANOVA, with IES as the dependent measure. We planned 
to conduct follow-up comparisons if any interaction terms 
proved significant.

Finally, we conducted a 2 (TA/IU Cluster: low-TA/IU, 
high-TA/IU) × 2 (trial-level Threat-of-Shock: safe, uncertain 
threat) repeated-measures ANOVA, with PBI as the depend-
ent measure to examine whether proactive control in the 
Punishment phase differed by cluster.

Experiment 2: Results

Data Exclusions

No participant had accuracy below 50% on any task 
block. However, one participant was excluded from 
analyses due to overall task accuracy more than 3 stand-
ard deviations below the sample mean. A sample size of 
50 remained for all matched-subsample analyses of task 
performance.

Punishment Phase: Is reactive control heightened 
on threat versus safe trials under uncertain 
noncontingent threat of punishment?

To examine performance in the Punishment phase, we used 
a 4 (Trial Type: AX, AY, BX, BY) × 2 (Threat-of-Shock: 
safe, uncertain threat) repeated-measures ANOVA, with 
IES examined as the dependent variable (results shown in 
Fig. 7). We additionally performed a paired t-test to compare 
IES PBI between uncertain threat and safe trials.

Fig. 6   Scatterplot depicting the results of the cluster analysis, assign-
ing participants to one of two clusters of high or low trait anxiety and 
intolerance of uncertainty (TA/IU).

2  Published norms for the STAI-Trait scale: male young adults norm 
M = 38.3, SD = 9.18; female young adults norm M = 40.4, SD = 
10.15 (Spielberger, 1985). Published norms are not available for the 
IUS. However, our sample average is consistent with other under-
graduate young adult samples (Gerolimatos & Edelstein, 2012: M = 
63.55, SD = 22.06; Kraemer et al., 2015: M = 66.53, SD = 20.32), 
although neither study screened for nor excluded participants with 
a diagnosed anxiety disorder. Another study found that participants 
meeting diagnostic criteria for Generalized Anxiety Disorder had 
scores comparable to our sample (M = 66.30, SD = 20.39), whereas a 
nonanxious control group had lower scores (M = 45.15, SD = 12.80) 
(Holaway et  al., 2006). This suggests that our sample may have 
included undiagnosed participants in the clinical range for trait anxi-
ety and intolerance of uncertainty, although the sample as a whole 
should not be interpreted as reflecting clinical levels of anxiety.
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The main effect of trial type on IES was significant 
(F(3, 147) = 55.51, p < 0.0001, η2

p = 0.53), with fol-
low-up comparisons revealing that IES was significantly 
higher on AY trials (M = 749, SD = 532) than on the 
other three trial types (AX: M = 293, SD = 71, p < 
0.0001, 95% CI [356.05, 556.7]; BY: M = 214, SD = 72, 
p < 0.0001, 95% CI [435.32, 635.97]; BX: M = 213, SD 
= 95, p < 0.0001, 95% CI [436.11, 636.75]). No other 
significant differences in IES measures by trial type were 
observed (all p’s > 0.16). We did not observe a signifi-
cant main effect of Threat-of-Shock (F(1, 49) = 0.0003, 
p = 0.99, η2

p < 0.001). There was no significant interac-
tion between Threat-of-Shock and Trial Type (F(3, 147) 
= 0.28, p = 0.84, η2

p = 0.006).
Finally, we conducted a paired t-test to examine whether 

IES PBI differed between threat and safe trials. IES PBI was 
marginally larger on threat trials compared with safe trials 
(t(49) = 1.77, p = 0.08, d = 0.21).

Punishment Avoidance Success

Participants successfully met the response deadline crite-
ria on an average of 77% of threat trials (range 28–100%). 
Consistent with the findings in Experiment 1, this was 
much higher than the 30% avoidance rate that would be 
expected if performance was unchanged relative to the 
Baseline phase. We interpret this pattern as suggesting 
that participants were able to adaptively improve their 
performance in response to unpredictable, noncontingent 
threat of punishment.

Within‑group differences in Baseline vs. Punishment 
Phase: Is the sustained effect of uncertain noncontingent 
punishment associated with increased reactive control 
relative to a neutral baseline condition?

To examine differences in task performance between the 
Baseline and Punishment phases we used a 4 (Trial Type: 
AX, AY, BX, BY) × 2 (Phase: Baseline, Punishment) 
repeated-measures ANOVA, with IES as the dependent 
measure (results shown in Fig. 8). We also performed a 
paired t-test to compare IES PBI between the Baseline and 
Punishment phases.

The main effect of Trial Type on IES was significant 
(F(3, 150) = 40.00, p < 0.0001, η2

p = 0.44), with fol-
low-up comparisons revealing that IES was larger on AY 
trials (M = 674, SD = 471) than on all other trial types 
(AX: M = 348, SD = 112, p < 0.0001, 95% CI [225.07, 
425.61]; BX: M = 294, SD = 229, p < 0.0001, 95% CI 
[279.07, 479.62]; BY: M = 271, SD = 147, p < 0.0001, 
95% CI [302.15, 502.69]). As in Experiment 1, this pat-
tern of poorer performance on AY trials overall is consist-
ent with typically observed findings that healthy young 
adults display a bias towards proactive control, even in 
“neutral” baseline conditions (Gonthier et al., 2016). We 
additionally observed a significant main effect of Phase 
(F(1, 50) = 4.65, p = 0.04, η2

p = 0.09), such that IES was 
larger overall in the Baseline versus Punishment phase 
(Baseline: M = 425, SD = 247; Punishment: M = 368, 
SD = 379), reflecting improved task performance in the 
Punishment phase. Finally, there was a significant Phase 
× Trial Type interaction (F(3, 150) = 9.10, p < 0.0001, 

Fig. 7   Experiment 2: IES as a function of Trial Type and Threat-of-Shock in the Punishment phase. IES did not differ between threat and safe 
trials.
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η2
p = 0.15). Follow-up comparisons revealed that IES dif-

ferences between AY and the other three trial types, while 
significant in both phases, were greater in the Punishment 
phase (AY vs. AX: p < 0.0001, 95% CI [263.87, 592.97]; 
AY vs. BX: p < 0.0001, 95% CI [346.73, 675.84]; AY 
vs. BY: p < 0.0001, 95% CI [345.47, 674.58]) than in the 
Baseline phase (AY vs. AX: p = 0.001, 95% CI [57.70, 
386.81]; AY vs. BX: p = 0.0002, 95% CI [82.86, 411.96]; 
AY vs. BY: p < 0.0001, 95% CI [130.26, 459.36]).

We conducted a paired t-test to examine whether PBI 
differed between the Baseline and Punishment phases. PBI 
was significantly greater in the Punishment phase than the 
Baseline phase (t(50) = −4.09, p = 0.0002, d = −0.70). 
Together, these analyses suggest improved performance 
and increased proactive control under uncertain punish-
ment relative to baseline.

