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Abstract

This study aimed to determine whether value-based attentional biases learned in the auditory domain can correspondingly shape
visual attention. A learning phase established associations between auditory words and monetary rewards via a modified version
of'the dichotic listening task. In a subsequent test phase, participants performed a Stroop task including written representations of
auditory words previously paired with reward and semantic associates of formerly rewarded words. Results support a semantic
generalization of value-driven attention from the auditory to the visual domain. The findings provide valuable insight into a
critical aspect of adaptation and the understanding of maladaptive behaviors (e.g., addiction).
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Stimuli previously paired with reward preferentially draw at-
tention, even when they are physically nonsalient, currently
task irrelevant, and no longer predictive of reward (e.g.,
Anderson & Halpern, 2017; Anderson et al., 2011; see
Watson et al., 2019, for a review). This value-based attention-
al priority can generalize to objects perceptually related to
rewarded stimuli (e.g., Anderson et al., 2012; Hickey &
Peelen, 2015, 2017; Mine & Saiki, 2015, 2018). However,
studies about generalization of stimulus—reward associations
have mostly focused on perceptual cues presented within a
single sensory modality. Semantic and cross-modal generali-
zation of such associations remain largely unexplored, even
though real-world learning situations, especially emotional
experiences, often entail conceptual knowledge (Dunsmoor
& Murphy, 2015).

Neuroimaging studies reported that stimuli previously as-
sociated with high reward produce stronger visually evoked
responses in the brain, relative to previously unrewarded or
less valuable stimuli (see Anderson, 2019, for a review). This
effect has been observed in the ventral (object-selective) visu-
al cortex (Barbaro et al., 2017; Hickey & Peelen, 2015, 2017,
see also Anderson et al., 2014), the early visual cortex
(MacLean & Giesbrecht, 2015; Serences, 2008; Serences &
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Saproo, 2010), and the caudate tail (Anderson et al., 2014;
Kim & Anderson, 2020a, 2020b; Kim et al., 2021c;
Yamamoto et al., 2013). In addition, a causal role for early
visual representations in value-driven attention was provided
by a study in which transcranial random noise stimulation was
applied to the occipital lobe during reward training (van
Koningsbruggen et al., 2016). These results suggest that
value-driven attention would be related to the sensory repre-
sentation of rewarded items. A semantic generalization of
value-based attentional priority across sensory modalities
would thus challenge assumptions about neural mechanisms
of reward history effects. Such an outcome could also provide
novel insights into maladaptive behaviors such as addiction
because attentional biases for drug cues play a substantial role
in motivating drug-seeking behavior and contribute to relapse
(Anderson, 2016a).

Grégoire and Anderson (2019) demonstrated that attention-
al prioritization of stimuli associated with reward can transfer
across conceptual knowledge independently of perceptual fea-
tures. They devised a Stroop task in which neutral words were
paired with high, low, or no monetary reward during a learn-
ing phase.' In a subsequent test phase, participants performed
a similar task with semantic associates of words presented in
the learning phase. Semantic associates of words paired with

" In the Stroop task, participants are asked to identify the color of colored
words while ignoring their meaning. Although the instructions specify to dis-
regard word meaning, it is commonly suggested that Stroop stimuli induce an
obligatory processing of semantic information due to the automaticity of word
reading (MacLeod, 1991), which could thus allow participants to learn word-
reward associations in this situation.
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high reward produced a Stroop interference effect (i.e., slowed
down the color-identifying task), relative to semantic associ-
ates of words paired with low or no reward.

The influence of associative reward learning on attention
has almost exclusively been investigated in the visual domain
(see Anderson, 2016b, 2019, for reviews). Using a modified
version of the dichotic listening task, a recent study showed
that auditory stimuli paired with reward could also bias atten-
tion (Kim et al., 2021b). In a learning phase, a spoken letter
and number were simultaneously presented in different audi-
tory streams and participants had to report the letter while
ignoring the number. Three letters were paired with high,
low, or no monetary reward. In a subsequent test phase, the
same auditory stimuli were presented but participants had to
report the number while ignoring the letter. In both the learn-
ing and test phases, attention was biased in favor of the audi-
tory stimulus associated with high value (see also Asutay &
Vistfjéll, 2016; Kim et al., 2021a).

