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Abstract

In three separate experiments, we examined the reliability of and relationships between self-report measures and behav-
ioral response time measures of reward sensitivity. Using a rewarded-Stroop task we showed that reward-associated, but
task-irrelevant, information interfered with task performance (MIRA) in all three experiments, but individual differences
in MIRA were unreliable both within-session and over a period of approximately 4 weeks, providing clear evidence that
it is not a good individual differences measure. In contrast, when the task-relevant information was rewarded, individual
differences in performance benefits were remarkably reliable, even when examining performance one year later, and with
a different version of a rewarded Stroop task. Despite the high reliability of the behavioral measure of reward responsive-
ness, behavioral reward responsiveness was not associated with self-reported reward responsiveness scores using validated
questionnaires but was associated with greater self-reported self-control. Results are discussed in terms of what is actually

being measured in the rewarded Stroop task.

Introduction

Only a small fraction of the vast amount of perceptual infor-
mation available to us at any moment can be brought into
awareness (Desimone & Duncan, 1995). What we attend to
can be influenced by our goals and motivations (Kiss et al.,
2009), the physical salience of the stimuli in our environ-
ment (Theeuwes, 1992, 2010), and reward history (Anderson
et al., 2011; Hickey & Peelen, 2015; Hickey et al., 2010;
Kim & Anderson, 2019; Raymond & O’Brien, 2009).
Reward-associated information can often be involuntarily
attended to (Anderson et al., 2011, 2020; Bachman et al.,
2020; Hickey & Peelen, 2015; Hickey et al., 2010; Krebs
et al., 2010; Raymond & O’Brien, 2009). If the reward-asso-
ciated information is tied to, and therefore shifts, attention to
a task-relevant dimension, then this can improve and facili-
tate behavioral performance (Engelmann et al., 2009; Kiss
et al., 2009; Krebs et al., 2010, 2011; Raymond & O’Brien,
2009). In contrast, if the reward-associated information
shifts attention to a task-irrelevant dimension, impaired
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performance may result (Anderson et al., 2011; Bachman
et al., 2020; Hickey & Peelen, 2015; Hickey et al., 2010;
Krebs et al., 2010; Wolff et al., 2016). Further, the stimulus-
reward association that is processed in early sensory areas
can influence higher-order cognitive functions like cogni-
tive control (Dreisbach & Fischer, 2012; Goschke & Bolte,
2014; Krebs et al., 2011; Locke & Braver, 2008; Steenbergen
et al., 2009).

One way to examine how reward associations can influ-
ence cognitive control is by using a rewarded version of the
color Stroop task (Krebs et al., 2010, 2011, 2013; Stroop,
1935). In this paradigm, participants are asked to indicate
the font color (task-relevant dimension) of a word while
ignoring the word meaning (task-irrelevant dimension). Par-
ticipants are told that fast and accurate responses to specific
font colors will be rewarded whereas other font colors will
not (see Fig. 1).

Behavioral performance during this task is impaired when
the word meaning is different than the font color (e.g., the
word RED in blue font) and this impairment is referred to
as Stroop interference (Stroop, 1935). However, perfor-
mance is especially impaired if the word meaning matches
a color that is linked to a potential reward, suggesting that
the reward-associated value of the word meaning can influ-
ence conflict processing of mismatching information in the
two dimensions. This additional increase in response times
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(RTs) when the word is associated with the reward color
compared to when it is not, is referred to as the modulation
of interference by reward associations (MIRA; Wolff et al.,
2016). In contrast, faster RTs are observed when the font
color is associated with reward than when it is not associated
with reward—a finding referred to as reward responsive-
ness. Thus, there are three measures that can be observed
in this paradigm: (1) Stroop interference that reflects the
cognitive control elicited when the information in the goal-
relevant dimension (the font color) does not match the goal-
irrelevant information (the word meaning), (2) MIRA that
represents the modulation of interference by reward associa-
tions of task-irrelevant meanings of words, and (3) reward
responsiveness toward the increased value-driven saliency
of font colors that are potentially rewarded. As such, MIRA
appears to reflect the implicit and automatic attention cap-
ture of attention to rewarded information, whereas reward
responsiveness may reflect the explicit increase in motiva-
tion to gather rewards on potential reward trials. Indeed,
individual differences in these three measures have been
previously associated with activation in distinct areas of the
brain (Carter et al., 2000; Gruber et al., 2002; Krebs et al.,
2011). Generally, activation in the Anterior Cingulate Cor-
tex (ACC), or subdivisions of the ACC, has been associated
with individual differences in Stroop interference (Carter
et al., 2000; Gruber et al., 2002). The nucleus accumbens
(NAcc) has been associated with individual differences in
reward responsiveness, while the magnitude of interference
by reward associations on conflict processing has been asso-
ciated with activation in the pre-supplementary motor area
(pre-SMA; Krebs et al., 2011). Despite distinct regions pre-
dicting individual differences in Stroop interference, reward
responsiveness, and the interference by reward associations
during conflict processing, there is also an abundance of
evidence suggesting that similar brain areas are associated
with both reward learning and cognitive control and these
processes might be more interrelated than expected (Rid-
derinkhof et al., 20044a, b).

@ Springer

Reward-Related (=

Reward-Unrelated BLUE

RED RED GREEN GREEN

ORANGE ORANGE BLUE

BROWN

BROWN BROWN

Individual variation in how reward modulates
conflict processing

Individuals’ ability to complete goal-directed conflict pro-
cessing in laboratory tasks like the classic color Stroop task
has often been related to their trait self-control (Wolff et al.,
2016). Self-control is defined as “the aspect of inhibitory
control that involves resisting temptations and not acting
impulsively or prematurely” (Diamond, 2013, p. 137). It
has previously been linked to harmful and maladaptive
behaviors and disorders such as addiction (Biihringer et al.,
2008; Hare et al., 2009; Moffitt et al., 2011; Tangney et al.,
2004). Cognitive control is thought to play a role in self-
control in that prepotent, but goal-irrelevant, impulses must
be overridden to achieve successful self-control. However,
the relationship between individual differences in cognitive
control performance within the lab and trait self-control as
assessed by self-report questionnaires is small, if not non-
existent (Duckworth & Kern, 2011; Saunders et al., 2018;
Wennerhold & Friese, 2020). This could be due to the low
reliabilities of cognitive control measures or because of
other issues that are inherent in correlating behavioral and
self-report measures such as the reliability paradox whereby
low between-participant variability in task performance lim-
its the extent to which established cognitive tasks can be
related to self-report measures (Dang et al., 2020; Saun-
ders et al., 2018). Another possible explanation as to why
performance on laboratory measures of cognitive control
does not predict self-reported trait self-control is because
these measures evaluate the ability to ignore overlearned or
prepotent responses that are not associated with any reward
value, whereas self-control in everyday life often includes
ignoring higher reward-associated impulses (Hofmann et al.,
2012). For example, refraining from eating high caloric food
might be qualitatively different from ignoring an overlearned
response to the semantic meaning of a word in that there
is a more pleasurable association with the doughnut than
with the overlearned and easy response (Hare et al., 2009;
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Wennerhold & Friese, 2020). Greater self-control might
rely on the ability to ignore the reward-associated but goal-
irrelevant impulse, and laboratory tasks that include value-
associated distracting information within conflict processing
might be more ecologically valid at mimicking how self-
control takes place in everyday life. Ignoring impulses that
are both overlearned and value-associated may better pre-
dict individual differences in self-control (Eigsti et al., 2006;
Wolff et al., 2016).

To explore this question, Wolff and colleagues (2016)
included a number of Stroop task to examine how reward
associations could modulate conflict processing, and
whether behavioral performance would relate to individu-
als’ trait self-control and impulsivity. In this task, a spe-
cific number of digits was reward-associated (e.g., 2 digits),
whereas the value of the numbers themselves was supposed
to be ignored. For example, when presented with 222’, the
participants would have to indicate that there were 3 dig-
its and ignore the reward-associated value of the numbers.
Individual differences in reward responsiveness (i.e., faster
responses to potential reward trials versus no-reward tri-
als) and Stroop interference did not predict individual dif-
ferences in self-control or impulsivity, but the modulation
of interference by reward associations (MIRA) did predict
individual differences in self-control and impulsivity; indi-
viduals reporting less self-control performed worse when the
information in the to-be-ignored dimension was reward asso-
ciated compared to when it was not. These findings suggest
that variability in how reward associations influence cogni-
tive control are better at predicting individual differences in
self-control than individual variability in either cognitive
control or reward responsiveness alone.