Punishment Phase – Individual Differences Effects: 
Do individuals higher in trait anxiety and intolerance 
of uncertainty display greater increases in reactive control 
on threat versus safe trials under uncertain punishment?

We then conducted a 2 (TA/IU Cluster: low-TA/IU, high-
TA/IU) × 4 (Trial Type: AX, AY, BX, BY) × 2 (trial-level 
Threat-of-Shock: safe, uncertain threat) repeated-measures 
ANOVA, to examine whether IES differed by trait anxiety/
intolerance of uncertainty cluster. We did not observe a sig-
nificant main effect of cluster (F(1, 46) = 0.91, p = 0.34, η2

p 
= 0.02). There was a significant main effect of Trial Type 
(F(3, 138) = 52.92, p < 0.0001, η2

p = 0.54), with follow-up 
comparisons revealing that IES was larger on AY trials (M 
= 749, SD = 532) than on all other trial types (AX: M = 

293, SD = 71, p < 0.0001, 95% CI [356.05, 556.70]; BY: M 
= 214, SD = 72, p < 0.0001, 95% CI [435.32, 635.97]; BX: 
M = 213, SD = 95, p < 0.0001, 95% CI [436.11, 636.75]). 
There was no significant effect of Threat-of-Shock (F(1, 
46) = 0.0004, p = 0.98, η2

p = 0.0008). Finally, none of the 
interaction terms reached significance (Cluster × Trial Type: 
F(3, 138) = 0.60, p = 0.62, η2

p = 0.01; Cluster × Threat-
of-Shock: F(1, 46) = 1.04, p = 0.31, η2

p = 0.02; Trial Type 
× Threat-of-Shock: F(3, 138) = 0.38, p = 0.77, η2

p = 0.02; 
Cluster × Trial Type × Threat-of-Shock: F(3, 138) = 2.10, 
p = 0.10, η2

p = 0.04).
We additionally conducted a 2 (TA/IU Cluster: low-TA/

IU, high-TA/IU) × 2 (trial-level Threat-of-Shock: safe, 
uncertain threat) repeated-measures ANOVA to examine 
whether PBI in the Punishment phase differed by trait anxi-
ety/intolerance of uncertainty cluster. We did not observe a 
significant main effect of cluster (F(1, 46) = 0.56, p = 0.46, 
η2

p = 0.01). There was a significant main effect of Threat-of-
Shock (F(1, 46) = 5.51, p = 0.02, η2

p = 0.12), such that PBI 
was higher on threat compared with safe trials. Finally, there 
was no significant interaction between cluster and Threat-of-
Shock (F(1, 46) = 2.16, p = 0.15, η2

p = 0.04).

Experiment 2: Discussion

In Experiment 2, we followed up on Experiment 1 by 
examining changes in cognitive control under unpredict-
able, noncontingent threat of punishment compared with a 
neutral baseline, as well as examining whether this effect 
was modulated by individual differences in trait anxiety 
and intolerance of uncertainty. We observed sustained, 

Fig. 8   Experiment 2: IES as a function of Trial Type and Phase. IES was larger overall in the Baseline phase. However, the effect of trial type 
(i.e., larger IES on AY trials) was heightened in the Punishment phase.
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block-level increases in proactive control (as indexed by 
increased IES on AY trials and increased PBI) in the pun-
ishment phase relative to baseline phase, as well as trial-
level, marginal increases in proactive control (measured 
with PBI) on trials with threat of uncertain, noncontingent 
punishment compared with safe trials. A post-hoc power 
analysis based on the observed effect size for the mar-
ginal effect of trial-level threat on PBI suggested that we 
were underpowered to detect a significant effect (power = 
0.31, given two-tailed test, alpha = 0.05, d = 0.21, N = 
50); caution should thus be taken in interpreting this mar-
ginal effect. Regardless, we observed a consistent pattern 
overall across both experiments, whereby threat of pun-
ishment was associated with increased proactive control, 
even when that threat was both uncertain and noncontin-
gent, in contrast to prior observations in the literature (i.e., 
increased reactive control under threat of random punish-
ment; Yang et al., 2018). As such, these findings suggest 
that punishment uncertainty may not account for diverging 
observations in our Experiment 1 noncontingent condition 
relative to findings reported by Yang et al. (2018). Instead, 
we speculate that other features of the task design, such as 
the inclusion of a speeded response deadline and the inten-
sity of the electric shock, might account for our findings. 
These possibilities are addressed further in the General 
Discussion below.

In addition, we purposely counterbalanced condition 
order in Experiment 2, such that some participants com-
pleted the baseline phase first, whereas others completed 
the punishment phase first. Our results were consistent with 
Experiment 1, in that proactive control was heightened in the 
punishment phase even when phase order was counterbal-
anced. However, exploratory analyses (reported in the Sup-
plementary materials) in which we examined the difference 
between the Baseline and Punishment phases separately for 
each counterbalance order revealed that some order effects 
may have been present as well. While both counterbalance 
groups displayed increased proactive control (i.e., elevated 
AY interference) in the Punishment phase, this difference 
was larger for participants that completed the Baseline phase 
first. For participants that completed the Punishment phase 
first, there appeared to be a potential “carry-over” effect of 
the threat of shock, such that heightened levels of proactive 
control were observed in the subsequent neutral baseline 
condition. Given that AY interference was consistently ele-
vated in the Punishment phase compared with the Baseline 
phase, across orders, we suggest that some carry-over may 
have occurred but that the effects of noncontingent punish-
ment on proactive control are not solely attributable to time-
on-task/order effects. The consequences of employing task 
designs with static versus counterbalanced order when inves-
tigating the effect of noncontingent punishment is explored 
further below in the General Discussion.

Finally, in Experiment 2, individual differences in trait 
anxiety and intolerance of uncertainty were not significantly 
associated with differences in overall task performance or 
the use of proactive control under uncertain punishment. 
We therefore did not find support for our second hypoth-
esis—that individuals higher in trait anxiety might display 
increased reactive control on threat trials, although we 
express caution in interpreting this null finding, especially 
given that we did not observe an overall increase in reac-
tive control with uncertain threat as originally predicted. 
Additional exploratory analyses examining individual-level 
variability in physiological response to uncertain threat sug-
gested both that trait anxiety might be positively associated 
with threat-induced arousal and that threat-induced arousal 
might be positively associated with proactive control and 
overall performance, but these did not translate to a signifi-
cant relationship between trait anxiety and task performance. 
These analyses are reported in the supplement and discussed 
further in the General Discussion.

