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This study aimed to determine whether attentional prioritization of stimuli associated with reward transfers across

conceptual knowledge independently of physical features. Participants successively performed two color-word Stroop

tasks. In the learning phase, neutral words were associated with high, low, or no monetary reward. In the generalization

phase (in which no reward was delivered), synonyms of words previously paired with reward served as Stroop stimuli.

Results are consistent with semantic generalization of stimulus–reward associations, with synonyms of high-value words im-

pairing color-naming performance, although this effect was particular to participants who were unaware of the reward

contingencies.

Attention prioritizes stimuli previously paired with reward in-
dependently of current goals and perceptual salience (e.g.,
Anderson et al. 2011, 2014a; Anderson and Halpern 2017; for re-
view, see Watson et al. 2019). This value-based attentional priority
can transfer to novel stimuli that share a defining feature (e.g., col-
or) with previously rewarded items (Anderson et al. 2012; see also
Mine and Saiki 2015, 2018). Hickey and Peelen (2015, 2017) also
reported a generalization of associations between naturalistic visu-
al stimuli and reward to objects of the same category (e.g., cars).
More recently, Andreatta and Pauli (2019) showed that appetitive
conditioned responses transferred to stimuli perceptually related
to signals paired with food consumption in a prior acquisition
phase. However, studies about the generalization of stimulus–re-
ward associations mainly focused on perceptual cues. The poten-
tial semantic generalization of such associations is unknown,
even though real-world learning situations, especially emotional
experiences, often entail conceptual knowledge (Dunsmoor and
Murphy 2015).

Using the color-word Stroop paradigm, Krebs et al. (2010) ob-
served an enhanced interference effect when the semantic mean-
ing of words printed in an incongruent color (e.g., the word
“green” printed in red) corresponded to the ink color (e.g., green)
that signaled reward availability. This result suggests that the color-
reward association transferred to the color word, but if so, it is not a
semantic generalization per se. At most, the study of Krebs et al.
evidences the transfer of an association between a perceptual rep-
resentation (i.e., the color) and reward toward a semantic represen-
tation (i.e., the color-word meaning). A semantic generalization
would be demonstrated by the transfer of an association between
a semantic representation and reward toward another (different
but conceptually related) semantic representation (Razran 1939;
Staats et al. 1959; Paciorek and Williams 2015).

Semantic generalization was reported in the context of fear
conditioning using electrical stimulation (Dunsmoor et al. 2012;
Dunsmoor and Murphy 2014; Boyle et al. 2016; Grégoire and
Greening 2019). However, semantic generalization has apparently
never been investigated in the domain of attention and no study
focused on value-based effects. Whether stimulus–reward associa-
tions, and their effect on attention, generalize to semantically
related stimuli thus remains an open question. This potential pro-

cess could provide valuable insight into a critical aspect of adapta-
tion (i.e., detect stimuli associated with reward) and improve the
understanding and treatment of maladaptive behaviors to which
attentional biases contribute (e.g., substance abuse; Field and
Cox 2008; Anderson 2016b).

The present study aimed to determine whether attentional
prioritization of stimuli associated with reward transfers across
conceptual knowledge independently of perceptual features. We
devised a color-word Stroop task in which neutral words were
paired with high, low, or no monetary reward during a learning
phase. In a subsequent generalization phase, participants per-
formed a similar task with synonyms of words previously paired
with reward. We hypothesized that synonyms of words paired
with high reward would produce a Stroop interference effect (i.e.,
would slow down the color-identifying task), relative to synonyms
of words paired with low or no reward, because they should be pri-
oritized by attention (due to their semantic association with words
related to high reward) and more difficult to inhibit. Prior research
suggests that semantic generalization of fear conditioning may be
particular to participants aware of the stimulus–outcome contin-
gencies (Grégoire and Greening 2019), while another study found
that reward-related interference was particular to unaware partici-
pants (Leganes-Fonteneau et al. 2019). A secondary research ques-
tion therefore aimed to assess whether awareness of stimulus–
reward associations modulated the potential semantic generaliza-
tion of value-based attentional priority.

Thirty-six participants were recruited from the Texas A&M
University community. All were native English speakers, reported
normal or corrected-to-normal visual acuity and normal color vi-
sion. Data from one participant was discarded because he reported
using strategies to avoid reading words (by squinting). Two addi-
tional participants were removed from analyses due to a low pro-
portion of correct responses (below 2.5 SD of the group mean).
The final sample included 33 participants (21 female, mean age=
22.03 yr [SD= 3.60]). All procedures were approved by the Texas
A&M University Institutional Review Board and were conducted

Corresponding author: lgregoire1@exchange.tamu.edu

# 2019 Grégoire and Anderson This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first 12 months after the full-issue pub-
lication date (see http://learnmem.cshlp.org/site/misc/terms.xhtml). After 12
months, it is available under a Creative Commons License (Attribution-
NonCommercial 4.0 International), as described at http://creativecommons.
org/licenses/by-nc/4.0/.Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.050336.119.

