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Abstract: A growing body of evidence suggests that reward may be a
powerful determinant of attentional selection. To date, the study of
value-based attentional capture has been mainly focused on the visual
sensory modality. It is yet unknown how reward information is
communicated and integrated across the different senses in order to
resolve between competing choices during selective attention. Our study
investigated the interference produced by an auditory reward-associated
distractor when a semantically-related visual target was concurrently
presented. We measured both manual and saccadic response times towards a
target image (drum or trumpet), while an irrelevant sound (congruent or
incongruent instrument) was heard. Each sound was previously associated
with either a high or a low reward. We found that manual responses were
slowed by a high-reward auditory distractor when sound and image were
semantically congruent. A similar effect was observed for saccadic
responses, but only for participants aware of the past reward
contingencies. Auditory events associated with reward value were thus
capable of involuntarily capturing attention in the visual modality. This
reward effect can mitigate cross-modal semantic integration and appears
to be differentially modulated by awareness for saccadic vs. manual
responses. Together, our results extend previous work on value-driven
attentional biases in perception by showing that these may operate across
sensory modalities and override cross-modal integration for semantically-
related stimuli. This study sheds new light on the potential implication
of brain regions underlying value-driven attention across sensory
modalities.
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Dear Editor-in-Chief,

- Manuscript title: Value-driven attentional capture during cross-modal integration
- Authors: Leandro R. D. Sanz, Patrik Vuilleumier, Alexia Bourgeois

Please find enclosed the above-mentioned revised manuscript, which we would like to
submit for publication in Neuropsychologia.

We have thoroughly read the detailed comments from the two reviewers whom we thank
for their careful reading and their insightful suggestions. We provide here a revised
version of our manuscript addressing all the issues and keypoints raised by the reviewers.

Thanking you in advance for your attention,
With best regards,

On behalf of all co-authors
Leandro R. D. Sanz
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Response to Reviews

Ms. No.: NSY-D-18-00286
Title: Cross-modal integration during value-driven attentional capture
Corresponding Author: Dr. Leandro R. D. Sanz
Authors: Patrik Vuilleumier, Ph.D.; Alexia Bourgeois, Ph.D.

REVIEWER 1

The paper by Sanz and colleagues describes a research aimed at investigating the behavioral correlates of
the effects of reward on multi-sensory integration. In particular, the authors measured the interference
produced by irrelevant, lateralized auditory stimuli (which were previously associated with a high vs. low
reward during a dedicated learning phase) on the ability of the participants to discriminate the spatial
location of a subsequent, lateralized visual target. Critically, in different experimental conditions, auditory
and visual stimuli were either semantically congruent or incongruent (semantic congruency), and were
presented either on the same or different spatial hemifield (spatial congruency). During the test phase,
participants identified the lateralization of the visual target with both a manual and an oculomotor
response. An increased interference by auditory distractors was assessed on manual responses in
semantically congruent conditions; on the contrary, no effect was observed on oculomotor responses,
except for participants who had become aware of stimulus-reward contingencies during the training
phase.

The topic is of interest and the paper is generally well written and pleasant to read. However, a number of
disputable methodological choices and a suboptimal, and sometimes misleading, approach to data
analyses undermine the overall quality of the work and its potential impact. In what follows, | will point to
some major weaknesses that the authors should try to address in a revised version of the manuscript.
Some minor points will instead be listed at the end of this review, together with some indications of
missing references that should be covered.

Response: We thank the reviewer for their careful reading and kind positive suggestions. Below we
addressed the different concerns expressed by the reviewer and changes made in the manuscript.

MAIN ISSUES: DESIGN

The paradigm described by the authors has some non-trivial points of weakness.

First, the authors aim at measuring attentional capture effects on both manual and oculomotor responses
during the test phase. Their choice was to require both responses on the very same trial, probably for the
valuable reason that in this way they were able to test both effectors on the very same subjects (although
no within-subjects analysis was then applied to directly make comparisons). However, this choice is highly
disputable for different reasons:

Response: The reviewer expresses concerns about the choice of testing both effectors on the same trial
and in a within-subject design. We agree that this decision may require some cautions regarding the
interpretation of the results obtained on each effector (i.e. manual and saccadic). However, this choice
was precisely motivated to investigate the interdependency of reward-related effect on both manual and
saccadic responses, which would have been impossible to achieve in a single-effector paradigm. Given the
potential individual variability in reward integration, a within-subject design was chosen to compare more
reliably the influence of reward on each effector.