Cross‑Experiment Comparisons

We capitalized on the matched samples between the Contin-
gent group from Experiment 1 and the sample from Experi-
ment 2 to directly examine whether performance differed 
among the punishment phases for each of our three between-
subject punishment conditions (Experiment 1 Contingent 
Punishment, Experiment 1 Noncontingent Punishment, 
Experiment 2 Unpredictable Punishment). In Experiment 1, 
the Contingent and Noncontingent groups differed on mul-
tiple dimensions, including the number of electric shocks 
received during the task and outcome certainty on each trial. 
In contrast, both the Contingent condition from Experiment 
1 and the unpredictable punishment condition in Experi-
ment 2 had uncertain outcomes in terms of shock receipt on 
a trial-by-trial basis, as well as matched numbers of shocks 
received. Therefore, we aimed to isolate the dimensions of 
punishment contingency and outcome predictability and 
investigate whether one or both dimensions contributed to 
differences in proactive control across punishment condi-
tions. Both contingency and predictability were examined in 
the same model to test for each predictor while controlling 
for the potential influence of the other.

Data Analysis Plan

We used two linear mixed-effects regression models, imple-
mented using the lmer command in the lmerTest R package 
(Kuznetsova et al., 2017), to investigate the extent to which 
contingency and predictability dimensions of punishment 
predicted IES and PBI outcome measures. No model com-
parison procedure was conducted for these analyses, given 
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our predefined aim of examining whether contingency and 
predictability modulated the effect of punishment on proac-
tive control. The fixed effect of Contingency was contrast-
coded as +1 for the Experiment 1 Contingent group and 
−1 for both the Experiment 1 Noncontingent group and the 
Experiment 2 Unpredictable group. The fixed effect of Pre-
dictability was contrast-coded as +1 for the Experiment 1 
Noncontingent group and −1 for both the Experiment 1 Con-
tingent group and the Experiment 2 Unpredictable group. 
We again assessed the significance of each fixed effect using 
Type III F-tests with Satterthwaite’s approximation for 
degrees of freedom, and followed up significant effects using 
estimated marginal means and pairwise contrasts between 
factor levels, computed with the emmeans R package. We 
again adjusted our pairwise contrasts for multiple compari-
sons in emmeans using the Tukey HSD procedure for main 
effects and the Šidák method for interaction effects.

In our first model, we examined whether Contingency and 
Predictability, each in two- and three-way interaction with 
Trial Type (AX, AY, BX, BY) and Threat-of-Shock (safe, 
threat), predicted IES. In our second model, we examined 
whether Contingency and Predictability, each in interaction 
with Threat-of-Shock, predicted PBI. Subject was included 
as a random intercept in both models. We attempted to add 
Experiment as an additional random intercept, but discarded 
this due to singularity (model overfitting) concerns.

Cross‑Experiment Comparisons: Results

To examine whether the dimensions of Contingency and 
Predictability, which varied across the three punishment 
conditions employed in our two experiments, predicted over-
all task performance and proactive control, we conducted 
two regression analyses. Key findings are reported below 
with full analysis statistics available in the Supplementary 
materials (Table S3 for IES model, Table S4 for PBI model). 
Performance for the three punishment conditions are visual-
ized in Fig. 9a for IES and Fig. 9b for PBI.

IES Analysis: Does task performance vary 
with performance‑contingency and predictability 
in punishment?

We first examined whether Contingency and Predictability, 
each in interaction with Trial Type (AX, AY, BX, BY) and 
Threat-of-Shock (safe, threat), predicted IES. Subject was 
included as a random intercept. R notation for this model 
was thus as follows: IES ~ Contingency + Predictability + 
Trial-Type + Threat-of-Shock + Contingency:Trial-Type + 
Contingency:Threat-of-Shock + Predictability:Trial-Type 

+ Predictability:Threat-of-Shock + Trial-Type:Threat-
of-Shock + Contingency:Trial-Type:Threat-of-Shock + 
Predictability:Trial-Type:Threat-of-Shock + (1|Subject).

When testing for potential effects of Contingency on per-
formance measured using IES, we did not observe a sig-
nificant main effect of Contingency (F(1,154.26) = 0.41, p 
= 0.52), but did observe a significant Contingency × Trial 
Type interaction (F(3,1074.98) = 3.00, p = 0.03), such that 
IES was significantly heightened on AY versus BX trials 
in the Contingent condition relative to the two noncontin-
gent conditions (estimate = 155.8, SE = 58.7, t = 2.66, p = 
0.047) and marginally heightened on AY versus BY trials 
(estimate = 143.1, SE = 58.7, t = 2.44, p = 0.086). Contin-
gency did not significantly interact with Threat-of-Shock 
(F(1,1075.00) = 0.18, p = 0.68). No significant Contingency 
× Trial Type × Threat-of-Shock interaction was observed 
(F(3,1075.00) = 0.02, p = 0.997).

When testing for potential effects of Predictability on 
performance measured using IES, we did not observe a sig-
nificant main effect of Predictability (F(1,154.26) = 0.11, 
p = 0.74) or any significant interactions between Predict-
ability and other predictors of interest: (Predictability x 
Trial-Type: F(3,1074.98) = 0.29, p = 0.83; Predictability x 
Threat-of-Shock: F(1,1074.99) = 0.00, p = 0.998; Predict-
ability x Trial-Type x Threat-of-Shock: F(3,1074.98) = 0.21, 
p = 0.89).

 Does proactive control vary 
with performance‑contingency and predictability 
in punishment?

We then examined whether Contingency and Predictability, 
each in interaction with Threat-of-Shock (safe, threat), pre-
dicted PBI. Subject was included as a random intercept. R 
notation for this model was as follows: PBI ~ Contingency 
+ Predictability + Threat-of-Shock + Contingency:Threat-
of-Shock + Predictability:Threat-of-Shock + (1|Subject).

When testing for potential effects of Contingency on pro-
active control measured using PBI, we observed a significant 
main effect of Contingency (F(1,153.01) = 4.01, p = 0.047), 
such that PBI was heightened in the Contingent condition 
relative to the two noncontingent conditions (estimate = 
−0.08, SE = 0.04, t = −2.00, p = 0.047). Contingency did 
not significantly interact with Threat-of-Shock (F(1,150.54) 
= 1.32, p = 0.25).