The current study aimed to explore novel aspects of value-
driven attention by determining (1) whether value-based at-
tentional biases learned in the auditory domain can corre-
spondingly bias visual attention and (2) whether this potential
cross-modal generalization could also affect the processing of
stimuli that are semantically related to valued items.
Participants first completed a dichotic listening task in which
they learned to pair three spoken words with high, low, or no
monetary reward. The written representations of these three
words were then presented in an unrewarded Stroop task, in
addition to corresponding semantic associates. For the sake of
simplicity, spoken words associated with reward and their
written representations were called conditioned stimuli (e.g.,
fuel presented orally or visually); written words semantically
related to conditioned stimuli were called generalized stimuli
(e.g., gas). A Stroop effect induced by conditioned stimuli
associated with high reward, relative to conditioned stimuli
associated with low or no reward, would reflect a generaliza-
tion of value-based attentional priority from the auditory to the
visual domain. A similar pattern for generalized stimuli would
reflect a semantic generalization of value-based attentional
priority across modalities.

Method
Participants

Assuming a small effect size (f = 0.1) and a moderate corre-
lation between levels of our within-subjects variables (p =
0.5), an a priori power analysis indicated that a sample size
of 36 participants would be sufficient to detect a two-way
interaction between condition and type of stimuli at 80% sta-
tistical power. The same power analysis for the main effect of
condition (which was of primary interest) indicated a sample
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size of 24 participants. Written informed consent was obtained
for 38 participants, between the ages of 18 and 35 inclusive,
from the Texas A&M University community. All were native
English speakers, reported normal or corrected-to-normal vi-
sual acuity and normal color vision. Data from four partici-
pants were discarded due to a low proportion of correct re-
sponses in the training phase (below 2.5 standard deviations of
the group mean, N = 1; see, e.g., Anderson, 2016c; Grégoire
etal., 2021) or because they reported using strategies to avoid
reading words in the Stroop task (e.g., squinting, N = 3;
Grégoire & Anderson, 2019). The final sample included 34
participants (22 females, mean age = 20.21 years, SD = 3.13).
All procedures were approved by the Texas A&M University
Institutional Review Board.

Apparatus

A Dell OptiPlex 7040 equipped with MATLAB software and
Psychophysics Toolbox extensions (Brainard, 1997) was used
to present the stimuli on a Dell P217H monitor. The partici-
pants viewed the monitor from a distance of approximately
70 c¢m in a dimly lit room. Participants wore Beyerdynamic
DT 770 Pro 25052 professional studio headphones. Responses
of the Stroop task (test phase) were entered using a 5-button
response box (MilliKey MK-5).

Auditory stimuli

All auditory stimuli were recorded using a Spark SL condens-
er microphone, with an Arrow audio interface. The recordings
were sampled and modified using the built-in functions on the
Logic Pro X software (Apple Inc.). All recorded samples of
the stimuli were cut to begin at exactly the same time, com-
pressed to make the sound intensity equal, and condensed to
be 500 ms in duration.

Visual stimuli

Three pairs of semantic associates were selected from The
University of South Florida Word Association, Rhyme and
Word Fragmentation Norms database of free association
(Nelson et al., 1998): clock—time, fuel-gas, pet-dog. The cho-
sen pairs were all rated highly (i.e., above 63%) for frequency
of free association when the first word was provided (see
Grégoire et al., 2021; Grégoire & Anderson, 2019; Grégoire
& Greening, 2020). There was no phonological or orthograph-
ic similarity between the two words of each pair. Stroop words
were presented in equiluminant red, green, blue, and purple.
Throughout the experiment, the background of the screen was
dark grey while the fixation cross and feedback appeared in
white. Written information was presented in 60-point Arial
font.
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Learning phase—Dichotic listening task

Each run of the learning phase consisted of 72 trials. The
sequence and timing of trial events is presented in Fig. la.
During the presentation of the auditory target and distractor,
participants simultaneously heard a spoken word played to
one ear and a spoken number played to the other ear. The
possible words were clock, fuel, and pet, and the possible
numbers were one, two, three, and nine. These words and
numbers were chosen based on their phonetics (not thyming)
and length (one syllable, between three and five letters). In
each run, the possible word—number combinations and what
side they were presented on the headphones were fully
counterbalanced and the order of trials was randomized.
Participants were instructed to listen for the word they heard
and press the respective key on the keyboard as fast as possi-
ble while remaining accurate. The letters U, I, and O of a
QWERTY keyboard were labelled clock, fuel, and pet, respec-
tively. Participants were told that correct responses could re-
sult in monetary reward, but no information was given about
reward—word contingencies. We also specified to participants
that they would receive the total monetary reward attained
throughout the experiment or the base rate ($10/hr), whichev-
er was higher.