26:460–464; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/19; www.learnmem.org

460 Learning & Memory

 Cold Spring Harbor Laboratory Press on March 26, 2020 - Published by learnmem.cshlp.orgDownloaded from 

mailto:lgregoire1@exchange.tamu.edu
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.learnmem.org/cgi/doi/10.1101/lm.050336.119
http://www.learnmem.org/cgi/doi/10.1101/lm.050336.119
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/
http://www.cshlpress.com


in accordance with the principles expressed in the Declaration
of Helsinki.

Six pairs of synonyms were selected from The University
of South Florida Word Association, Rhyme and Word
Fragmentation Norms database of free association (Nelson et al.
1998): tuna-fish, clock-time, oak-tree, assist-help, fuel-gas, yolk-egg.
The chosen pairs were all rated highly (i.e., above 65%) for the fre-
quencyof free associationwhen singleword primingwas provided.
There was no phonological or orthographic similarity between ei-
ther word of each pair. The first word in each pair was presented in
the learning phase, and their corresponding synonyms in the gen-
eralization phase. The learning phase consisted of three condi-
tions: high reward, low reward, and no reward. Each condition
comprised two words (which were always paired together in a spe-
cific condition to prevent grouping by category, e.g., tuna and yolk
in the category food): tuna and clock, oak and assist, or fuel and yolk.
These three pairs of words and conditions were fully crossed and
counterbalanced across participants. For the sake of simplicity,
we kept the same terminology for the three conditions (high re-
ward, low reward, and no reward) in the two phases, though partic-
ipants did not receive reward in the generalization phase. Words
were presented in equiluminant red, green, blue, and purple.

Before the learning phase, participants performed 24 practice
trials with six neutral words (different and not semantically related
to the experimental words) presented in each of the four colors.
The learning phase and the generalization phase were split into
three and two 120-trial blocks, respectively. Each block comprised
an equal number of high-, low-, and no-reward trials (i.e., 40). In
each block, each of the six words was presented five times in
each of the four colors (Fig. 1); trialswere pseudorandomlyordered,
excluding immediate repetitions of colors and words.

Participants were instructed to report the ink color of each
word as quickly and accurately as possible, ignoring theirmeaning,
by pressing the “C” key if the word was colored in green or purple

or the “M” key if the word was colored in blue or red. Before the
learning phase, we specified that correct responses sometimes re-
sulted in the delivery of a monetary reward (no information about
stimulus–reward contingencies was given). Before the generaliza-
tion test, participants were informed that no reward was delivered
in this phase. However, to maintain motivation, we indicated that
they would receive a $3 bonus if their accuracy was >90%. Upon
completion of the experiment, participants were given the cumu-
lative monetary reward they had earned.

After the generalization phase, participants provided self-
reported evaluations of their contingency awareness between
words presented in the learning phase and reward. Each of the
six words was presented once in each of the four colors, leading
to 24 trials. Stimuli were pseudorandomly ordered and displayed
around the center of the screen in the same way as in the learning
phase. At each trial, participants were asked: “How much money
do you think you would make for a correct response to this
item?” and selected 10¢, 2¢, or 0¢ (three-alternative forced-choice)
by clicking on the amount with the computer mouse.
Contingency-awareness measures aimed to determine both if par-
ticipants were aware of the stimulus–reward contingencies and if
awareness was correlated with Stroop effects. At the end of the ex-
periment, participants responded to a short questionnaire to indi-
cate if they used strategies during the Stroop task.

Misses and errors represented, respectively, 0.78% and 3.93%
of the trials in the learning phase, and 0.28% and 3.50% of the tri-
als in the generalization phase (see Table 1). Response times (RTs)
for correct responses beyond three standard deviations of themean
for each participant (1.27% in the learning phase and 0.69% in the
generalization phase) were trimmed (Grégoire et al. 2013, 2014,
2015).

A 3×3 repeated-measures analyses of variance (ANOVA) con-
ducted on the proportion of errors and misses measured in the
learning phase with condition (high reward, low reward, no re-

ward) and block (1, 2, 3) as within-subject
variables revealed no main effects or in-
teraction, Fs < 1.9, Ps > 0.13. The same
ANOVA performed on correct RTs re-
vealed no main effects or interaction, Fs
< 1.8, Ps > 0.17.