When testing for potential effects of Predictability on 
proactive control measured using PBI, we did not observe 
a significant main effect of Predictability (F(1,153.01) 
= 0.01, p = 0.90) or a significant interaction between 
Predictability and Threat-of-Shock (F(1,150.49) = 0.004, 
p = 0.95).
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Cross‑Experiment Comparisons: Discussion

We leveraged data from both experiments to further explore 
potential modulation of cognitive control by punishment 
contingency and uncertainty in two cross-experiment 

analyses examining the role of the Contingency and Pre-
dictability dimensions in shaping punishment-motivated 
cognitive control performance. We observed that perfor-
mance-contingency predicted increased proactive control, 
as indexed by heightened IES on AY trials as well as by 

Fig. 9   A) Cross-experiment comparison of IES as a function of Trial 
Type, Punishment condition, and Threat-of-Shock. For regression 
analyses, Contingency was contrast coded to compare the Experiment 
1 Contingent group to the two noncontingent conditions (Experi-
ment 1 Noncontingent group and Experiment 2 Unpredictable group). 
Predictability was contrast coded to compare the Experiment 1 Non-
contingent group to the two unpredictable conditions (Experiment 1 
Contingent group and Experiment 2 Unpredictable group). B) Cross-

experiment comparison of IES PBI as a function of Punishment con-
dition and Threat-of-Shock. For regression analyses, Contingency 
was contrast coded to compare the Experiment 1 Contingent group 
to the two noncontingent conditions (Experiment 1 Noncontingent 
group and Experiment 2 Unpredictable group). Predictability was 
contrast coded to compare the Experiment 1 Noncontingent group 
to the two unpredictable conditions (Experiment 1 Contingent group 
and Experiment 2 Unpredictable group).
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increased PBI, dovetailing with our findings from Experi-
ment 1. In contrast, punishment uncertainty did not signifi-
cantly predict cognitive control outcomes, providing further 
support for our interpretation of the Experiment 2 results. 
This pattern also suggests that the observation of increased 
proactive control in the performance-contingent compared 
with noncontingent punishment conditions in Experiment 
1 is likely attributable to differences in punishment contin-
gency between the two conditions, as opposed to differences 
in punishment predictability.

General Discussion

Across two experiments, we examined how negative affect 
(as induced via negatively valenced images and noncontin-
gent punishment) and performance-contingent punishment 
motivation influenced the balance of proactive and reactive 
cognitive control in the AX-CPT. In Experiment 1, mod-
eled after Fröber and Dreisbach (2014), we compared cogni-
tive control performance between an initial Affect phase, in 
which IAPS images were deployed to induced either Fear, 
Anger, or Neutral affect, and a Punishment phase, in which 
participants were faced with the prospect of electric shock, 
which either could be avoided with fast and accurate per-
formance (Contingent condition) or could not be avoided 
(Noncontingent condition). In Experiment 2, we examined 
whether the Experiment 1 results replicated when electric 
shock punishments were both noncontingent and uncertain, 
and whether cognitive control under uncertain threat varied 
with individual variability in trait anxiety and intolerance of 
uncertainty. Across both experiments, we observed that the 
threat of punishment was associated with increased proactive 
control relative to either an affectively neutral baseline or 
negative affect manipulation, regardless of punishment con-
tingency or uncertainty. This shift towards proactive control 
under threat of punishment was accompanied by an overall 
improvement in performance, as evidenced by decreased IES 
in the punishment phases, and higher punishment avoidance 
rates than would have been expected had performance been 
maintained at baseline levels. In addition, performance-con-
tingency further modulated the increase in proactive control 
under punishment, such that proactive control was higher 
when shock receipt was performance-contingent and thus 
avoidable, compared with when shock receipt was unavoid-
able. This suggests that the motivation to avoid punishment 
may facilitate proactive control to a greater extent than the 
negative affect associated with noncontingent punishment 
alone. In contrast, outcome uncertainty did not appear to sig-
nificantly influence proactive control in the context of a non-
contingent punishment manipulation. In Experiment 1, our 
exploratory comparison of fear and anger image-based affect 
inductions revealed only trend-level differences in proactive 

control between conditions, with marginally heightened pro-
active control when participants were presented with fear-
inducing compared with anger-inducing images. Finally, 
in Experiment 2, individual differences in trait anxiety and 
intolerance of uncertainty did not significantly modulate 
cognitive control performance.

Our observation that the threat of performance-contin-
gent punishment via electric shock was associated with 
increased proactive control presents an important step 
towards a fuller characterization of punishment effects on 
cognitive control and helps address discrepancies in the 
existing literature (i.e., between Lindström et al., 2013 and 
Ličen et al., 2016). It is notable that our findings are consist-
ent with those of Lindström et al. (2013), who observed an 
association between performance-contingent punishment, 
administered using electric shock, and increased proactive 
control. Limited studies have employed such primary per-
formance-contingent punishments in the cognitive control 
literature, and to our knowledge, the Lindström et al. find-
ings have not been broadly incorporated into accounts of 
punishment-related changes in proactive and reactive con-
trol (Ličen et al., 2016). Instead, prior work with the AX-
CPT paradigm has largely focused on the use of monetary 
loss as a performance-contingent punishment (Ličen et al., 
2016), and on observations of reduced proactive control, 
accompanied by increases in reactive control, in association 
with primary noncontingent threat and negative affect (Yang 
et al., 2018; Husa et al., 2022). Our current observations 
of increased proactive control with performance-contingent 
punishment relative to experimentally matched noncontin-
gent conditions suggest that punishment motivation might 
facilitate increased proactive control beyond the influence of 
associated negative affect. In addition, we observed height-
ened proactive control on threat compared with safe trials 
in Experiment 1, suggesting that increased proactive control 
in association with punishment threat may arise transiently 
(i.e., trial-by-trial) as well as on a sustained basis. Together, 
these observations provide, to our knowledge, the first evi-
dence to-date that primary, performance-contingent punish-
ments can facilitate increased proactive control in the AX-
CPT, and thus can potentially operate similarly to rewards. 
Indeed, our results are directionally similar to observations 
by Fröber & Dreisbach (2014) and Chiew & Braver (2014), 
in which performance-contingent reward incentives were 
associated with greater proactive control relative to non-
contingent reward and positive affect manipulations. While 
we did not include a direct comparison between reward and 
punishment incentives, our results, along with prior litera-
ture, suggest that the presence of either a positive or negative 
performance-contingent motivator might facilitate increases 
in proactive control relative to positive or negative affect 
inductions in this task context. Interestingly, our observation 
of similar effects of reward and punishment incentives on the 
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AX-CPT contrasts with recent work (Leng et al., 2021) that 
has identified differences in cognitive control with monetary 
reward and loss. Specifically, Leng et al. used drift-diffusion 
modeling to provide evidence that rewards might promote 
response speeding and increased drift rate, versus loss pro-
moting increased response caution. However, that study did 
not distinguish between proactive and reactive control or 
use primary punishments; in turn, our study did not apply 
modeling approaches to isolate potential differences in per-
formance parameters that Leng et al. may have been able to 
uncover. Given these differences, it remains an open ques-
tion whether task context, punishment type, or both can help 
determine whether punishments and rewards have similar 
or different effects on cognitive control. In addition, future 
work should directly compare effects of more diverse cat-
egories of rewards and punishments on cognitive control in 
the AX-CPT, to explore the possibility that primary punish-
ments may be directionally similar to rewards (i.e., associ-
ated with increasing proactive control), but might differ in 
magnitude (Carsten et al., 2021), or in other performance 
metrics such as response speed (Carsten et al., 2019).