If participants did not respond before the end of the ISI or
pressed the wrong key, they were presented with the words
“Too Slow” or “Incorrect,” respectively, and their accumulat-
ed total earnings (no sound was presented during such feed-
back). Each of the three words (clock, fuel, and pet) was paired
with high (10¢), low (2¢), or no reward (0¢). The word-to-

value mapping was counterbalanced across participants. For
correct responses, participants were shown their correspond-
ing reward earnings and their accumulated total earnings, in
addition to an audible cue that played for the first 500 ms of
feedback (sinewave form, high reward = 650 Hz, low reward
= 500 Hz, no reward = 350 Hz). We included the auditory
feedback to help ensure that participants robustly processed
the feedback, since it was possible to perform the task without
actually looking at or otherwise processing the visual display.
Each trial terminated with a 1,000-ms interval during which
the fixation cross disappeared for the last 200 ms to indicate to
participants that the next trial was about to begin.

Test phase—Stroop task

Each run of the test phase consisted of 96 trials. The sequence
and timing of trial events is presented in Fig. 1b. We used a
trial-to-trial spatial uncertainty of 100 pixels around the center
location to present words in order to limit opportunities for
employing strategies (e.g., fixating on a small portion of the
print to avoid reading words; Ben-Haim et al., 2014). In each
run, all possible combinations between the six words (clock,
time, fuel, gas, pet, dog) and the four colors (red, green, blue,
and purple) were presented an equal number of times, in a
pseudorandom order, excluding immediate repetitions of
colors and words. Participants were instructed to report the
color of each word as quickly and accurately as possible,
ignoring their meaning, by using the button box with their
dominant hand. Two keys of the button box were labeled
“left” and “right.” Participants had to press the “left” key if

A) Learning phase - Dichotic listening task

“clock"ﬂ“two"

400-600 ms

Fig. 1 Sequence of trial events in (A) the learning phase and (B) the test
phase. The duration of the initial fixation display varied randomly on each
trial within the range indicated. For the test phase (Stroop task), in the

1500 ms or
until response

1000 ms

1500 ms

B) Test phase - Stroop task

1000 ms

1000 ms or
until response

400-600 ms

event of an incorrect or missed response, a 500-ms blank screen followed
by a 1,000-ms feedback display were added in the sequence of trial events
after the presentation of the Stroop word. (Color figure online)
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the word was colored in green or purple or the “right” key if
the word was colored in blue or red. Before the test phase, we
specified that no reward was delivered during this task.
However, to maintain motivation, we indicated that they
would receive a $3 bonus if their overall accuracy was higher
than 90%.

Contingency-awareness test

Each of the possible word-number combinations was present-
ed once (leading to 24 trials) in the same way as in the learning
phase, and stimuli were randomly ordered. Participants were
asked: “How much money do you think you would make for a
correct response to this item?” and selected 10¢, 2¢, or O¢
(three-alternative forced choice) by clicking on the amount
with the computer mouse.

Procedure

The experiment began with a brief hearing test to ensure ad-
equate volume of stimuli (see Kim et al., 2021b). Participants
then completed four runs of the learning phase, three runs of
the test phase, and the contingency-awareness test. Finally,
participants responded to a short questionnaire to indicate if
they used strategies to avoid reading words during the Stroop
task.

Data analysis

Response time (RT) was measured from the onset of the target
stimulus. Only correct responses were included in the RT
analyses. Furthermore, RTs for correct responses beyond 2.5
standard deviations from the mean for a given condition were
trimmed (Kim et al., 2021a, 2021b), which led to the removal

A. Learning phase - Dichotic listening task
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Fig. 2 Correct response times as a function of condition (high reward,
low reward, no reward) in (A) learning and (B) test phases. Error bars
depict within-subjects 95% confidence intervals calculated using the
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of 1.50% and 0.89% of RTs in the training and the test phase,
respectively.