A 3×2 repeated-measures ANOVA
conducted on the proportion of errors
and misses measured in the generaliza-
tion phase with condition (high reward,
low reward, no reward) and block (1, 2)
as within-subject variables revealed a
marginal main effect of condition, F(2,64)
= 3.03, P=0.056, h2

p = 0.086, a significant
main effect of block in which errors and
misses decreased with experience, F(1,32)
= 9.69, P=0.004, h2

p = 0.232, and no in-
teraction, F(2,64) = 0.88, P=0.420.
Subsequent t-tests indicated that, com-
pared to the no-reward condition, the
proportion of errors and misses was sig-
nificantly lower in the high-reward con-
dition, t(32) = 2.16, P=0.039, d=0.38,
and marginally lower in the low-reward
condition, t(32) = 2.02, P=0.052, d=0.35
(no significant effect was observed be-
tween high- and low-reward conditions,
t<1). The same ANOVA performed on
correct RTs revealed nomain effects or in-
teraction, Fs < 1.9, Ps > 0.16.

From the contingency-awareness
measures, we computed difference scores

A

B

Figure 1. Sequence of trial events in (A) learning and (B) generalization phases. Each trial began with
the presentation of a fixation cross at the center of the screen for a random duration between 400 and
600 msec. A colored word then appeared around the center location for 1000 msec or until the partic-
ipant reported the color of the word, followed by a 1000-msec blank screen. We used a trial-to-trial
spatial uncertainty of 100 pixels around the center location (to present words) in order to limit oppor-
tunities for using strategies (e.g., fixating on a small portion of the print to avoid reading words;
Ben-Haim et al. 2014). In the learning phase, correct responses resulted in the delivery of monetary
reward feedback (displayed for 1500 msec) including the amount of reward earned on the current
trial (10¢, 2¢, or 0¢ for high, low, or no reward, respectively), as well as the total accumulated
reward. Next, a 1000-msec blank screen was presented before the start of a new trial. Participants did
not receive a reward in the generalization phase. In each phase, for incorrect responses and misses, a
1500-msec feedback display indicated “incorrect” or “miss,” respectively, at the center location just
after the presentation of the word, and a 1000-msec blank screen appeared before the next trial.
Throughout the experiment, the background of the screen was dark gray while the fixation cross and
feedback appeared in white. Written information was presented in 60-point Arial font.
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for each comparison (i.e., high reward vs. no reward, high reward
vs. low reward, and low reward vs. no reward). Each of these com-
parisonswas correlated with the corresponding Stroop effect calcu-
lated first on errors and misses and then on correct RTs. Regarding
the Stroop effect calculated on errors and misses in the learning
phase, the correlationwasmarginally positive for the difference be-
tween high and no reward, r(31) = 0.309, P=0.080, and significantly
positive for the difference between high and low reward, r(31) =
0.391, P=0.024. Regarding the Stroop effect calculated on RTs
in the generalization phase, the correlation was significantly
negative for the difference between high and no reward, r(31) =
−0.606, P<0.001 (Fig. 2A), and marginally negative for the differ-
ence between high and low reward, r(31) =−0.308, P=0.081. All the
remaining correlations were nonsignificant (all Ps > 0.10).

We classified participants as aware or unaware using a binomi-
al test. Specifically, participants who properly reported stimulus–
reward contingencies (for the three conditions) with a cumulative
probability lower than 5% (i.e., significantly above-chance) were
considered aware (N=13); otherwise, par-
ticipants were considered unaware (N=
20; note that we obtained exactly the
same results when the binomial test was
performed only with the high- and no-re-
ward conditions).

Unsurprisingly, two-by-two compar-
isons for contingency-awareness scores of
the three experimental conditions (i.e.,
high reward–no reward, high reward–
low reward, and low reward–no reward)
revealed nonsignificant effects in the un-
aware group (all Ps > 0.10) and significant
effects in the aware group (all Ps < 0.001).

To clarify the negative correlations
observed between Stroop effects and
contingency-awareness effects in the gen-
eralization phase, we analyzed Stroop ef-
fects separately for each group. In the
unaware group, RTs were significantly
faster in the no-reward condition than
in the high-reward condition, t(19) =
3.48, P=0.003, d=0.78. No significant ef-
fect was observed between the low-reward
condition and the other two conditions,
ts < 1.4, Ps > 0.18 (Fig. 2B). In the aware
group, RTs were significantly slower in
the no-reward condition than in the
low- and high-reward conditions, t(12) =
2.90, P=0.013, d=0.80, and t(12) = 3.91,
P=0.002, d=1.08, respectively. RTs were
also marginally slower in the low-reward
condition than in the high-reward condi-
tion, t(12) = 1.80, P=0.097, d= 0.50 (Fig.
2C). Between-group comparisons re-

vealed that Stroop effects were significantly (or marginally) greater
in the unaware group than in the aware group, high- vs. no-reward:
t(31) = 5.34, P<0.001, d=1.88, high- vs. low-reward: t(31) = 2.02, P=
0.052, d=0.65, low- vs. no-reward: t(31) = 2.79, P=0.009, d=1.03.