Despite the intriguing alignment between the current 
study results and prior work employing performance-con-
tingent threat of electric shock (Lindström et al., 2013), 
our findings contrast with prior observations of increased 
reactive control in association with noncontingent threat of 
electric shock (Yang et al., 2018). One possibility accounting 
for discrepant findings between the current and prior work 
is that time-on-task effects may have promoted increased 
proactive control in the Punishment phase in Experiment 1, 
given that this phase always followed the Affect phase and 
proactive control has been shown to increase with longer 
time on task (Fröber & Dreisbach, 2016; Hefer & Dreisbach, 
2020). However, control analyses including task block num-
ber as a covariate revealed that the significant difference in 
proactive control observed between phases persisted when 
accounting for time-on-task (reported in the supplementary 
materials). Although task block number was correlated with 
task phase (with blocks 1 and 2 comprising the Affect phase, 
and blocks 3 and 4 comprising the Punishment phase), lim-
iting our ability to fully account for time-on-task effects, 
the results of our control analyses suggest that the increase 
in proactive control across task phases (i.e., from Affect to 
Punishment) is substantially greater than the increase in pro-
active control with time-on-task (i.e., from the first to second 
task block within each phase). In addition, in Experiment 2 
we counterbalanced the order of the baseline and punishment 
phases to address this limitation from Experiment 1; even 
when counterbalanced, we continued to observe increased 
proactive control under threat of punishment relative to a 
neutral baseline. Exploratory analyses (reported in the sup-
plementary material) revealed some evidence of potential 
carry-over effects of the punishment manipulation when 

participants in Experiment 2 completed that condition prior 
to the neutral baseline condition, resulting in reduced differ-
ences in proactive control between task phases. Importantly, 
however, while the magnitude of the difference in proactive 
control between the baseline and punishment conditions was 
reduced for participants in this order condition, the direc-
tion of this effect remained the same, with greater proactive 
control under punishment. Therefore, while there are trade-
offs to using a static order (as in Experiment 1) versus a 
counterbalanced order (as in Experiment 2), with static order 
reducing potential carry-over of the electric shock manipula-
tion and counterbalancing helping to account for time-on-
task effects, the parallel findings across our two experiments 
suggest that observed effects are likely related to the punish-
ment manipulations and not solely artifacts of task order. 
To further clarify the effects of punishment manipulations, 
time-on-task and carry-over confounds might be reduced in 
future work by employing experimental designs in which 
punishment, affect, and neutral task phases are compared 
either between-subjects or within-subjects across multiple 
experimental sessions.

Furthermore, in considering our results regarding non-
contingent punishment, our Experiment 2 findings suggest 
that proactive control may be enhanced by noncontingent 
threat of punishment even when it is unpredictable, sug-
gesting that outcome uncertainty is unlikely to account for 
differences between our Experiment 1 noncontingent results 
and prior work (Yang et al., 2018). This conclusion was fur-
ther supported by our cross-experiment comparisons test-
ing for predictability effects. As observed in Experiment 1, 
proactive control increased in the punishment phase, rela-
tive to a neutral baseline, in Experiment 2. Additionally, 
in both experiments, proactive control increased with trial-
level threat (although note that this increase was marginal 
in Experiment 2 and was no longer significant when the 
full Experiment 2 sample was utilized; see supplementary 
materials). While this effect is therefore interpreted with 
caution, our observed pattern of enhanced proactive control 
under the threat of unpredictable, noncontingent punish-
ment appears to be at odds with Yang et al.’s observation of 
increased reactive control under a similar threat manipula-
tion. We explore several potential contributors to our diver-
gent findings.

First, our noncontingent punishment conditions in both 
experiments utilized individualized response deadlines, in 
order to provide a comparison to the Experiment 1 Contin-
gent condition that better isolated the effect of performance 
contingency. However, response deadlines were not present 
either in the neutral and IAPS-induced Fear and Anger com-
parison conditions in the current study, nor in most prior 
studies employing noncontingent threat (Husa et al., 2022; 
Yang et al., 2018). While success at beating the response 
deadline was not tied to shock receipt in the noncontingent 
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conditions, participants may have found the response dead-
line and subsequent feedback (Correct, Incorrect, Too Slow) 
motivating on their own (Devine et al., 2024), resulting in 
modulation of cognitive control performance. Indeed, pre-
vious work has demonstrated that response deadlines, even 
in the absence of motivational incentives, can facilitate 
increases in proactive control relative to a baseline condi-
tion (Ličen et al., 2016). Thus, participants in the current 
study may have been motivated to beat the response dead-
line, potentially by intrinsic motivation sparked by the chal-
lenge to improve performance (Ryan & Deci, 2000), or by 
extrinsic motivation to comply with experimenter instruc-
tions, which may have been further reinforced by feedback 
provided after each trial (Ličen et al., 2016). Either way, 
it is possible that motivation to beat the response deadline 
may have outweighed a potential increase in reactive control 
driven by punishment threat, resulting in a net shift towards 
proactive control. However, our data from both experiments 
argue against threat-related increases in reactive control alto-
gether; threat trials were associated with increased proactive 
control relative to safe trials, despite both trial types employ-
ing a response deadline. While this comparison was only 
marginally significant in Experiment 2, at the very least, 
we did not observe evidence that threat trials were signifi-
cantly associated with enhanced reactive control, as might be 
expected to emerge in this comparison if threat of noncontin-
gent punishment had an effect counter to that of the response 
deadline. Regardless, future work should compare threat of 
noncontingent primary punishment to neutral and negatively 
valenced image-based inductions while controlling for the 
presence or absence of a response deadline, to better isolate 
whether differences in proactive control may be driven by 
the threat of noncontingent electric shock.

A second potential factor contributing to differences 
between the results of the current study and Yang et al. 
(2018), is that, despite experimenter instructions, it is pos-
sible that some Experiment 2 participants may have incor-
rectly believed that shock receipt was contingent on perfor-
mance. This could have promoted use of proactive control 
under punishment threat. Indeed, four participants spontane-
ously reported in response to an open-ended question in our 
post-task survey that they suspected contingency was pre-
sent on the threat trials. Removing these participants from 
analyses did not significantly change results (reported in 
Supplementary materials). However, it is possible that addi-
tional participants may have had a similar experience with-
out reporting it. It is thus possible that when unpredictable 
threat was combined with the motivation to beat a response 
deadline, participants may have suspected that punishment 
receipt was contingent on performance and were therefore 
motivated to increase proactive control. Future work inves-
tigating noncontingent threat of punishment should include 
a direct post-task question to participants about whether or 

not they believed punishment receipt was contingent on per-
formance to address this possibility.