We understand that the rationale behind the paradigm design as well as its limitations were unclear in the
initial version of the manuscript and the text has been modified to address these issues.

a) Itis not clear whether correct responses for both effectors are required to obtain a reward at the end
of each trial - based on what is written in the methods, | think only the manual response was considered



to determine accuracy in performance, which makes the two responses clearly different in terms of their
relevance to task execution.

Response: The reviewer is right, the accuracy in performance was only based on manual responses. Note
however that the feedback given to participants during the testing phase was to ensure that participants
correctly performed the task throughout the experiment and was not related anymore to the reward
manipulation. Participants were clearly informed on the flat reward system in the testing phase and
instructed to only try and respond as fast as possible using both effectors. We acknowledge that the
absence of feedback for the oculomotor response may have induced an imbalance in task relevance
between the two effectors. However, we believe that a double feedback (manual and oculomotor) would
have induced confusion and may have complicated the realization of the task. The percentage of correct
manual responses was very high (98.6%). Only 54 trials corresponding to an incorrect manual response
(out of 4370 trials included in the analysis) and a consecutive correct saccade have been discarded across
all participants, suggesting that the concomitant oculomotor task may not impact manual accuracy and
may not impact the pattern of results observed in this study.

Action: A table with the accuracy for each effector has been added in the revised version of the manuscript
(see Supplementary Material, new Table S1). The text has been modified to state more clearly that only
trials with correct manual and saccadic responses were considered for the analysis (see revised
manuscript, p. 15 1. 11), and a paragraph in the Discussion has been added to stress this potential
limitation (see revised manuscript, p. 22 I. 10-16)

b) The oculomotor and manual responses are not coordinated (e.g., are not aimed to the same target
location), which makes them potentially conflicting in terms of motor planning.

Response: Manual and oculomotor responses always had to be performed towards the image, i.e. towards
the same target location.

Action: We apologize for the lack of clarity regarding this point. The Methods section has been
reformulated to clarify (see revised manuscript, p. 10 I. 4-8).

c) While manual responses were employed in the association (training) phase in relation to the
discrimination of sound lateralization, eye movements were required during the test phase anew. It
would have been much better to test the effects of reward associations on manual and oculomotor
responses in separate group of subjects/experiments, with both used as the effective response to the
task. Repeating the experiment in this form will be important to make any claim about differential
patterns for manual vs. saccadic responses tenable.

Response: The absence of oculomotor response during the association phase might have indeed limited
reward-induced effects for this effector. However, our main purpose was to evaluate how semantically-
related cross-modal stimuli associated with a reward could modulate manual responses. The oculomotor
effector was used as a secondary endpoint to investigate a possible interaction between motor and
oculomotor systems during value-driven attentional capture. Additionally, a within-subject design was
considered more suitable regarding the high individual variability in reward integration.

Action: A paragraph has been added in the Discussion to deal with this point (see revised manuscript, p. 22
l. 16-18).

Second, the choice of using a flat, low-reward schedule during the test phase is highly disputable too.
Although in the latter phase fixed rewards are associated with responses to visual targets (not to sounds),
a strong reduction in reward availability, within a very similar motivational context, might have had an
unspecific impact on the participant attitude. Since unbalanced rewards were associated with specific
sounds in the initial training phase, one could hypothesize that a more general association was created
between specific objects (semantic level) and reward levels. If this were the case, the test phase, with flat



low reward availability will have served as a strong extinction protocol, negating the previously learnt
associations, or at least promoting unbinding of multisensory information. Extinction will be in place even
if one only considers that a purely associative (Pavlovian) link was established between sounds and
rewards. Although the authors should have better used a no-reward protocol during the test phase, now
they should at least try to see whether reward effects might be unveiled more clearly during the initial
blocks of the test phase, where perhaps the effects of extinction will not be complete yet.

Response: As stated above (see response a), the feedback given to participants during the testing phase
was to ensure that participants correctly performed the task and was not related anymore to reward
manipulation. Participants were clearly instructed in this sense before each phase. We apologize for this
potential lack of clarity. Nevertheless, we agree that the similar motivational context of the testing phase
compared to the association phase could have elicited some extinction phenomenon. We could however
assume that extinction would have abolished rather than elicited reward-related effects during the testing
phase, as suggested by our results.

In order to deal with this point, we have conducted the analyses on separate blocks of trials to search for
progressive extinction.

Action: This additional analysis has been added in the Results section (see revised manuscript, p. 14 |. 10-
17) and discussed in the section 4 (see revised manuscript, p. 21 I. 6-10). We have only found a main effect
of trial blocks such that participants were faster during the last trials (376ms) compared to the first ones
(430ms), as can be expected with training. No interaction between trial blocks and any other factor was
significant.