Repeated-measures analyses of variance (ANOVA) were
conducted with condition (high reward, low reward, no re-
ward) as a within-subject variable, separately for mean RTs
and accuracy in the learning phase. The same analyses were
performed on the test phase data with type of stimuli (condi-
tioned stimuli, generalized stimuli) added as a second within-
subject variable. Sphericity was tested with Mauchly’s test of
sphericity, and when the sphericity assumption was violated,
degrees of freedom were adjusted using the Greenhouse—
Geisser epsilon correction. Subsequent ¢ tests were performed
when appropriate. For each ¢ test, data were checked for nor-
mality of distribution with the Kolmogorov—Smirnov test. A
Wilcoxon signed-ranks test was used when data were not
normally distributed. Note that we calculated Cohen’s d, using
the formula d, = #/sqrt(n) for paired sample ¢ tests (Lakens,
2013; Rosenthal, 1991). The raw data of this study can be
found online (https://osf.io/nk327/).

Results
Learning phase—Dichotic listening task

The ANOVA performed on mean RTs revealed a significant
main effect of condition, F(2, 66) = 22.77, p < .001, nf, =
0.408. Subsequent ¢ tests indicated that RTs were significantly
faster in the high-reward condition than in the low- and no-
reward conditions, s > 4.62, ps < .001, d_s > 0.78. RTs were
also significantly shorter in the low-reward condition than in
the no reward condition, #(33) = 2.45, p = .020, d, = 0.42 (Fig.
2a).

B. Test phase - Stroop task
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Cousineau method (Cousineau, 2005) with a Morey correction (Morey,
2008). *p < .05, **p < .01, ***p < .001, NS = nonsignificant
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Table 1

Proportion of correct responses and correct response times (for the test phase) as a function of condition (high reward, low reward, no reward)

and type of stimuli (conditioned stimuli, generalized stimuli) in learning and test phases

Conditioned stimuli

Generalized stimuli

High reward Low reward No reward High reward Low reward No reward
Learning phase
Proportion of correct responses 98.68 (1.57) 98.31 (1.95) 97.82 (2.17) - — -
Test phase
Correct response times (ms) 495.62 (52.51) 489.33 (52.55) 486.48 (51.59) 492.02 (52.43) 483.56 (49.03) 489.37 (50.92)
Proportion of correct responses 95.83 (3.36) 94.00 (4.25) 94.98 (3.94) 94.36 (4.77) 95.53 (3.52) 9491 (3.91)

Note. Standard deviations are in parentheses

The ANOVA performed on accuracy revealed no signifi-
cant main effect of condition, F(2, 66) = 2.97, p = .058.
Accuracy was overall very high (98.27%; see Table 1).

Test phase—Stroop task

The ANOVA performed on mean RTs revealed a significant
main effect of condition, F(2, 66) =4.94, p = .010, 77; =0.130,
no significant main effect of type of stimuli, F(1,33)=1.11,p
= .301, nor an interaction, F(1.52, 50.25) = 1.85, p = .176.
Subsequent ¢ tests indicated that RTs were significantly great-
er in the high-reward condition than in the low and no reward
conditions, s > 2.76, ps < .010, d_s > 0.47. No significant
difference was observed between the low-reward condition
and the no-reward condition, #33) = 0.56, p = 0.577 (Fig.
2b). Analyses performed specifically on conditioned stimuli
revealed that RTs were significantly slower in the high-reward
condition than in the low- and no-reward conditions, #s > 2.53,
ps < .017, ds > 0.43. Analyses performed for generalized

stimuli indicated that RTs were significantly slower in the
high-reward condition than in the low-reward condition,
#(33) = 2.33, p = .026, d, = 0.40, but did not differ signifi-
cantly between the high-reward condition and the no reward
condition, #33) = 0.86, p = .397 (see Table 1). After comput-
ing the difference between RTs in the high-reward condition
and the low-reward condition for each participant and each
type of stimuli (i.e., conditioned and generalized), we ob-
served a significant positive correlation between the Stroop
effects measured for conditioned and generalized stimuli,
r(32) = 497, p = .003 (Fig. 3). No such correlation was ob-
served for the difference between RTs in the low reward and
no reward condition, 7(32) = —.067, p = .705, with the differ-
ence between the two correlations being significant, z = 2.41,
p =.016.