A final possibility that could account for differences in 
cognitive control under threat in the current study, compared 
with Yang et al. (2018), relates to differences in the electric 
stimulation threat used across studies. The subjective level 
of the individually calibrated stimulation intensity was argu-
ably higher in the study by Yang et al. (who calibrated to a 
level that was subjectively rated as “painful, but tolerable,” 
while in the current study we calibrated the stimulation level 
to be subjectively rated as “uncomfortable, but not painful”). 
In addition, the number of shocks administered per task 
block was much lower in Yang et al. (8 shocks across 5 task 
blocks in Yang et al., 2018; versus an average of 17.6 shocks 
across two task blocks in Experiment 2 of the current study). 
Therefore, it is possible that stimulation intensity, stimula-
tion frequency, or the combination of the two could have 
led to different effects on cognitive control in the current 
study compared with Yang et al. (2018). Namely, the more 
frequent stimulation in the current study could have pro-
moted habituation to shock; combined with the less intense 
calibration criteria, our shock manipulation may have been 
experienced as less threatening than that used by Yang and 
colleagues. The differences in findings across studies sug-
gest that it is therefore possible that at mild-to-moderate 
levels, unavoidable punishment promotes proactive control; 
at high-intensity levels, it might promote reactive control 
instead. Consistent with this possibility, exploratory analy-
ses examining individual differences in participant-reported 
threat perceptions revealed that higher perceived threat was 
associated with reduced proactive control across participants 
in our Experiment 1 Noncontingent condition (reported in 
supplementary materials). This account also aligns with 
theoretical frameworks suggesting that high-intensity 
threat stimuli may be associated with greater competition 
for cognitive resources (Pessoa, 2009), which may make it 
more difficult for participants to engage in proactive control. 
Future work investigating this possibility would be valuable 
in establishing when aversive contexts might facilitate one 
mode of control versus the other.

In the current study, we observed that increases in proac-
tive control under punishment were generally accompanied 
by an overall improvement in task performance, as indexed 
with IES measures. This finding aligns with observations 
of improved performance when monetary reward and loss 
incentives were bundled together (Ličen et al., 2016) but 
contrasts with other work that demonstrates that punishment 
threat improved performance only for certain trial types or 
under certain conditions (Lindström et al., 2013; Yang et al., 
2018). Alongside the overall improvements in performance 
with incentive observed in terms of the IES measures, it 
is possible that punishment threat, particularly in combina-
tion with the speeded response deadline, led participants to 
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adopt a speed-accuracy trade-off in which faster respond-
ing was prioritized at the cost of increased error rates. We 
conducted follow-up analyses with error rate and reaction 
time outcomes to test for this possibility (reported in the 
supplement). While speed-accuracy trade-offs did emerge in 
some cases (e.g., in Experiment 1, participants in the Con-
tingent condition had shorter reaction times but higher error 
rates relative to participants in the Noncontingent condi-
tion), they did not negate our primary findings regarding 
shifts in proactive control (see supplementary materials). 
Future work should employ further efforts to investigate or 
intentionally control for potential speed-accuracy trade-offs 
under threat of punishment by employing measures, such as 
the Balanced Integration Score (BIS; Liesefeld & Janczyk, 
2019; 2023). In the current study, we chose to use IES over 
BIS as a combined measure of reaction time and accuracy 
given our use of the AX-CPT and interest in proactive con-
trol and related statistical concerns about calculating and 
interpreting the composite PBI measure (i.e., the standard-
ized difference between AY and BX performance in the AX-
CPT) from BIS. Specifically, IES measures can be calculated 
separately using error rate and RT per condition, while BIS 
is a relative measure, with performance in each condition 
calculated relative to all other conditions and trial types. As 
such, calculating PBI from BIS measures arguably would 
involve calculating a relative measure from another relative 
measure, potentially inflating reliability concerns associated 
with the use of difference scores (Zorowitz & Niv, 2023).

In contrast to our observation of increased proactive 
control and improved performance under threat, we did not 
find strong evidence that cognitive control significantly dif-
fered between our three IAPS-induced Affect conditions in 
Experiment 1. While we observed a marginal effect whereby 
proactive control was heightened in the Fear condition rela-
tive to the Affect condition, contrary to hypotheses, neither 
negative affect condition significantly differed from our 
neutral comparison condition. Our comparison may have 
been limited by the use of IAPS images to induce negative 
affect, and by the difficulty of inducing more complex emo-
tions, such as anger with visual stimuli. In addition, we did 
not obtain individualized emotion ratings from participants 
for each stimulus item, limiting our ability to verify that 
fear and anger were successfully induced by our manipula-
tions in the present study. Therefore, the extent to which 
our Anger manipulation actually resulted in participants 
feeling angry, versus eliciting a more complicated mix of 
emotions, is unclear. Future research employing a stronger 
and more tightly controlled manipulation of anger versus 
fear will be important for a more thorough investigation of 
how discrete negative emotions may differentially impact 
cognitive control outcomes. Despite these limitations, our 
findings are consistent with the interpretation discussed 
above; that, contrary to our predictions, motivational valence 

may not always be a primary driver of the modulation of 
proactive and reactive control. Instead, we speculate that 
the trend towards decreased proactive control in the Anger 
versus Fear conditions might potentially be attributed to 
increased semantic processing associated with the stimuli 
presented in the Anger condition, which were more likely to 
include depictions of complex scenes and social stimuli. We 
speculate that images presented in the Anger condition may 
therefore have presented a greater task distraction for some 
participants, as semantic processing of the scenes may have 
depleted cognitive resources necessary for proactive control.

In addition to the group-level effects discussed so far, we 
investigated whether individual variability in trait anxiety 
and intolerance of uncertainty modulated cognitive control 
under threat of punishment. Exploratory analyses in our 
Experiment 1 data suggest that individuals higher in trait 
anxiety and intolerance of uncertainty displayed reduced 
proactive control specifically on threat trials (reported in 
supplementary materials). This finding is consistent with 
hypotheses that individuals high in trait anxiety may engage 
in less proactive control under threat, as anxiety over the 
impending threat competes with task demands for cogni-
tive resources. However, when we deliberately recruited a 
sample varying in trait anxiety for Experiment 2, we did not 
observe significant differences in proactive control under 
threat as a function of trait anxiety and intolerance of uncer-
tainty. Future work could help to discern whether the lack of 
an observed relationship between trait anxiety and cognitive 
control performance in our Experiment 2 sample is better 
attributed to the context of uncertain punishment, or to sam-
ple size-related power limitations.