Wolff et al.’s (2016) finding that MIRA, but not reward
responsiveness, relates to self-reported self-control and
impulsivity suggests that MIRA and reward responsive-
ness may represent independent reward-related processes.
This is also suggested by Krebs et al.’s (2011) finding that
the activation in the NAcc was associated with individual
differences in reward responsiveness, but not MIRA, while
activation in the pre-SMA was associated with MIRA, but
not reward responsiveness. It is currently unclear whether
the null relationship between self-control and behavio-
ral reward responsiveness observed by Wolff et al. (2016)
was due to potentially inadequate psychometric properties
of the behavioral measure of reward responsiveness in the
rewarded-Stroop task. The relationship between individual
differences in reward responsiveness and self-control might
not have been found if the behavioral measure of reward
responsiveness in the rewarded Stroop task was an unreliable
measure of individual differences in reward responsiveness.
Indeed, reward responsiveness, MIRA and Stroop interfer-
ence are all difference score measures, and the reliabilities
of difference scores can often be particularly poor given that

they are constrained by the reliabilities of the two measures
used to create the difference (Draheimet et al., 2019). There-
fore, it is particularly important to examine the reliability of
difference score measures before using them as individual
difference measures.

If measures like MIRA and behavioral reward responsive-
ness are being correlated with other measures as in Wolff
et al. (2016), the reliability of these behavioral measures
should be tested so their suitability as individual difference
measures can be established (e.g., Dale & Arnell, 2013;
Dang et al., 2020). Once higher reliabilities of the behav-
ioral measures are confirmed, we can sufficiently examine
and evaluate correlations between these measures and with
previously validated self-report measures. In this study, we
will examine reliability both within- and between-session
to determine if the reward responsiveness and MIRA meas-
ures are reliable individual difference measures. We will also
examine relationships between these behavioral measures,
and relationships with self-report measures of self-control,
impulsivity, and reward responsiveness. Evidence for the
independence of MIRA and reward responsiveness could
be strengthened if (1) there was a null relationship found
between these behavioral measures, and (2) self-report
measures of reward sensitivity were found to relate to either
the behavioral measure of reward responsiveness in the
rewarded-Stroop task, or to MIRA, but not to both. We can
also learn more about the processes underlying MIRA and
reward responsiveness by determining what constructs share
variability with them.

There are self-report measures of reward responsiveness
that might reasonably be expected to predict reward respon-
siveness and/or MIRA in the rewarded-Stroop task. For
example, the Value-Driven Attention Questionnaire (VDAQ)
was developed to measure the substantial individual differ-
ences in attention to reward (Anderson et al., 2020). Indi-
viduals’ scores on this questionnaire predicted the capture of
attention by task-irrelevant and previously rewarded colors
in a visual search task such that greater VDAQ predicted
more capture by previously-reward-associated, but task-irrel-
evant, information (Anderson et al., 2020). Anderson et al.
(2020) also showed that higher VDAQ scores were associ-
ated with greater functional connectivity in brain areas that
are implicated in reward learning (NAcc, Ventral Tegmental
Area), greater trait levels of impulsivity, greater viewing of
areas in images associated with higher reward probability, as
well as with scores on a well-validated self-report measure
of reward responsiveness (Behavioral Activation System;
BAS; Carver & White, 1994). Individual differences in BAS
have previously been associated with greater attention to
reward and are a useful indicator of reward responsiveness
and reward learning as well as a useful predictor of other
cognitive measures associated with reward learning and
motivation (Carver & White, 1994; Hickey & Peelen, 2015;
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Hickey et al., 2010; Pitchford & Arnell, 2019; Qi et al.,
2013). We might then predict that the behavioral meas-
ures of reward from individuals’ performance completing a
rewarded Stroop task would correlate positively with BAS
and VDAQ scores as these questionnaires were ostensibly
developed to measure sensitivity and/or attention-to-reward
and have previously been associated with other measures of
reward responsiveness and attention to reward (Anderson
et al., 2020; Carver & White, 1994; Engelmann et al., 2009;
Hickey et al., 2010).

The current study

The first goal of the current study was to examine whether
self-reported reward responsiveness measures would relate
to the behavioral measures of reward responsiveness and
MIRA from both the rewarded color Stroop (Experiments
1-2) and number Stroop (Experiment 3) paradigms. To
examine this question, participants completed two question-
naires that have been developed to measure self-reported
attention to reward: the behavioral activation system scale
(BAS; Carver & White, 1994; used here in Experiments
1-3) and the value-driven attention questionnaire (VDAQ;
Anderson et al., 2020; used here in Experiment 3). If greater
approach motivation to rewarding stimuli underlies MIRA,
then MIRA may be positively correlated with both behavio-
ral and self-report measures of reward responsiveness and
self-reported attention to reward.

Participants also completed questionnaires to measure
their trait self control (SCS; Tangney et al., 2004; Experi-
ments 1-3) and impulsivity (BIS-11; Patton et al., 1995;
Experiment 1) to examine the relationship between individ-
ual differences in MIRA, reward responsiveness, and self-
control/impulsivity (Wolff et al., 2016). The SCS and BIS-11
measure how individuals generally respond to short-term
immediate rewards in their everyday lives and their ability to
postpone short-term impulses to achieve longer-term goals,
with higher SCS and lower BIS-11 scores indicating higher
self-control and lower impulsivity in everyday life.

The final goal of the current study was to examine the
reliabilities of the self-report measures and the behavio-
ral measures from the rewarded Stroop task both within
the same session (split-half reliabilities) and across time
(test—retest reliabilities). If MIRA and reward responsive-
ness in the rewarded Stroop task are good measures of indi-
vidual differences in response to rewards, then we would
expect these reliabilities to be high, or at least higher than
reliabilities for measures that have also been used as indi-
vidual measures of self-control (e.g., Dale & Arnell, 2013;
Goodhew & Edwards, 2019). Split-half reliabilities were
obtained for MIRA as well as other behavioral measures
(reward responsiveness, Stroop interference) and self-report
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measures in Experiments 1-3 while test-retest reliabilities
were obtained in Experiment 2.

Experiment 1

Method
Participants

The participants were 175 Brock University undergradu-
ate students recruited through the online system for par-
ticipant recruitment. Participants’ ages ranged from 17 to
45 (M =19.66, SD=3.88). The data from 5 participants
were removed because they had not fully completed at least
one of the questionnaires and the data from one other par-
ticipant was excluded due to their low accuracy (less than
60%) when completing the no-reward trials, leaving data
from 169 participants available for analyses. Participants
completed the study in a single in-person session in the lab
in exchange for research credit towards a course. Informed
consent was obtained from all participants in this experi-
ment. GPower indicated that this sample size provided a
power of more than 0.76 to detect relationships of at least
r=0.20 (2 -tailed).

Self-report measures

Participants completed the Tangney self-control scale (SCS;
Tangney et al., 2004) to measure their trait levels of self-
control. The SCS contains 36 items (e.g., “I never let myself
lose control”) and participants reported the degree to which
the statement was true of them using a 5-point Likert scale
from 1 (Not at all like me) to 5 (Very Much Like Me).

Participants also completed the Barrett’s Impulsivity
Scale (BIS-11; Patton et al., 1995) to measure self-reported
trait impulsivity. The BIS-11contains 30 items (e.g., “I
do things without thinking”) and participants reported
the degree to which the statement was true of them using
a 4-point Likert scale from 1 (Rarely/Never) to 4 (Almost
Always/Always). Both the SCS and BIS-11 have been previ-
ously associated with desirable and undesirable real-world
self-control outcomes (de Ridder et al., 2012).