Similar analyses performed on errors and misses in the learn-
ing phase revealed that the Stroop effect for the difference between
high- and low-reward conditions was marginally greater in the
aware group than in the unaware group, t(31) = 2.03, P=0.051, d=
0.672. All the remaining effects were nonsignificant (all Ps > 0.10).

The current study aimed to determine whether the effects of
reward learning on attentional priority generalize to semantically
related but perceptually unrelated stimuli. The striking result is a
negative correlation between the Stroop effect measured on RTs
in the generalization phase and contingency awareness. Thus,
awareness ofword-reward contingencies presented during learning
(for high- and no-reward conditions) predicted the amplitude of
the Stroop effect (RT high reward–RT no reward) in the generaliza-
tion phase.

Table 1. Correct response times and proportion of errors and misses as a function of experimental conditions in learning and generalization
phases

High reward Low reward No reward

Learning phase
Proportion of errors and misses 4.87 (4.76) 4.55 (3.86) 4.72 (3.85)
Correct response times (msec) 524.23 (65.37) 527.28 (65.93) 524.18 (67.49)

Generalization phase
Proportion of errors and misses 3.41 (2.45) 3.41 (2.24) 4.51 (3.12)
Correct response times (msec) 504.58 (58.61) 504.17 (57.37) 504.68 (60.91)

Note. Standard deviations are in parentheses.

A

B C

Figure 2. Generalization phase. (A) Relationship between Stroop effect (RT high reward—RT no
reward) and contingency-awareness effect (high reward score–no reward score). Correct response
times as a function of condition (high reward, low reward, no reward) in (B) the unaware group and
(C) the aware group. Asterisks indicate significant differences ((*) P<0.05, (**) P<0.01), and the
dagger indicates a marginally significant difference ((†) P<0.10). Error bars depict within-subjects con-
fidence intervals calculated using the Cousineau method (Cousineau 2005) with a Morey correction
(Morey 2008).
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When analyzed separately for each group, results revealed two
opposite patterns for unaware and aware participants in the gener-
alization phase. We observed a pattern consistent with value-
driven interference in the unaware group, with slower RTs in the
high-reward condition than in the no-reward condition. Thus,
generalized words captured more attention when associated with
high reward rather than no reward in participants unaware of the
relationship between conditioned words and reward. This finding,
which may seem counterintuitive, fits nicely with prior studies of
value-driven attention in which participants as a group are largely
unaware of the reward contingencies (Theeuwes and Belopolsky
2012; Anderson 2015), and a recent study in which reward-related
interference was particular to unaware participants (Leganes-
Fonteneau et al. 2019). Our data also showed an unexpected nega-
tive Stroop effect in the aware group; although these results should
be interpreted with caution, given the small sample size (N= 13),
they potentially reflect value-based signal suppression (Gaspelin
and Luck 2018). According to the signal suppression hypothesis
(Sawaki and Luck 2010), a top-down control mechanism may
prevent attentional capture and reduce the processing of salient
stimuli below baseline levels. Hickey et al. (2010) suggested that
the salience of a stimulus increases after pairing with reward
(Anderson and Kim 2019). Thus, generalized words associated
with high reward could be perceptually more salient than general-
ized words associated with low and no reward (due to transfer of
word-reward associations acquired during learning). In order to
perform the task more efficiently, aware participants might have
actively suppressed the more perceptually salient reward-associat-
ed words.

It is worth noting that the assessment of contingency-aware-
ness was performed after the Stroop task, whereas concurrent mea-
sures, taken during the experimental phase, are usually more
sensitive (Lovibond and Shanks 2002). Our approach therefore
provides a conservative measure of awareness. We opted for post-
experimental measures to prevent or reduce the possibility that
participants find out the goal of our study. A trial-by-trial assess-
ment of awarenessmight have informed participants about our ob-
jectives and biased our results. For instance, this could have
tempted participants to discover relationships between stimuli
and reward resulting in an artificially high proportion of aware
participants.

In the learning phase, errors andmisses tended to bemore fre-
quent in the high-reward condition for aware participants, relative
to the low-reward condition, suggesting that words associatedwith
high reward were more distracting in the aware group, potentially
due to sign-tracking (Le Pelley et al. 2015). However, RTs in the
learning phase did not differ between conditions (even when ana-
lyzed separately for each group). That effects of reward on distrac-
tion were more robust in a test phase following learning is a
common finding in the literature (Anderson et al. 2012; Mine
and Saiki 2015; Anderson 2016a; Anderson and Halpern 2017),
and it is possible that participants only learned the contingencies
toward the end of training (see Anderson et al. 2014b).

To conclude, our results are consistent with a semantic gener-
alization of stimulus–reward associations independent of percep-
tual features; however, effects observed with generalized stimuli
depend on the awareness of the relationship between conditioned
stimuli and reward.
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