While collected as an exploratory measure, our analyses 
of physiological arousal (indexed using SCL and reported in 
supplementary materials) suggest a potential link between 
threat-related differences in arousal and proactive control 
across both experiments. In Experiment 1, we observed 
greater punishment-related increases in arousal when pun-
ishment was performance-contingent compared with when 
it was noncontingent, suggesting that relatively elevated 
motivation to avoid punishment may have been accompa-
nied by heightened arousal. This pattern is consistent with 
prior observations of increased arousal under contingent 
versus noncontingent punishment (Manohar et al., 2017). 
Furthermore, individual differences in arousal predicted 
performance outcomes in the Experiment 1 Noncontingent 
condition, as participants with greater punishment-related 
increases in arousal also displayed reduced proactive control 
and increased error rates in the Punishment phase. Unexpect-
edly, we observed an opposite relationship in Experiment 2; 
individuals who displayed greater arousal under unpredicta-
ble, noncontingent threat displayed increased proactive con-
trol, and improved overall performance. These results raise 
the intriguing possibility that while punishment uncertainty 
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did not appear to modulate group-level differences in proac-
tive control, uncertainty might interact with physiological 
arousal responses to differentially shape cognitive control 
outcomes across individuals. In the Experiment 1 Noncon-
tingent condition, in which punishment receipt was fully 
predictable and unavoidable, heightened arousal responses 
may have harmed performance, as participants’ responses to 
threat competed for cognitive resources with performance 
demands. In contrast, in Experiment 2, in which punish-
ment receipt was unavoidable but also unpredictable, greater 
arousal may have facilitated improved performance as the 
threat of electric shock may have been perceived as more 
distant, and therefore less distracting. These interpretations 
remain tentative and speculative given the present data but 
suggest that the relationship between arousal and controlled 
performance under threat may vary with contextual factors, 
warranting additional follow-up.

Interestingly, individual differences in trait anxiety and 
intolerance of uncertainty were inconsistently related to 
differences in physiological arousal as well as cognitive 
performance. In Experiment 1, individual differences in 
trait anxiety and intolerance of uncertainty were nega-
tively associated with proactive control but were not sig-
nificantly related to differences in physiological arousal. 
However, in Experiment 2, individual differences in trait 
anxiety and intolerance of uncertainty were not signifi-
cantly related to cognitive control outcomes but positively 
related to punishment-related increases in SCL. It is pos-
sible that these inconsistent results across our two experi-
ments may reflect limitations in sample size or anxiety 
range, given that a clinical anxiety diagnosis served as 
exclusion criteria. While the exploratory and inconsistent 
nature of these analyses makes it difficult to draw defini-
tive conclusions about the relationships between trait anx-
iety/intolerance of uncertainty, physical arousal responses 
to threat, and cognitive control performance, our results 
suggest that further investigating these relationships may 
prove informative in advancing understanding of indi-
vidual variability in cognitive responses to threat.

Altogether, the results of the current study suggest that 
punishment incentives, both performance-contingent and 
noncontingent, can facilitate increases in proactive con-
trol in the AX-CPT. This novel finding raises the pos-
sibility that performance-contingent punishment motiva-
tion may drive increases in proactive control in a similar 
manner to rewards (Fröber & Dreisbach, 2014; Chiew & 
Braver, 2014), although the extent to which the magni-
tude of this effect might be comparable remains an open 
question. In our noncontingent punishment conditions, 
where avoiding punishments was not possible, a more 
complex relationship between affect and cognitive control 
emerged. Our results, in combination with prior work, 
suggest that when threats are experienced as less intense, 

cognitive control performance, including proactive con-
trol, may benefit. When threats increase in intensity, or 
when participants experience high levels of anxiety, per-
formance may instead be harmed and shift into a reactive 
control mode as threat stimuli compete for limited cogni-
tive resources (Yang et al., 2018; Husa et al., 2022). Our 
exploratory findings suggest that physiological arousal 
responses to threat may reflect this inverted-U relation-
ship between noncontingent threat and cognitive control 
outcomes. This interpretation is consistent with broader 
accounts, suggesting that emotional arousal, rather than 
emotional valence, may tend to drive affective influences 
on cognitive control (Demanet et al., 2011). Overall, the 
results of the current study raise many intriguing ques-
tions, including the role of task parameters in shaping the 
motivation-cognitive control relationship, and the under-
lying neural mechanisms supporting this relationship. We 
explore these questions below in considering directions 
for future research.

Limitations and future directions

As noted above in our discussion of several aspects of our 
findings, several limitations of the current study should 
be considered and will be important to address in future 
research. These included the use of static and counter-bal-
anced task orders, the possibility that participants incorrectly 
believed that the electric shocks were performance-contin-
gent in Experiment 2, and the potential that our image-based 
affect conditions may not have sufficiently induced fear and 
anger. In addition, we identified important directions for 
future work, including a direct comparison between reward 
and punishment incentives, testing for the potential role 
of threat intensity in shaping cognitive control outcomes, 
and investigating individual differences in trait anxiety and 
physiological arousal responses to threat in larger and more 
diverse samples.

Additionally, our design to compare performance-con-
tingent and noncontingent punishment led to an imbalance 
in the number of threat versus safe trials. Specifically, we 
aimed to match the number of electric shocks received 
across conditions, minimizing differences in shock habitu-
ation; as such, our task design consisted of a greater num-
ber of threat-possible trials in the performance-contingent 
relative to noncontingent conditions. This design decision 
was motivated by our anticipation that shock punishment 
receipt might be a higher-intensity affective experience than 
shock punishment anticipation (as suggested by neuroimag-
ing studies of pain anticipation versus receipt; Wager et al., 
2011; 2013). However, it is possible that this imbalance 
may have contributed to a heightened perception of threat 
in the performance-contingent condition, as suggested by 
self-report ratings across the two punishment conditions in 
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Experiment 1 (reported in supplementary materials). Inter-
estingly, other self-reported aspects of affective experience, 
including arousal, negative affect, effort, and motivation, 
did not significantly differ between the contingent and non-
contingent conditions, suggesting that the two conditions 
may have only differed in the specific aspect of affective 
experience related to threat perception. Furthermore, it is 
unclear whether the difference in threat perception between 
conditions was driven by the percentage of threat versus safe 
trials or another factor that differed between conditions, such 
as punishment contingency or number of shocks received. 
Future work should address these open questions by match-
ing the percentile of threat and safety trials across condi-
tions, as well as investigating whether shifts in proactive 
control are modulated differently by the distinct processes 
of punishment anticipation and punishment receipt, carefully 
considering matching of one task parameter versus another 
across conditions.

Relatedly, an important direction for future research 
will be to disentangle the effects of various task design and 
incentive features in shaping cognitive control outcomes 
under threat of punishment and to help account for diver-
gent findings in the literature. For instance, the use of differ-
ent punishment types (such as monetary loss versus electric 
shocks) may help account for diverging findings between 
the current study and Ličen et al. (2016). While an initial 
comparison of findings across studies suggests that primary 
and secondary punishments may differentially influence cog-
nitive control, further investigation is needed. Another task 
feature that may have influenced results was the design of 
the Experiment 1 Affect phase. Given our theoretical moti-
vation to investigate effects under separate Fear and Anger 
inductions as well as a Neutral induction, our experimental 
design was constructed to allow for relatively equal samples 
across these three Affect conditions. However, this approach 
may be argued to lead to an imbalance whereby ~2/3 of our 
sample completed a negative affect induction, versus ~1/3 
completed a neutral affect induction, prior to the Punishment 
phase. While our Experiment 1 analyses (see Within-group 
Differences in Affect vs. Punishment Phase) did not suggest 
that increases in proactive control in the Punishment phase 
differed by preceding Affect phase, it is possible that the rel-
ative imbalance between negatively and neutrally valenced 
affect inductions in Experiment 1’s design may have influ-
enced observed differences across conditions. Future work 
may benefit from addressing such imbalances and employing 
alternative designs.