Participants also completed the Behavioral Inhibition
System/Behavioral Activation System (BIS/BAS) scale
(Carver & White, 1994). The BIS/BAS scales included
20 items (e.g., I go all out to get what I want”) that were
designed to measure individuals’ dispositional motiva-
tional systems and their propensities to approach and avoid
experiences in their everyday lives, with higher BIS scores
representing greater inhibition of behavior and greater BAS
scores representing tendencies of approaching exciting and
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rewarding experiences. Participants reported the degree to
which each statement was an accurate description of their
behavior on a scale of 1 (Very Inaccurate) to 4 (Very Accu-
rate). As is typical (e.g., Carver & White, 1994), BAS was
further subdivided into three BAS subscales: BAS-Fun
Seeking (BAS-F), BAS-Drive (BAS-D) and BAS-Reward
Responsiveness (BAS-R), where individuals’ BAS-F scores
represented the tendency to want to engage in rewarding
experiences, BAS-D represented the tendency to pursue
appetitive goals and BAS-R represented the tendency for
one to feel positive emotions after receiving rewards.

Rewarded color Stroop task

Participants completed a rewarded Stroop task whereby they
received rewards whenever they quickly and accurately iden-
tified reward-associated font colors. Two of the four poten-
tial font colors: blue (0, 0, 255), green (0, 128, 0), orange
(255, 140, 0) and red (255, 0, 0), were randomly selected
as reward-associated colors at the beginning of the experi-
ment for each participant. For instance, red and green might
be randomly selected as the two reward-associated colors
(see Fig. 1). Participants were instructed that they would
receive 10 points for each trial in which either of the two
font colors (red, green) were presented and they responded
quickly and accurately. They were told at the beginning of
the task that they could choose a candy of their choice at
the end of the experiment for every 400 points they had
earned, and they walked by the bin with a large assortment
of candies on the way to the computer. On each trial, a grey
fixation cross (128, 128, 128; visual angle 0.2 °) was pre-
sented for 500-1000 ms on a black background (0, 0, 0),
followed by a color word (e.g., the word BLUE, visual angle
subtending a vertical angle of 0.5 ° and a horizontal visual
angle ranging from 1.0 to 2.0°) in either a different font color
(green, orange, red; incongruent) or in the same font color
(blue; congruent) which stayed on the screen for 600 ms or
until response. Neutral trials included the word BROWN
since the font color could never be brown. Participants
were instructed to press the corresponding color buttons as
indicated by colored stickers on the A (blue), S (green), K
(orange), L (red) keys on the keyboard to indicate the color
of the font while ignoring the semantic meaning of the word.
Participants were told to respond as quickly and accurately
as possible. If the font color was a potential-reward color
and they responded faster on the current trial compared to
the slowest 30% of their previous accurate responses dur-
ing potential-reward color trials, then they were presented
with feedback telling them “you’ve earned 10 points!” on the
screen for 1000 ms. They were told their responses were “too
slow!” if they were accurate but responded slower than 70%
of their previous accurate responses during potential-reward
color trials, and no feedback was given following inaccurate

responses or during trials with no-reward font colors. After
their responses, the ITIs were randomly selected from a
range of 500-1000 ms.

Following a brief practice period, there were a total of
480 trials that differed in whether the meaning of the word
matched the font color (congruent; 120 trials/incongruent;
360 trials), fully crossed with whether the font color signaled
a potential reward or no reward (potential-reward; 240 trials/
no-reward; 240 trials). Incongruent trials in both the poten-
tial reward and no-reward conditions varied as to whether
the word meaning was reward-associated or not (120 trials
where the word was reward-related, 120 where the word was
non-reward related, and 120 neutral “BROWN” trials. Thus,
there were eight conditions with 60 trials in each condition
(see Fig. 1 for example stimuli in each of the conditions).
Thirty second breaks were offered after every 96 trials with
the total points earned so far displayed on the screen (e.g.,
“You’ve earned 300 points so far!”). Participants earned an
average of 4 (SD=0.53) small snack size candies and chips
that they chose from multiple options.

Data analysis

RTs for accurate responses that were less than 4000 ms
and which did not follow inaccurate trials were subjected
to a two-pass outlier removal procedure where RTs greater
than 3SD away from condition means for each individual
were excluded. Mean RTs and accuracies were submitted
to repeated-measures ANOVAs to determine the effect of
the font color association (potential-reward, no-reward) and
congruency (congruent, incongruent). This was to ensure
that reward facilitated Stroop performance and the replica-
tion of the typical Stroop effect. RTs and accuracies from
incongruent trials were then submitted to repeated-measures
ANOVAs to determine the effect of the font color associa-
tion (potential-reward, no-reward) and word meaning asso-
ciation (reward-related, reward-unrelated). We expected
to find interference by the reward association of the word
meaning (task-irrelevant dimension) on both RTs and accu-
racies when indicating nonrewarded font colors such that the
reward-related word meaning would result in increased RTs
and lower accuracies compared to when the word was not
reward-related (i.e., we expected to find significant MIRA).
Paired-samples t-tests were then conducted to determine
the magnitude of MIRA by comparing RTs for incongruent
reward-related and reward-unrelated words when the font
color was not reward associated (Krebs et al., 2010, 2011,
2013; Wolff et al., 2016).

Self-report measures (BIS-11, SCS, BIS/BAS) were
correlated with behavioral measures from the rewarded
Strop task (MIRA, Stroop Interference and Reward
Responsiveness). Bonferroni corrections were applied
for behaviour and self-report relationships to reduce the
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Table 1 Means and standard deviations for behavioral measures

Stroop Reward MIRA
Interference ~ Responsive-
ness
Exp. 1
(n=169) RT Mean (ms) 26** 53k 10%*
RT SD (ms) 22 48 32
Exp. 2
(n=223) RT Mean (ms) 41%* 113%%* 11%
RT SD (ms) 56 121 75
Exp. 3
(n=94) RT Mean (ms)  39%* 69%* 15%%*
RT SD (ms) 35 61 37

*Significantly different from zero, p <0.05
**Significantly different from zero, p <0.001

likelihood of Type I errors. MIRA was calculated as the
difference in RTs between the reward-related and reward-
unrelated conditions when the word was incongruent
and the font color was non-reward-associated (no-reward
reward-related minus no-reward reward-unrelated) where
higher numbers represented greater interference by the
reward-associated word meanings (i.e., the task-irrelevant
dimension) when reporting the font color (the task-relevant
dimension). Stroop interference was calculated as the dif-
ference in RTs to incongruent and congruent trials (incon-
gruent—congruent). Reward responsiveness was calculated
as RTs to no-reward trials minus RTs to potential-reward
trials, thereby reflecting how much faster they responded

to potential-reward trials versus non-reward trials. (see
Table 1 for means).

Experiment 1: results

The effect of reward and congruence on Stroop
performance

Overall RTs were significantly faster during trials where
there was a possibility of earning the reward compared
to RTs during trials when there was no chance of earn-
ing the reward, F(1, 168)=202.65, p <0.001, np2 =0.547.
The typical Stroop effect was replicated whereby RTs were
slower when the meaning of the word did not match the
font color (incongruent) compared to when the meaning
and font color matched (congruent), F(1, 168)=251.31,
p<0.001, np2:0.599.The effect of faster RTs when the
font color signaled potential reward was not modulated by
the congruence of the stimuli, F(1,168)=2.36, p=0.13,
1, =0.01 (see Fig. 2).

Accuracies were greater for congruent trials rela-
tive to incongruent trials, F(1,168)=65.97, p <0.001,
np2 =0.282. The potential-reward trials were com-
pleted more accurately than the no-reward trials,
F(1,168)=50.20, p <0.001, npz =0.230, and the effect
of reward affected accuracies to a slightly greater extent
when the stimuli were incongruent compared to when
the stimuli were congruent, F(1, 168)=4.24, p=0.04,
;1p2=0.025 (see Fig. 3). Overall, these results show rep-
lication of the Stroop effect and suggest that participants
successfully learned which colors were reward associated
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Fig.2 Average RTs for Experiment 1 (A) and Experiment 2 (B) by the font color reward value and word meaning value of color Stroop stimuli.