Finally, based on how the task is designed, participants are required to make use of attentional resources
to avoid/override multisensory integration (ignore irrelevant stimuli in the auditory modality and select
relevant stimuli in the visual modality). The authors should make explicit mention this aspect and to the
expected influence of an association of rewards which is confined to a selectively auditory dimension or
instead might have acquired a broader semantic meaning.

Response: The reviewer is right. The task was indeed designed to investigate how previously rewarded
stimuli modulated attentional performances in the visual modality when target and distractor were
semantically related. We agree with the reviewer that two possible reward learning patterns may have
been expected, depending on whether the value was purely associated with the auditory stimulus or rather
with the semantic concept of the instrument.

Action: We now have explicitly mentioned the distracting nature of the auditory stimulus in the Methods
section (see revised manuscript, p. 91. 9 and p. 10 I. 4) and discussed the possible interpretations both in
the Introduction (see revised manuscript, p. 6 I. 18-19) and in the Discussion section (see revised
manuscript, p. 20 . 3-9).

MAIN ISSUES: ANALYSIS

There are also some relevant problems in the way the authors approach data analyses. While the
approach to manual RTs is generally sound, the approach to saccadic RTs appears as incomplete and more
confused, perhaps also because of the complexity retrieved in the actual pattern of results (see below).

Before coming to actual results, a general issue pertains to the approach to saccadic responses. Did the
authors consider only first saccades in their analyses?



Response: We indeed considered in the analysis the first saccade falling in a ROI defined as a circle of 6° of
visual angle around the target picture’s center. This methodology allowed us to focus on goal-directed
saccades without considering saccades not directed towards the target, and hence reliably computing
saccadic response times of eye movements directed towards the target.

Action: The Section 3.2.2 has been modified to clarify this point (see revised manuscript, p. 15 I. 8-10).

Why did the authors consider only saccadic responses in trials where a correct manual response was
collected?

Response: As stated above, the percentage of correct manual responses was very high (98.6%). Only 53
trials corresponding to an incorrect manual response (out of 4370 trials included in the analysis) and a
consecutive correct saccade have been discarded across all participants, suggesting that the concomitant
oculomotor task may not impact manual accuracy and may not impact the pattern of results observed in
this study. Also, manual responses were the main endpoint in the design of this study, using oculomotor
responses as a secondary measure.

Action: This point has been clarified in the revised manuscript (see revised manuscript, p.22 |. 14-16).

Were there trials in which a "correct" saccade (first saccade to the target) was measured in the absence of
a correct manual response? The authors should first report general data describing the percentage of first
saccades correctly landing on the visual target, saccadic errors or omissions and the behavioral relations
between the two kinds of responses they measured during the task.

Response: We thank the reviewer for this suggestion.

Action: We have now added a table reporting percentages of accuracy for manual and saccadic responses
(see new Table S1, p. 29). It is important to mention that very few trials (53 trials across all participants)
contained an incorrect manual response times and a valid saccade. These exclusions might thus not impact
the pattern of results observed in this study.

Coming to results collected with saccadic responses, the authors describe an overall effect of awareness,
an interaction between awareness and reward, and a quadruple interaction between all factors. They
then decide to concentrate on a rather specific comparison, namely they measure the effect of reward on
the attentional capture by a semantically-congruent and location-incongruent sound distractor in aware
vs. unaware participants. This is interesting in principle, but the authors should better justify their focus
on this aspect and, to provide a suitable parallel, they should also show results of a similar analysis for
manual responses.

Response: We thank the reviewer for this comment. The rationale behind this analysis was that the
condition where the sound and the image from the same instrument presented in a different hemispace
corresponded to the highest possible interference. This situation was therefore probed for an effect of
awareness that may be hidden in less interferential conditions. We agree that the clarity of the
methodology would benefit from a similar analysis on manual response times.

Action: We have now performed the same analysis on manual response times. No significant effect was
observed for this effector (see revised manuscript, p. 17 1. 16-22).

Moreover, | think that other potentially interesting effects are disregarded. Just as an example, for both
aware and unaware participants, an interaction between spatial and semantic congruency for high reward
stimuli appears to be evident from inspection of Figure 4. Was this significant? | suggest that the authors



provide a more articulated account of the significant results observed with saccadic RTs (decomposing all
potentially meaningful aspects of the quadruple interaction).

Response: We agree with the reviewer that this complex quadruple interaction needed more detailed
account in the manuscript.