Additionally, some studies (such as Ličen et al., 2016) 
bundled reward and punishment incentives together, limit-
ing interpretation of separate valence effects. This might 
be important to investigate more given that reward and 
punishment incentives may interact when both are present, 
as suggested in more recent work (Yee et al., 2016; 2021). 

An intriguing question for future work is whether differ-
ing effects across incentive types result from differences in 
motivational or affective intensity, or from differences in the 
neural systems underlying the processing of different incen-
tive types (Delgado et al., 2011). Furthermore, the criteria 
for determining reward receipt or punishment avoidance can 
vary across studies and versions of cognitive control tasks, 
such that sometimes only accuracy is rewarded or punished, 
and other times participants are required to respond quickly 
as well, as in the current study. Response deadlines during 
task performance may be motivating on their own (Devine 
et al., 2024; Dambacher et al., 2011) and might be linked 
with either positive or negative affective responses depend-
ing on the difficulty of successfully meeting the response 
deadline, which could vary at the individual or task level. 
Future work could manipulate the presence versus absence 
of a response time deadline for punishment avoidance to 
investigate additional motivational and affective influences 
related to the presence of the deadline and to help clarify 
when performance-contingent punishment motivation might 
increase performance speed (as in the current study) ver-
sus increasing response caution (Carsten et al., 2019; Leng 
et al., 2021). Finally, the current study only manipulated 
uncertainty for the noncontingent threat conditions, given 
that performance-contingent outcomes arguably include 
some level of inherent uncertainty (i.e., participants are not 
fully certain of whether they will meet the response dead-
line or not on a given trial). However, future work could 
investigate the effects of additional degrees of uncertainty 
in performance-contingent punishment on cognitive control 
performance; for example, by varying the utility of threat 
and safety cues. Considering other dimensions of potential 
uncertainty in punishment threat and receipt in future work 
will be important for advancing a scientific understanding of 
how punishment influences performance in daily life. Such 
investigations of uncertainty and cognitive performance 
might be further informed by incorporating individual dif-
ferences in trait anxiety and related psychological constructs 
(Mushtaq et al., 2011).

It will be important for future work to examine threat-
related effects on performance in cognitive control para-
digms other than the AX-CPT. In the AX-CPT paradigm, 
proactive control has been argued as the default (and per-
haps most optimal) mode for healthy young adults (Gonthier 
et al., 2016). This paradigm has been used to demonstrate 
a shift towards proactive control with reward incentives 
(Chiew & Braver, 2013). However, in other task contexts 
where reactive control may be more adaptive, rewards have 
been found to facilitate increases in reactive control instead 
(Boehler et al., 2014; Magis-Weinberg et al., 2019). Such 
findings have been argued to suggest that rewards may 
flexibly optimize the control mode for a given task, rather 
than influencing control in a “one size fits all” fashion (i.e., 
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universally increasing proactive control; Chiew, 2021). The 
question of whether primary punishment incentives can 
operate in a similar manner to flexibly promote either pro-
active or reactive control, depending on task context, is an 
open question that will be important for future research to 
address.

Finally, this research could be extended to examine the 
neural mechanisms underlying punishment influences on 
cognitive control. This might be particularly important 
given our intriguing observation of increased proactive 
control under performance-contingent punishment. Reward 
prospect-related increases in proactive control have been 
proposed to result from increased mesolimbic dopamine 
activity and subsequent dopamine binding at D1 prefron-
tal cortex receptors (Cools, 2016). Given our observations 
of punishment-related increases in proactive control, a key 
question for future research is whether a similar dopamin-
ergic mechanism underlies the effects of primary punish-
ment incentives on cognitive control, or whether reward and 
punishment motivation are associated with distinct neural 
mechanisms that may both facilitate increases in proactive 
control behavior. While evidence for the link between reward 
motivation and dopamine system activity is more extensive, 
dopamine has also been implicated in signaling the motiva-
tional salience of threat of punishment (Bromberg-Martin 
et al., 2010) and in supporting the successful avoidance of 
aversive outcomes (Lloyd & Dayan, 2016; Menegas et al., 
2018). However, the underlying mechanisms supporting 
cognitive control under threat of punishment may also be 
more complex, with additional neurotransmitter systems, 
including serotonin (Yee et al., 2022), implicated in punish-
ment processing. Interactions between multiple, interacting 
neurotransmitter systems and their effects on cognition are 
beginning to be mapped out (Cools et al., 2011) and may 
be important for gaining a comprehensive understanding of 
adaptive performance.

Relatedly, our exploratory findings raise intriguing ques-
tions for future research regarding the role of emotional 
arousal and its underlying neurobiology in the modulation 
of cognitive control under threat of punishment. The locus-
coeruleus norepinephrine (LC-NE) system, responsible for 
regulating arousal levels, is implicated in successful cogni-
tive control performance (Grueschow et al., 2020), along 
with the dopamine system (Köhler et al., 2016). It is cur-
rently an open question how the functioning of these two 
neuromodulator systems may interact to shape cognitive 
control outcomes under the threat of punishment. The use 
of arousal measures with increased temporal precision, such 
as pupil dilation, may prove beneficial in further exploring 
the relationship between the LC-NE system and cognitive 
control under threat, as variation in both tonic and phasic 
LC-NE activity could be examined in relation to cognitive 

control performance across task conditions and between 
individuals.

Conclusion

We demonstrated novel evidence that primary performance-
contingent punishment and noncontingent threat can facili-
tate increased proactive control in the AX-CPT. In addition, 
proactive control increases were greater when punishment 
was performance-contingent, suggesting that the motiva-
tion to avoid punishment may promote proactive control 
increases beyond the effect of negative affect alone. This 
result presents the preliminary suggestion that performance-
contingent primary punishments and rewards may modulate 
proactive control in a similar manner, distinguishable from 
the effects of negative or positive affect alone (i.e., in the 
relative absence of incentive motivation). Finally, our find-
ings with noncontingent threat and our exploratory investi-
gation of individual differences in trait anxiety/intolerance 
of uncertainty and physiological arousal suggest that in 
the absence of performance contingency, contextual fac-
tors, such as uncertainty and threat intensity, may play an 
important role in shaping cognitive control outcomes under 
punishment. While many open questions remain regarding 
contextual and individual difference influences on cognitive 
control under threat, our results provide an important step 
towards elucidating how negative affect and the motivation 
to avoid punishment may adaptively modulate cognitive 
control.
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