Error bars + 1 within-subjects SEM
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Fig.3 Average accuracies for Experiment 1 (A) and Experiment 2 (B) by the font reward value and word meaning value of color Stroop stimuli.

Error bars + 1 within-subjects SEM

and responded faster and more accurately when words
were presented in those colors.

The effect of reward-associated word meanings on Stroop
performance

When examining incongruent trials only, RTs were faster
for potential-reward trials compared to no-reward trials,
F(1, 168)=170.87, p <0.001, r/p2:0.504. Overall RTs
were greater when the word meaning was reward-related
compared to non reward related, F(1, 168)=7.35, p<0.01,
nP2=0.042, but this effect was larger in the no-reward
relative to potential reward trials as seen in Fig. 2, F(1,
168)=14.75, p<0.001, r]p2 =0.081. There was a significant
MIRA effect (Krebs et al., 2010, 2011; Wolff et al., 2016)
in that the RTs during no-reward trials were significantly
greater when the word meaning was reward related versus
non-reward related, #(168) =3.93, p <0.001, d=0.302 (see
Fig. 2), suggesting that the reward-associated word meaning
interfered with the ability to indicate the correct font color.

When examining incongruent trials only, accuracies were
greater for potential-reward trials compared to no-reward
trials, F(1,168)=57.04, p <0.001, ”pz =0.253. Overall accu-
racies were reduced when the word meaning was reward
related compared to non reward related, F(1, 168)=4.97,
p=0.027, npz =0.0287, and this was not modulated by the
font reward value, p>0.99 (see Fig. 3).

Associations between measures

BAS subscales, ’s > 0.28, and BIS-11 subscales, 7’s > 0.38,
were all significantly correlated within each scale,
p’s<0.001. Impulsivity (BIS-11 total) was negatively asso-
ciated with self-control, r=— 0.76, p <0.001 and positively

associated with approach motivation (BAS total), r=0.23,
p=0.002. Self-control was negatively associated with higher
approach motivation, r=— 0.23, p=0.002.

MIRA was significantly associated with the behavioral
measure of reward responsiveness from the Stroop task,
r=0.19, p=0.02. One possible explanation for the signifi-
cant relationship is that average RTs that are included in
the calculation of MIRA are also included in the calcula-
tion of reward responsiveness. When excluding the trials in
these conditions, this relationship between reward respon-
siveness and MIRA was no longer significant, r=0.09,
p=0.25. Thus, the significant relationship was at least par-
tially due to the same RTs used in the calculation of both
measures. MIRA was also significantly associated with
Stroop interference, r=0.24, p <0.01. Reward responsive-
ness was significantly negatively associated with Stroop
interference, r=— 0.18, p=0.02.

Correlations between self-report and behavioral meas-
ures are presented in Table 2. BAS total and BAS subscales
did not relate to any of the behavioral measures. Neither
MIRA nor the behavioral measure of reward responsiveness
were related to any self-report measures, r’s ranging from
— 0.04 to 0.06, p’s>0.22. Greater impulsivity was associ-
ated with greater Stroop interference, r=0.16, p <0.005.

One possible explanation for the lack of relationships
between our self-report and behavioral measures might be
the low reliability of the behavioral measures. To examine
split-half reliabilities, trials were first sorted based on con-
dition (e.g., condition of potential reward font value, no
reward association word meaning, incongruent), and then
split into two sets by alternating trials within each condi-
tion. Correlations were then conducted between behavioral
measures for each set of trials to determine split-half relia-
bilities. In general, the reward responsiveness measure was
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Table 2 Correlations between

. Scale Stroop Interference Reward Respon- MIRA
self-report and behavioral siveness
measures, with reliabilities
Exp. 1
(n=169) BAS-T 0.09 - 0.05 -0.04
SCS -0.09 0.04 —0.04
BIS-11 0.16%A 0.04 0.06
Reliabilities Split-Half 0.38%* 0.88%* 0.27%*
Exp. 2
(n=223) BAS-T —-0.01 -0.03 -0.08
SCS -0.02 0.19%* 0.11
Reliabilities Split-Half 0.52%* 0.88%* 0.16*
Test- Retest 0.50%* 0.66%* 0.06
Exp. 1 &2
(n=392) BAS-T 0.03 -0.04 -0.07
SCS —0.06 0.11 0.06
Exp. 3
(n=94) BAS-T 0.07 0.04 0.07
SCS —0.35%* 0.31%* -0.17
VDAQ 0.16 -0.02 0.09
Reliabilities Split-Half 0.78%* 0.93%%* 0.26*

SCS self-control scale, BAS behavioral activation system scale, BAS-T total BAS score, VDAQ value-
driven attention questionnaire, BIS Barrett’s impulsivity scale, MIRA modulation of interference by reward

associations

Bonferroni corrections were applied to behavior-self-report relationship to reduce type I error likelihood

P values for Exp. 1 and Exp. 3 were compared to a corrected alpha of 0.005, and p values for Exp. 2 were
compared to a corrected alpha of 0.008

p<0.05, *4p <0.005, **p <0.001

highly reliable, r=0.88, p <0.001, followed by the lower
reliability for the Stroop interference measure, r=0.38,
p<0.001, and MIRA measure, r=0.27, p <0.001 ' The
lower reliability for Stroop interference is not surprising
and has been discussed previously (Hedge et al., 2017), but
the low reliability for the MIRA measure might contribute
to the null relationships found here.

! Only two of the conditions are included in the calculation of MIRA
and the smaller number of trials per participant might have led to
artificially reduced reliability for MIRA relative to the reward respon-
siveness measure that contains many more trials. To test this, separate
correlations were conducted with a modified reward responsiveness
measure that only included average RTs from two conditions: RTs to
no-reward trials where the Stroop condition was incongruent, and the
word was not associated with reward minus RTs to potential-reward
trials where the Stroop condition was incongruent, and the word was
not associated with reward. This allowed for the same number of
trials to be included in the reward responsiveness and MIRA meas-
ures. In all experiments, reward responsiveness reliabilities remained
remarkably high and consistent despite the reduced number of trials.
Therefore, the lower reliability for the MIRA measure relative to the
reward responsiveness measure is not simply a result of the fewer
number of trials per participant.
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Discussion

The results from Experiment 1 replicate previous find-
ings that reward can facilitate RTs and accuracy during a
Stroop task when it is attached to the task-relevant dimen-
sion (Krebs et al., 2010, 2011, 2013; Wolff et al., 2016).
Responses were faster and more accurate when there was
the potential to gain reward compared to when there was
not. In contrast, reward-associated, but task-irrelevant,
information impaired Stroop performance when the task-
relevant information was not reward associated, replicating
the MIRA effect (Krebs et al., 2010, 2011, 2013). Individual
differences in the impairment of Stroop performance by the
reward-associated task-irrelevant information (MIRA) had
relatively poor split-half reliability, whereas there was very
high split-half reliability for individual differences in reward
responsiveness, suggesting that although MIRA is a robust
finding, MIRA might not be a good measure for examining
individual differences. Despite the potentially problematic
nature of different measures in reliably capturing individual
differences (Draheim et al., 2019), the reliabilities of reward
responsiveness were remarkably high, while reliabilities for
Stroop interference were moderate and in line with reli-
abilities reported in previous research (Enkavi et al., 2019;
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Hedge et al., 2017). The difference score nature of MIRA
is unlikely to explain the poor reliability of the measure.’
The poor reliability of MIRA could explain why there were
no significant relationships between the self-report meas-
ures in this experiment (BAS, SCS, BIS-11) and MIRA, as
good reliabilities for behavioral measures are essential when
considering them to be candidates for measuring individual
differences. To examine this further, we included measures
of test—retest reliability in Experiment 2 to get a better sense
of how reliable these behavioral measures are in capturing
individual differences.