Action: We have decomposed the full analysis and performed four ANOVAs separating aware from
unaware participants, in high reward and in low reward conditions. We found a significant interaction
between semantic congruence and location congruence for highly rewarded trials in participants aware of
the reward association, as suggested by the reviewer, F(1,7)=8.49, MSE=73, p=0.023. No other main effect
or interaction in any of the four ANOVAs was significant (all ps > 0.07). We have reported these additional
analyses in the text (see revised manuscript, p. 17 I. 1-6).

Finally, and most critically, the authors should report correlations between the critical effects found with
manual responses and saccadic responses (also in the case of non-significant effects in one or the other
case) in order to understand whether the effects found in the two domains do share common substrates
or have an independent origin/nature.

Response: We agree with the reviewer that correlations between manual and saccadic responses can bring
further information on the interdependence between effectors and help understand the differential results
observed.

Action: We have performed Pearson correlations between manual and saccadic RTs in the testing phase
for similar experimental conditions, which showed no significant correlation for any of the critical
conditions showing a significant main effect or interaction in one or the other modality (all ps>0.06). These
additional analyses have been reported in the text (see revised manuscript, p. 18 I. 1-4).

In addition, in a related perspective, effects measured during the test phase should be correlated with the
results of the association phase.

Response: We fully agree with the reviewer.

Action: We have performed Pearson correlations between the manual RTs in the association and the
testing phase. After the exclusion of one participant who showed exceptionally slow RTs in the association
phase, this analysis revealed a significant positive correlation between manual RTs in the association and
the testing phase (R=0.69, p=0.001). Additional correlations considering only trials with a highly-rewarded
sound (R=0.64, p=0.001) or a low-rewarded sound (R=0.72, p=0.003) also revealed significant positive
correlations between the association and the testing phase. These results confirm the consistency of
subjects’ performance across the two phases of this experiment. These additional analyses have been
reported in the text (see revised manuscript, p. 14 |. 18-22 and p. 15 1. 1-2).

MINOR POINTS

INTRODUCTION:

Additional references are needed when addressing the influence of top-down signals on different sensory
processing stages (e.g., Buschman & Kastner, Neuron 2015; Chelazzi et al., WIRE 2011, among others).
Additional reference will also be appropriate in relation to the description of reward effects as a form of
attentional control (e.g., Failing and Theeuwes, Psychon Bull Rev 2018; Chelazzi et al., Vis Res 2013; Awh
et al., Trends Cog Sci 2012 as reviews, again among others).

Response: We thank the reviewer for these suggestions.



Action: These references have been added in the revised manuscript (see p. 31. 17, p. 51. 12, p. 4. 18).

In the last part of the Introduction (p.5), the authors cite opposite findings in the literature (Pooresmaeili
et al., 2014 and Anderson, 2015b); it would be important to underline and explain the contradictions also
in view of a deeper discussion of the authors' own findings, as reported in the current paper.

Response: We agree with the reviewer. Note that the experimental design used in these two studies
contained important differences, which could explain the differential effect of reward associated stimuli
observed.

Action: The text has been modified to further discuss the results of these two studies (see revised
manuscript, p. 6 I. 3-8)

METHODS:

Please clarify how the high vs. low reward outcome was justified to the participants (as dependent from
their performance? as delivered randomly?).

Response: We apologize for the lack of clarity regarding this point. Participants were instructed to
maximize the number of points that they could win throughout the experiment, without being informed of
the rule underlying reward contingencies and probabilities.

Action: This statement has been clarified in the revised manuscript (see revised manuscript, p. 8 I. 12-14).
Please report the refresh rate of the monitor (section 2.2, p. 7).

Response: We acknowledge the omission of this information.

Action: We have reported the monitor refresh rate in the revised manuscript (see p. 7 1. 17).

The temporal distance between the sound and the visual stimulus during the test phase was fixed at 200
ms, rendering the sound a very precise temporal cue. In addition, the sound might have served as a
spatial cue to automatically bias attention, which in half of the trials (spatially incongruent trials) would
likely have produced a cost in performance. Indeed, the inter-stimulus distance was such to avoid
inhibition of return. All these aspects pertaining to task design should be made explicit and discussed.

Response: The reviewer is right, a constant 200ms stimulus onset asynchrony (SOA) was chosen in order to
avoid inhibition of return effect. Only the location congruence of the sound and the image could vary. Our
results indicated slower responses, although marginally significant, when the sound and the image were
spatially incongruent.

Action: This aspect has been mentioned and clarified in the revised manuscript (see p. 9 1. 13-14 and p. 10
l. 1-2).