The ANOVA performed on accuracy revealed no signifi-
cant main effect of condition, F(2, 66) = 0.23, p = .795, no
significant main effect of type of stimuli, (1, 33) < 0.01, p >
.99, and a significant interaction between condition and type
of stimuli, F(2, 66) = 4.43, p = .016, n}, = 0.118. Analyses
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Fig. 3 Relationship between Stroop effects (RT high reward minus RT low reward) for conditioned and generalized stimuli
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performed for conditioned stimuli indicated that accuracy was
significantly greater in the high-reward condition than in the
low-reward condition, Z = —2.23, p = .026, but no significant
difference was observed between the no reward condition and
the other two conditions (ps > .10). All the 2-by-2 compari-
sons for the generalized stimuli were not significant (ps > .10;
see Table 1). Mean accuracy was overall high (94.94%).

Contingency-awareness test

Contingency-awareness measures were analyzed with a bino-
mial test. All the participants correctly reported word-reward
contingencies (for the three conditions) with a cumulative
probability lower than 0.1% (i.e., significantly above chance).
Thus, all the participants were considered aware of the word—
reward contingencies.

Discussion

This study aimed to determine whether value-based attention-
al priority can transfer from the auditory to the visual domain
and whether this potential generalization could also affect the
processing of stimuli that are semantically related to valued
items. A learning phase established associations between au-
ditory words and monetary rewards. In a subsequent test
phase, participants performed a visual Stroop task including
written representations of auditory words previously paired
with reward (i.e., conditioned stimuli) and semantic associates
of formerly rewarded words (i.e., generalized stimuli).

In the learning phase, attention was biased toward stimuli
associated with high reward as reflected by faster RTs in the
high-reward condition, replicating previous findings (Kim
et al., 2021a, 2021b). In the test phase, participants were
instructed to identify the color of colored words while ignor-
ing their meaning. Conditioned stimuli associated with high
reward generated slower RTs than conditioned stimuli associ-
ated with no reward. Thus, the verbal information of condi-
tioned stimuli previously associated with high reward had
greater attentional priority (and so was more difficult to inhib-
it) than the verbal information of conditioned stimuli previ-
ously associated with no reward, demonstrating a transfer of
value-based attentional priority from the auditory to the visual
domain. We observed a similar pattern of results for RTs when
the high-reward condition was compared with the low-reward
condition, but the accuracy was greater for conditioned stimuli
associated with high reward. Although accuracy was overall
high (>94% across all conditions) and previously reported
value effects using this paradigm have been exclusively in
RT (Grégoire & Anderson, 2019), the comparison between
the high and the low-reward condition might at least in part
reflect a speed—accuracy trade-off. The findings for the com-
parison between the high and the no reward condition are
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more convincing because RT and accuracy effects go in the
same direction. Results also revealed that RTs for generalized
stimuli were slower in the high-reward condition than in the
low-reward condition, and the magnitude of this effect was
significantly correlated with the effect for conditioned stimuli,
suggesting that the influence of reward learning on attention
can transfer to visual stimuli semantically related to formerly
rewarded auditory stimuli.

It is possible that the correlation between conditioned and
generalized stimuli ensues from idiosyncratic properties of
words, such as the semantic category, irrespective of potential
value effects. Conditioned and generalized stimuli associated
with a specific value (e.g., high reward) come from the same
semantic category. Consequently, if the semantic categories
themselves have an influence on RTs in the Stroop task, we
would observe a similar correlation even without manipula-
tion of reward. For example, suppose that the words pet and
dog produce a larger Stroop interference than the other words.
When the pair pet—dog is associated with high or low reward,
this effect would promote a comparable RT difference (high
reward minus low reward) for conditioned and generalized
stimuli. Some studies reported that animate words generate a
larger Stroop effect than inanimate words (e.g., Bugaiska
et al., 2019). Thus, the words pet and dog could be more
distracting than the other words, which are inanimate. A
way to test this alternative explanation for our results would
be to examine the correlation between conditioned and gener-
alized stimuli for the RT difference between the low-reward
and no-reward conditions, which was not significant. This
result argues against the assumption that the significant corre-
lation we observed for the high- and low-reward conditions
ensues from idiosyncratic properties of words used in this
study, which would predict a comparable correlation when
comparing any two groups of words arbitrarily assigned to a
value condition.