Experiment 2
Method
Participants

Two hundred and eighty-four participants were recruited
through the Amazon Mechanical Turk (MTURK) platform.
The experiment was programmed in HTML and JavaS-
cript with the help of templates provided by JsPsych (de
Leeuw, 2015), which is a JavaScript library for running
behavioral experiments in a web browser. The experiment
was hosted on an Amazon web server for participants to
access in their web browsers. Of the 284 participants, 223
(126 male) were included for further analyses because they
obtained accuracies above chance in all of the 8 conditions
and passed the included attention checks (e.g., “Please
select Very Inaccurate for this question”), and this per-
centage of data kept (approximately 79%) is fairly stand-
ard when recruiting participants through MTURK (Kross
et al., 2014). GPower indicated that this sample size pro-
vided a power of more than 0.91 to detect relationships
of at least r=0.20 (2 -tailed). The ages of the participants
ranged from 18 to 53 (M =32, SD=6). Participants were
told they would earn $3.50 USD for completing the experi-
ment plus a bonus based on their behavioral performance
during the task, and they were compensated an average of
6.57 USD total (SD =0.54, range =4.76—7.94) for participat-
ing. Participants took approximately an hour to complete
the experiment (M =55 min, SD =23, median =48 min,
range =33-175 min).

2 One alternative method to calculating difference scores is the resid-
ualized measure approach. To calculate the residualized MIRA meas-
ure, the same conditions were included where the average RTs when
the word was reward-unrelated was regressed on average RTs when
the word was reward-related, and the standardized residuals were
saved for further analyses. Correlations between original and residu-
alized MIRA measures were very high (r’s>.87), and reliabilities for
the residualized MIRA measure remained poor in all experiments.

After 1 month, we invited the 223 participants to com-
plete the experiment for a second time and stopped collect-
ing data when we reached an n of 60. The subsample of
participants was assigned the same rewarded colors as when
they first completed the experiment. These participants were
further compensated an average of 6.93 USD (SD=0.47,
range =5.88-7.92) over and above the earnings they received
during the first time they completed the experiment.

Self-report measures

Participants completed both the SCS and BIS/BAS question-
naires as described in Experiment 1 with the exception that
there was one attention check included in each question-
naire. To ensure they were actively participating and reading
the questions, they were asked to select a specific response
for one of the questions in each questionnaire (e.g., “Very
Inaccurate”).

Rewarded color Stroop task

The rewarded Stroop task participants completed was similar
to the one in Experiment 1 with some exceptions. Partici-
pants were first asked to compare one of their credit cards to
a picture of a credit card on the screen and to zoom in or out
in their browser until the credit card matched the size of the
picture to help calibrate the screen. Two of the four potential
font colors were rewarded, blue (0, 0, 255), green (0, 128,
0), yellow (255, 255, 0) and red (255, 0, 0), but rewarded
colors could either be blue and red (n=111) or yellow and
green (n=112), and these options were chosen so that the
keys they would need to press for rewarded colors were
never beside each other (e.g., A and K or S and L). During
potential-reward trials, participants were presented the fol-
lowing feedback on the screen: “Congratulations! You win
2 cents!”, if their response was correct and faster than 70%
of their previous correct responses when shown words in
reward-associated font colors. On each trial, a grey fixation
cross (visual angle 0.7°) was shown for 500 ms on a white
background followed by the Stroop word (visual angle sub-
tending a vertical angle of 0.5° and a horizontal visual angle
ranging from 1.4 to 3.7°) that was presented until response.
Following their response, they were then shown feedback if
appropriate, followed by a 2s ITI where a diagram showing
which key should be pressed for each color was presented.
Participants completed a practice session where they were
provided with ample feedback to help them learn the task.

Data analysis
The data analysis procedures in Experiment 2 were sim-

ilar to Experiment 1 with the exception that BIS-11 was
not included, and a subset of the sample completed the
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experiment twice which allowed us to examine test—retest
reliabilities of the self-report and behavioral measures. We
expected the self-report measures to be reliable over time
given that their test—retest reliabilities have been previously
reported elsewhere (Stanford et al., 2009; Tangney et al.,
2004). The behavioral measures should have acceptable
test—retest reliability to consider their use in evaluating indi-
vidual differences within current and future psychological
research (Goodhew & Edwards, 2019).

Experiment 2: results

The effect of reward and congruence on Stroop
performance

Overall RTs were significantly faster during trials where
there was a possibility of earning the reward compared to
RTs during trials when there was no chance of earning the
reward, F(1,222)=193.33, p<0.001, np2 =0.465. The typi-
cal Stroop effect was replicated whereby RTs were slower
for incongruent trials compared to congruent trials, F(1,
222)=119.91, p<0.001, np2 =0.351. RTs were faster when
the font color signaled potential reward and this effect was
not modulated by the congruence, F(1,222)=0.52, p=0.47,
n,>=0.002.

Accuracies were greater for congruent trials relative to
incongruent trials, F(1, 222)=24.99, p <0.001, 1’[p2 =0.10.
The potential-reward trials were completed more accurately
than the no-reward trials, F(1, 222)=53.77, p<0.001,
np2 =0.195, but the effect of reward affected accuracies to
a slightly greater extent on incongruent trials compared to
congruent trials, F(1, 222)=4.13, p=0.04, r]p2 =0.018.
Overall, the results from these ANOVAs suggested that
participants successfully learned which colors were reward
associated and responded faster and more accurately when
viewing those colors.

The effect of reward-associated word meanings on Stroop
performance

When only incongruent trials were examined, RTs were
faster for potential-reward compared to no-reward trials, F(1,
222)=184.38, p<0.001, np2 =0.454. Overall RTs were simi-
lar when the word meaning was reward-related compared to
non reward related, F(1, 222)=0.17, p=0.68, npz <0.001.
As seen in Fig. 3, there was a significant interaction of the
word meaning value and font color reward value whereby
RTs were slower when the word meaning value was reward
related only when the font color reward value was not reward
related, F(1,222)=7.09, p<0.01, 17p2 =0.031. There was a
significant MIRA effect in that the RTs during no-reward
trials were significantly greater when the word meaning
was reward related versus non reward related, 7(222)=2.26,
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p=0.02, d=0.153, suggesting that the reward-associated
word meaning interfered with the ability to quickly indicate
the correct font color.

Accuracies were greater for potential-reward compared
to no-reward trials, F(1, 222)=56.89, p <0.001, ’7p2 =0.204.
Accuracies were similar when the word meaning was reward
related compared to non reward related, F (1, 222)=2.29,
p=0.13, np2=0.010, and this was seen for both the poten-
tial reward and no reward font color reward associations,
p>0.47 (see Fig. 3).

Associations between measures

BAS subscales were significantly positively intercorrelated,
r’s>0.25, p’s<0.001. Approach motivation (BAS total)
was also negatively associated with self-control, r=—0.29,
p<0.001.

MIRA was significantly positively associated with the
behavioral measure of reward responsiveness, r=0.20,
p <0.01. When excluding RTs in conditions included in
the calculation of both MIRA and reward responsiveness,
the relationship between reward responsiveness and MIRA
remained significant, r=0.21, p=0.002. Stroop interfer-
ence was not related to MIRA, r=0.06, p=0.36, or reward
responsiveness, r=— 0.07, p=0.30.

Correlations between self-report and behavioral measures
are presented in Table 2. Similar to Experiment 1, BAS was
not associated with any of the behavioral measures. Greater
self-control was associated with greater behavioral reward
responsiveness, ¥=0.19, p <0.001.

Reliabilities of self-report and behavioral measures

In general, there were high split-half reliabilities for the
reward responsiveness measure, r=0.88, p <0.001, and
lower but still acceptable split-half reliability for the Stroop
interference measure, r=0.52, p <0.001. The split-half reli-
ability for MIRA was low, r=0.16, p=0.02. Test-retest reli-
abilities for the behavioral measures mirrored the pattern
for the split-half reliabilities but were slightly lower overall;
the highest test—retest reliability was found for the reward
responsiveness measure, r=0.66, p <0.001, followed by the
Stroop interference measure, r=0.50, p <0.001, followed by
the MIRA measure, r=0.06, p=0.64.

All of the self-report measures were highly reliable over
time with the potential exception of the BAS-R subscale
(see Table 3).

Analysis using data from both experiments

To examine the associations between self-report and behav-
ioral measures with greater power, data were examined
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Table 3 Correlations between

Scale 1 2 3 4 5
self-report measures, and test—
retest reliabilities Exp. 1-3 1. BAS-F _
(n=486) 2. BAS-D 0.40%* -
3. BAS-R 0.27%* 0.42%* -
4. BAS-T 0.75%* 0.80%* 0.73%* -
5.SCS — 0.40%* —0.18** 0.02 —0.26%* -
Exp. 1 only 6. BIS-11 0.30%* 0.12 - 0.09 0.23%* -0.76%*
(n=169)
Exp. 3 only 7. VDAQ 0.54%* 0.50%* 0.51%* 0.65%* —0.52%*
(n=94)
Test-Retest 0.74%* 0.79%* 0.42%* 0.827%* 0.68%*
(n=60)

across both Experiments 1 and 2 with a total N of 392
participants.

MIRA was significantly associated with reward respon-
siveness, ¥=0.20, p <0.001, and this relationship remained
when excluding RTs from conditions included in the calcu-
lation of both measures, r=0.20, p <0.001. Stroop inter-
ference was not significantly related to MIRA, r=0.08,
p=0.11, or reward responsiveness, r=— 0.03, p=0.58.

After correcting for multiple corrections, there were
no significant behavioural and self-report relationships,
p’s>0.005.

Discussion

The results from Experiment 2 support the conclusions from
Experiment 1 in that there was facilitation of RT and accura-
cies when the reward was tied to the task-relevant dimension
but impaired performance when it was tied to the task-irrele-
vant dimension. Reliabilities for MIRA were poor, especially
the extremely low test—retest reliability for MIRA suggesting
that, although it is a robust phenomenon, MIRA is likely not
a good individual differences measure.

Greater reported self-control was significantly associ-
ated with higher reward responsiveness when completing
the rewarded Stroop task in Experiment 2. However, this
relationship was not observed when data were combined
across Experiments 1 and 2.

We did not find any support for a relationship between
greater trait self-control and MIRA, as might be expected
of the poor reliability of the MIRA measure. However,
as discussed above, previous work by Wollff et al. (2016)
showed a robust positive relationship between self-reported
self-control and MIRA when participants used a number
Stroop paradigm instead of a color Stroop paradigm. The
final experiment included a number Stroop paradigm simi-
lar to the one used by Wolff and colleagues instead of the
color-word Stroop to test whether this was responsible for
the different pattern of results. Further, in Experiment 3

the new VDAQ was included as an additional measure of
reward responsiveness as it has been associated with behav-
ioral measures of attention to reward and reward learning in
other reward paradigms (Anderson et al., 2020).

Experiment 3

Method
Participants

Initially, fifty-eight participants for Experiment 3 were
recruited from the pool of participants that had completed
Experiment 2 through the Amazon Mechanical Turk
(MTURK) platform. Because a higher sample was neces-
sary to examine correlations between behavioral and self-
report measures, an additional fifty-four participants who
did not complete Experiment 2 were then recruited through
MTURK. The experiment was programmed in HTML and
JavaScript with the help of templates provided by JsPsych
and then the experiment was hosted on an Amazon web
server for participants to access in their web browsers. Of
the 112 participants, 94 were included for further analyses
because they obtained accuracies above chance in all of
the 8 conditions and passed the included attention checks
(e.g., “Please select Very Inaccurate for this question”). Par-
ticipants were compensated an average of 7.05 USD total
(SD=0.44, range =2.2) for participating and took approxi-
mately an hour to complete the experiment (M =51 min,
SD=1.76, median =46.49 min, range =35-156 min).

Self-report measures
Participants completed both the SCS and BIS/BAS question-
naires as described in Experiment 2. Participants also com-

pleted the VDAQ (Anderson et al., 2020) which contains 16
statements such as “When tasty food is placed in the open,
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I find it very tempting”. Participants reported the degree to
which the statement is true of them on a 4-point scale rang-
ing from “the opposite of me” to “very true of me”. Scores
were summed across all items to create a total VDAQ score.

Rewarded number Stroop task

The rewarded Number Stroop task that participants com-
pleted was similar in structure to the rewarded color Stroop
task in Experiment 2 with the exception that the stimuli were
numbers (e.g., 222) where participants were asked to ignore
the identity of the numbers and count the number of digits,
indicating whether there were 1 (H key), 2 (J key), 3 (K
key) or 4 (L key) digits. Two of the four potential number
of digits were rewarded for fast (defined as in Experiment
1 and 2) and accurate responses on the counting task, and
these options were chosen so that the keys they would need
to press for rewarded number of digits were never beside
each other (e.g., A and K or S and L).

Data analysis

The data analysis procedures in Experiment 3 were similar
to Experiment 2.

Experiment 3: results

The effect of reward and congruence on Stroop
performance

A repeated-measures ANOVA was conducted to exam-

ine the effect of the number of digits reward association
(potential-reward, no-reward) and congruence of the stimuli
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(congruent, incongruent) on RTs (see Fig. 4). Overall RTs
were significantly faster during trials where the number
of digits signaled potential reward compared to RTs dur-
ing trials when there was no chance of earning the reward,
F(1,93)=120.85, p<0.001, r]p2=0.570. RTs were slower
for incongruent trials compared to congruent trials, F(1,
93)=115.32, p<0.001, np2=0.554. The faster RTs for
potential reward trials was not modulated by the congru-
ence, F(1,93)=0.63, p=0.43, np2<0.01.

A repeated-measures ANOVA was then conducted to
examine the effects of reward association (potential-reward,
no-reward) and congruence (congruent, incongruent) on
accuracies. Accuracies were greater for congruent trials
relative to incongruent trials, F(1, 93)=106.08, p <0.001,
np2=0.533. The potential-reward trials were completed
more accurately than the no-reward trials, F(1, 93)=48.76,
p<0.001, nP2=0.344, but the effect of reward affected
accuracies to a slightly greater extent on incongruent tri-
als compared to congruent trials, F(1, 93)=4.92, p=0.029,
np2= 0.050. Overall, the results suggested that participants
successfully learned which number of digits were reward
associated and responded faster and more accurately.

The effect of reward-associated number values on Stroop
performance

When examining incongruent trials only, RTs were faster
and accuracies were greater for potential-reward com-
pared to no-reward trials, F(1, 93)=93.29, p <0.001,
n,°=0.501; F(1,93)=49.38, p <0.001, ,>=0.347. Over-
all, RTs were similar when the number value was reward
related compared to non reward related, F(1, 93) =3.56,
p=0.062, ’7p2 =0.037, but accuracies were lower when
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there was a reward-associated number value versus a
non-reward associated number value, F(1, 93)=25.57,
p<0.001, 17p2=0.216. As seen in Fig. 4, there was a sig-
nificant interaction of the task-irrelevant reward associa-
tion and task-relevant reward association whereby RTs
were slower when the number value was reward related
only when the number of digits was not reward related,
F(1,93)=20.56, p<0.001, '7132 =0.181, and for accura-
cies, F(1,93)=29.28, p<0.001, npz =0.239. There was a
significant MIRA effect in that the RTs during no-reward
trials were significantly greater when the number value
was reward related versus non-reward related, #(93) =4.08,
p<0.001, d=0.390, suggesting that the reward-associated
but task-irrelevant information interfered with the ability
to quickly indicate the number of digits.

Associations between measures

All BAS subscales were significantly positively intercorre-
lated, r’s >0.26, p’s <0.02. BAS-F and BAS-D subscales,
and BAS-T, were negatively associated with trait self-con-
trol, r’s ranging from — 0.23 to — 0.44, p’s <0.03, but the
relationship between self-control and BAS-R was found to
be nonsignificant, r=— 0.01, p=0.92. VDAQ was positively
associated with BAS-T, r=0.65, p<0.001, and all BAS sub-
scales, r’s>0.50, p’s <0.001, and negatively associated with
self-control, r=— 0.52, p<0.001.