We hypothesize that the Stroop interference observed in
this study could occur at an early stage of information pro-
cessing. In the learning phase, word-reward pairings might
produce associations between the semantic representation of
words and the respective value. The semantic representation
of words can be activated via the auditory or the visual mo-
dality. Similarly, generalized stimuli should activate the same
semantic representations as conditioned stimuli given their
strong association in memory (Collins & Loftus, 1975). In
the Stroop task, written words are thought to induce an oblig-
atory processing of semantic information due to the automa-
ticity of word reading (MacLeod, 1991). Thus, the automatic
activation of the semantic representations would bias the pro-
cessing of words formerly associated with high reward, to a
larger extent than words previously unrewarded or associated
with low reward, by allocating more attention toward these
stimuli (due to their higher potential adaptive value;
Anderson, 2013, 2021). As a consequence, RTs to identify
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the color of Stroop stimuli is slower in the high-reward con-
dition than in the low or no reward conditions. This hypothesis
is consistent with electroencephalographic studies that report-
ed an early attentional effect (i.e., greater P1 amplitudes) for
emotional words compared with neutral words using the
Stroop paradigm, which suggests greater attention allocation
to emotional words (Li et al., 2007; van Hooff et al., 2008).
However, our interpretation is speculative insofar as the pres-
ent study was not primarily designed to examine the specific
mechanisms of cross-modal and semantic generalization ef-
fects of value-driven attention, but to test the existence of such
effects. Further research should inspect the locus of the Stroop
interference observed in this study.

Research in psycholinguistics postulated that the activation
of phonological and semantic representations in response to
written input is automatic. This hypothesis was supported by
reading models (e.g., Harm & Seidenberg, 1999, 2004; Van
Orden & Goldinger, 1994) and empirical works (e.g., Rodd,
2004; Ziegler & Jacobs, 1995). The generalization effects ob-
served in the test phase could thus be mediated by the auto-
matic phonological processing of written words. This poten-
tial mechanism would not invalidate our main conclusions but
might limit the generalizability of our findings. A way to ex-
clude the assumption that the generalization effects are medi-
ated by the phonological processing of written words would
be to present visual objects in the test phase.

Contingency-awareness measures performed after the
Stroop task indicated that all the participants were aware of
stimulus—reward contingencies. Grégoire and Anderson
(2019) reported a semantic generalization effect of reward
learning on attention specifically for participants who were
unaware of the reward contingencies, but they did not manip-
ulate the stimulus presentation modality. Our data show that
the influence of reward learning on attention can generalize
from the auditory to the visual domain when participants are
aware of stimulus—reward contingencies, which does not ex-
clude the possibility that participants unaware of stimulus—
reward contingencies could manifest such a generalization
effect. In apparent contradiction with our results, Grégoire
and Anderson (2019) also reported that aware participants
exhibited a reverse Stroop effect in the test phase, potentially
reflecting value-based signal suppression (Gaspelin & Luck,
2018). However, this outcome was observed in a subgroup of
13 participants, which does not allow to draw strong conclu-
sions given the small sample size. Altogether, data from both
Grégoire and Anderson (2019) and the present study casts
some measure of doubt on the idea that awareness modulates
the semantic generalization of value-driven attention. One sa-
lient difference between studies is that in Grégoire and
Anderson (2019), the stimulus—reward contingencies were in-
cidental to the task during training (which was to report the
color of the font written words were presented in), whereas in
the present study the (spoken) word stimuli were response-

relevant and explicitly reported, which might recruit funda-
mentally different learning mechanisms. Future research is
needed to clarify how awareness modulates semantic general-
ization of value-driven attention.

To conclude, our results are consistent with a generaliza-
tion of value-based attentional priority from the auditory to the
visual domain. Our data also seem to support a semantic gen-
eralization of reward learning’s influence on attention across
modalities, although this outcome should be considered with
caution because effects observed with generalized stimuli
were limited to the difference between the high and the low-
reward condition. The findings provide valuable insight into a
critical aspect of adaptation (i.e., detect stimuli associated with
reward) and are relevant to the understanding of maladaptive
behaviors to which value-based attentional biases contribute
(e.g., substance abuse; Anderson, 2016a; Field & Cox, 2008).
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