MIRA was significantly positively associated with Stroop
interference, r=0.35, p <0.001, but not reward responsive-
ness, r=— 0.13, p=0.22. When excluding RTs in condi-
tions included in the calculation of both MIRA and reward
responsiveness, the relationship between reward responsive-
ness and MIRA was significant, r=— 0.25, p=0.02. Note
that this relationship is in the opposite direction to the sig-
nificant relationship reported between reward responsive-
ness and MIRA in Experiment 2. Reward responsiveness
was significantly negatively associated with Stroop interfer-
ence, r=— 0.36, p <0.001.

Correlations between self-report and behavioral measures
are presented in Table 2. BAS was not associated with any of
the behavioral measures from the rewarded number Stroop
task. Again, greater self-control was associated with greater
behavioral reward responsiveness, r=0.31, p=0.003.
Greater self-control was also now associated with reduced
Stroop interference, r=— 0.35, p <0.001.

Consistent with the previous two experiments that
included the rewarded color Stroop task, the reliabilities
of the same measures with the rewarded number Stroop
task followed the same pattern; the reward responsiveness
measure was highly reliable, r=0.93, p <0.001, followed
by the lower reliability for the Stroop interference measure,
r=0.78, p<0.001, and MIRA measure, r=0.26, p=0.01.

Associations of color and number Stroop behavioral
measures

Of the 94 participants that completed this experiment, 56
had also participated in Experiment 2 approximately one
year prior to completing Experiment 3. We were able to
examine whether individual differences in color Stroop per-
formance could predict individual differences in number
Stroop performance a year later. Reward responsiveness
during the color Stroop task was a good predictor of reward
responsiveness during the number Stroop task one year later,
r=0.44, p<0.001. Individual differences in MIRA during
the color Stroop task were not predictive of individual dif-
ferences in MIRA during the number Stroop task, »=0.07,
p=0.60. Stroop interference from the color Stroop task also
did not predict Stroop interference from the number Stroop
task one year later, r=0.08, p=0.55. These results suggest
that reward responsiveness was a reliable measure across
time and across the two variations of the rewarded Stroop
task included in this study.

General discussion

The purpose of the current study was to examine behav-
ioral measures of Stroop interference, reward responsive-
ness and MIRA from the rewarded Stroop paradigm to
determine whether (1) these measures were reliable both
within the same session (split-half reliabilities) and across
time (test-retest reliabilities) and (2) whether the behavioral
measures of reward responsiveness and MIRA would relate
to two self-report measures of reward responsiveness—BAS
and the VDAQ.

Reliability of the measures

The results presented here suggest that individual differences
in behavioral reward responsiveness (measured as the dif-
ference in RTs on trials with and without potential reward)
were highly reliable both within-session and across one
month’s time. The high reliability was observed both during
in-lab testing when candy was used as the reward and dur-
ing online testing when monetary bonus payment was used
as the reward, and for both the color Stroop task in Experi-
ments 1 and 2, and the number Stroop task in Experiment 3.
Indeed, for the subset of participants who completed both
Experiments 2 and 3, reward responsiveness was even reli-
able across the color and number versions of the Stroop task
one full year later. The faster RTs on potential reward trials
were not the result of a speed-accuracy trade-off as partici-
pants were also more accurate on potential reward trials rela-
tive to trials without a potential reward. These results pro-
vide strong evidence that the improved performance when
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a reward is associated with the task-relevant dimension of
the stimulus is a reliable individual difference measure that
is suitable for examining relationships with other individual
difference measures.

Individual differences in Stroop interference (measured
as incongruent minus congruent trial RTs) were less reli-
able compared to individual differences in behavioral reward
responsiveness but were still adequate. This moderate relia-
bility was found within-session and across sessions spanning
approximately one month. However, Stroop interference did
not generalize across tasks as the interference observed in
the color Stroop task was not significantly related to the
interference observed in the number Stroop task performed
one year later. The modest reliability found here for Stroop
interference is consistent with previous work showing that
the Stroop effect is remarkably robust when examining
group means but is not particularly suitable as an individual
difference measure (Enkavi et al., 2019; Hedge et al., 2017).

In contrast, individual differences in MIRA showed low
within-session reliability and were unreliable across time,
both with the identical Stroop task or different tasks, sug-
gesting that MIRA is not a suitable measure for examining
individual differences in reward behavior. One possibility
was that the low reliability of MIRA was due to the smaller
number of trials included when computing MIRA compared
to the number of trials used to calculate reward responsive-
ness. However, calculating reward responsiveness with the
same number of trials that were included when calculating
MIRA did not significantly influence the reliability of reward
responsiveness, suggesting that the relative unreliability of
MIRA was not due to the smaller number of trials alone.
Although MIRA is a difference score measure, and differ-
ence scores are particularly prone to low reliabilities (e.g.,
Draheim et al., 2019), this is also unlikely to be the explana-
tion for the low MIRA reliability here. First, Stroop inter-
ference and the behavioral measure of reward responsive-
ness are also both difference score measures that included
some of the same RT conditions, yet these were found to be
moderately (Stroop) or highly (reward responsiveness) reli-
able in the present study. Second, when residuals were used
instead of difference scores, MIRA reliability was still low,
and Stroop and reward responsiveness reliabilities were still
high. Third, the RTs that make up the MIRA difference score
both had test—retest reliabilities above 0.80 suggesting that
they did not constrain the reliability of the MIRA difference
scores which approximated 0 across sessions.

Although individual differences in MIRA were unreliable
across time, the support for the MIRA phenomenon occur-
ring at the group level was substantial whereby impaired
performance was consistently demonstrated when the task-
irrelevant dimension included reward-associated informa-
tion and the task-relevant dimension did not (Krebs et al.,
2010, 2011, 2013). The consistent replication of this effect
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despite differences in the samples recruited for the in-lab
and online experiments, the task being completed online for
two of the experiments and within the lab for the other, and
differences in the type of rewards given (i.e., money, candy)
suggests that MIRA is a robust and replicable effect and that
the rewarded Stroop paradigm included in this study was
able to elicit MIRA. Reward can have a detrimental effect
on cognitive performance when it is tied to task-irrelevant
information that is supposed to be ignored (Anderson et al.,
2011; Bachman et al., 2020; Hickey & Peelen, 2015; Hickey
et al., 2010; Krebs et al., 2010; Wolff et al., 2016). However,
the robustness of an effect does not require that individual
differences in that effect are reliable (Goodhew & Edwards,
2019; Hedge et al., 2017). MIRA appears to be an example
of a robust effect that is not a reliable individual differences
measure. Indeed, it is possible that trial-to-trial variation is
a hallmark of MIRA such that font naming impairment with
a reward-related color word may be greater immediately
after a trial where the color of the word was just rewarded
at the font level. Perhaps trial-to-trial variation can explain
the unreliability of MIRA within the same session. In an
exploratory analysis, we examined whether the impairment
of font color naming in Experiments 1 and 2 combined was
influenced by the characteristics of the previous trial (font
color reward association, word meaning reward association,
Stroop congruence). Potential reward trials were followed
by faster responses on the subsequent trials, perhaps due to
increased motivation elicited by the potential reward. Con-
trary to the hypothesis above, font naming impairment with
a reward-related color word was greater immediately after a
trial where the color of the word was not rewarded at the font
level. Despite the influence of the previous trial on MIRA
overall, split-half reliability of MIRA remained unchanged
when excluding post-non-rewarded trials or when excluding
post-rewarded trials, suggesting that the influence of N-1
trial font color reward association did not explain the low
reliability of MIRA reported here.

Relationships with self-report measures
Reward responsiveness

Individual differences in behavioral reward responsiveness
were highly reliable in comparison to individual differences
in Stroop interference and MIRA. Despite this finding, there
was no evidence to suggest that individual differences in
behavioral reward responsiveness were associated with
individual differences in self-reported reward responsive-
ness (i.e., BAS), even though BAS measures showed high
test—retest reliability themselves, or with VDAQ scores even
though VDAQ scores have been shown to predict behav-
ioral measures of attention to reward in other paradigms
(Anderson et al., 2020). Further, individual differences in
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self-reported trait self-control were negatively associated
with self-reported reward responsiveness but positively
associated with behavioral reward responsiveness. These
findings suggest that the behavioral reward responsiveness
measure cannot be used interchangeably with self-report
measures of reward responsiveness, even though they are
thought to measure similar constructs. One possible explana-
tion is that the self-report measures examining individuals’
subjective evaluations of their own reward responsiveness in
everyday life might differ from variability in performance as
measured by RTs and accuracies (Dang et al., 2020). How-
ever, individual differences in self-reported reward respon-
siveness have been previously associated with behavioral
measures of reward responsiveness while completing differ-
ent cognitive tasks (Anderson et al., 2020; Carver & White,
1994). Anderson et al. (2020) showed that the VDAQ scores
were significantly and positively related to attention capture
by previously rewarded items in a visual search task and to
the preference to fixate a previously rewarded quadrant of
the screen while viewing scenes. These results are consist-
ent with Anderson et al.’s conceptualization of the VDAQ
score as representing a largely implicit attraction to items
potentially associated with reward. Indeed, the majority of
VDAQ questions ask about the ability to ignore potentially
rewarding stimuli in a variety of contexts (incoming text
message, background TV, tempting food, billboards). Thus,
the lack of relationship observed here between the VDAQ
and the behavioral measure of reward responsiveness in the
Stroop task may result from the VDAQ measuring the auto-
matic capturing power of stimuli associated with reward,
even when they are task irrelevant, in contrast to the reward
responsiveness measure from the Stroop task which may
measure the explicit seeking of existing rewards. However,
the BAS-D and BAS-R scales do appear to measure explicit
reward-seeking behavior. The BAS scale includes ques-
tions like “When I want something, I usually go all-out to
get it.” and have an absence of attention capture questions
of the sort seen in the VDAQ. BAS-D and BAS-R scores
have also been shown to predict increases in positive mood
in response to reward cues (Carver & White, 1994). How-
ever, BAS scales have also been shown to be moderately
positively correlated with VDAQ scores (Anderson et al.,
2020) showing that even if they measure different aspects
of sensitivity to reward (i.e., implicit capture versus explicit
seeking), these aspects are related. Interestingly, the behav-
ioral reward responsiveness measure from the Stroop tasks
was found to be positively related to self-control in both
Experiment 2 and Experiment 3, but not the combined anal-
yses from Experiments 1 and 2, suggesting that although
it is not related to BAS or VDAQ scores, this measure of
reward responsiveness is related to self-control abilities.
Indeed, such self-control abilities may be essential to stay
on-task and discriminate potential reward from non-reward

trials when they are mixed within blocks. Overall, it appears
that further validation of this behavioral measure of reward
responsiveness in the rewarded Stroop task is necessary to
determine what aspect(s) of reward responsiveness are being
measured, and whether it is possible that reward respon-
siveness in the context of the rewarded Stroop paradigm is
similar to reward responsiveness in other contexts such as a
less demanding reward-training paradigm (e.g., responding
to rewarded versus non-rewarded colored shapes without
to-be-ignored information).

Another key goal of this study was to examine whether
behavioral and self-report measures of reward responsive-
ness would associate with individual differences in MIRA.
The independence of reward responsiveness and MIRA
has been implied but not explicitly examined in previous
research (Krebs et al., 2011; Wolff et al., 2016). We did not
find evidence suggesting that individual differences in self-
reported reward responsiveness using the BAS scales or the
VDAQ were related to individual differences in MIRA. Ini-
tially, we might have expected to find a positive relationship
between MIRA and VDAQ scores in particular as MIRA
appears to represent the capture of attention by rewarding
stimuli, which is exactly what the VDAQ purports to meas-
ure. However, no relationship between MIRA and VDAQ
would be expected given the poor reliability of MIRA and
evidence that it does not make a good trait measure.

Within the Stroop task, reward responsiveness and MIRA
were positively related in Experiment 2, negatively related
in Experiment 3, and not related in Experiment 1. The lack
of consistency when comparing the reward responsive-
ness—MIRA relationships in the three experiments suggests
that there is no relationship. Individuals who were highly
responsive to reward did not show greater impairment to
their Stroop performance by the reward associations rela-
tive to individuals who were less responsive to reward. The
perceived value of the reward does not explain the extent to
which the reward-associated but task-irrelevant information
impairs conflict processing. It is presently unclear whether
MIRA is even specific to reward sensitivity per se or whether
it might be part of a more general arousal-based emotional
Stroop effect such as in the taboo Stroop paradigm where
color naming RTs are slowed when the task-irrelevant word
is associated with non-rewarded but highly arousing infor-
mation (e.g., MacKay et al., 2004).

It has previously been suggested that individuals with
lower self-control are more influenced by reward-associated
but task-irrelevant information as based on a significant posi-
tive correlation between self-reported self-control and MIRA
(Wolff et al., 2016). This relationship was not replicated here
in any of the three studies and even with our large sample size
in the combined Experiment 1 and 2 analyses where the N
approximated 400. The failure to replicate was found both for
the rewarded color Stroop task used by Krebs and colleagues
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(2011, 2013) and a number Stroop task like that used by Wolff
et al. (2016), so the nature of the Stroop task cannot be an expla-
nation for the different patterns of results. Indeed, the null rela-
tionship observed here between trait measures and MIRA would
be expected given that MIRA showed no evidence of being a
reliable measure within or across sessions and a measure can-
not be expected to relate to other measures if it does not relate
to itself. In fact, compared to MIRA, higher reliabilities were
found for the Stroop interference, which has elicited criticism
in the past for being an unreliable measure (Duckworth & Kern,
2011; Wolff et al., 2016). Further, in two of three experiments,
there were correlations found between impulsivity/self-control
and Stroop interference such that lesser self-control was associ-
ated with greater Stroop interference, although previous work
has found evidence suggesting there is no relationship between
Stroop interference and trait self-control (Saunders et al., 2018).
This implies that the correlation reported by Wolff et al. (2016)
may be spurious, especially given that it was based on a small
sample size of approximately 40 participants and relationships
between self-report and behavioral measures are generally much
lower than the relationship observed by Wolff et al. (e.g., Dang
et al., 2020). Indeed, large spurious correlations are more likely
to result from small sample sizes (Hedge et al., 2017; Schon-
brodt & Perugini, 2013).

The self-report measures of self-control/impulsivity (SCS
and BIS-11) and reward responsiveness (BAS) have been pre-
viously validated and were found to be highly reliable over
time in this study. Further, we found that higher self-control
was associated with lower self-reported reward responsiveness,
which has also been reported by others (e.g., Hamilton et al.,
2014; O’Gorman & Baxter, 2002). In contrast, the behavioral
RT measure of reward responsiveness was positively related
to self-control. In the rewarded Stroop task, self-control may
aid in keeping participants on-task to discriminate reward from
non-reward trials, but in the everyday world, high sensitivity
to reward may be associated with self-control failures (e.g., I
really found the doughnut tempting so I ate it; Jimura et al.,
2013). No relationships were observed between MIRA and
self-control. Although MIRA seemed like a good candidate
for examining how reward can influence cognitive process-
ing for individuals based on their levels of trait self-control,
the unreliability of MIRA should direct our attention to other
behavioral measures that are more reliable over time to bet-
ter explore the relationship between individual differences in
reward processing and trait self-control.

Conclusion

Reward associations that were tied to task-irrelevant infor-
mation impaired Stroop performance (MIRA). This was con-
sistently found across three experiments and two different
versions of rewarded Stroop. However, the extent to which
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reward associations could impair Stroop performance for
individuals was not reliable within or across sessions and
was therefore not associated with individual differences in
self-reported reward responsiveness or trait self-control.
More reliable individual differences measures than MIRA
could be used to better understand the link between atten-
tion to reward and self-control. How much faster individu-
als responded when there was a potential reward versus no
reward (i.e., behavioral reward responsiveness) was very
reliable over time, but was not associated with validated
and reliable self-report measures of reward responsiveness
like the VDAQ and BAS. In contrast, self-reported self-con-
trol and self-reported reward responsiveness were strongly
related whereby individuals with higher self-control reported
less reward responsiveness. This work suggests that future
work is necessary to understand the behavioral measures of
reward responsiveness and MIRA in the rewarded Stroop
paradigm.
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