Please clarify if reward in the test phase was delivered only on the basis of manual responses (see also
above).

Response: As indicated above, no reward manipulation was performed during the testing phase. Instead,
feedback regarding the accuracy of manual responses was given during this phase, to ensure that
participants performed the discrimination task throughout the experiment correctly.

Action: This statement has been clarified in the revised manuscript (see p. 10 . 10-11).

RESULTS:

A figure is needed for readers to visualize the overall significant interaction between block and reward in
the association phase (p. 9-10, section 3.1).



Response: We thank the reviewer for this suggestion.
Action: A figure has been added in the revised manuscript (see new Figure 51, p.29).

For manual responses, reported analyses should be anyway repeated without "aware" participants to
fully confirm the reported pattern of results.

Response: We thank the review for the suggestion and agree with the necessity to confirm results with this
analysis.

Action: We have repeated the ANOVA on manual RTs including only participants unaware of the
association with reward. Similarly as observed with all participants, an interaction between reward and
semantic congruence was found, F(1,11)=6.20, MSE=289, p=0.030. No other main effect or interaction was
present. A mention to this analysis was added to the text (see p. 14 1. 7-9).

DISCUSSION:

To discuss the peculiarities in the pattern of results observed for eye movements, it will be interesting to
focus on what reported in the main part of this review (lack of task relevance for the saccadic response).

Response/Action: The Section 4 has been modified in order to take into account the lack of task relevance
for the saccadic task, which could have explained the pattern of results observed in this study (see revised
manuscript, p. 22 1. 10-23).

The idea that reward effects might be overall concealed on saccadic responses because the paradigm did
not involve reflexive saccades is not that convincing. Manual responses, which were modulated by reward
signals, were not automatic movements and would have likely suffered from a similar problem. Also, the
fact that an effect on saccades was found in aware participants is not enough to sustain that perspective;
perhaps this aspect might push to an account of the results based on considering how strategy might have
affected saccadic responses in aware participants (once again related to the previous issue).

Response: The Discussion part has been modified to integrate this suggestion (see revised manuscript, p.
231 15-23).

In relation to the main topic of the paper, i.e. how cross-modal integration is affected by reward-mediate
attentional capture, the authors should consider and discuss recent papers which might be of great
relevance for their own research (e.g., Bruns et al., Atten Percept Psychophys 2014; Talsma et al., Trends
Cog Sci 2010; Macaluso, Cortex 2010).

Response: We thank the reviewer for these relevant additional references, which have been integrated in
the revised manuscript (see p. 4 1. 1&14, p. 51. 23, p. 6 1. 18, p. 18 1. 15, p. 20 . 3).

REVIEWER 2

In this study Sanz and colleagues aim to explore whether and how the effects of value-based attentional
capture can be observed across different sensory modalities. What | find particularly interesting about
this approach is that, differently from previous studies in the literature, the auditory and visual stimuli
that have been employed here are coupled from a semantic point of view. Therefore this study actually
investigates whether and how reward associations with specific stimuli delivered in the auditory affect the
processing of the same objects, perceived through a visual image.

Response: We thank the reviewer for their positive comments and suggestions. Below we addressed the
different concerns expressed by the reviewer and changes made in the manuscript.

This difference relatively to previous studies on stimulus-reward associations in the auditory or visual
domain should be stressed more clearly in the introduction. At present, especially in the last part of the



introduction, when previous studies on reward and auditory stimuli are discussed (e.g., Pooresmaeili et
al., 2014 and Anderson, 2015b), it is somewhat difficult to grasp the important novel aspects which are
addressed in this study.

Response: We acknowledge that the multisensory integration and semantic coupling of stimuli were not
particularly highlighted in our introduction despite their novelty in our design.

Action: The introduction has been modified in order to more clearly underline novels aspects addressed in
this study and its potential impact on our understanding of reward-related effect on attentional perception
(see revised manuscript, p. 6 I. 15-19, p. 7. 1-2, p. 19 1. 2).

Here indeed the different stimulus modalities refer intrinsically to the same concept, therefore whether
or not crossover effects will be found due to reward-associations depends on whether reward will affect
"central" stimulus representations, rather than simple, low-level auditory or visual signals.

Response: The reviewer is right. The task was indeed designed to investigate how previously rewarded
stimuli modulated attentional performances in the visual modality when target and distractor were
semantically related. We agree with the reviewer that two possible reward learning patterns may have
been expected, depending on whether the value was purely associated with the auditory stimulus or rather
with the semantic concept of the instrument.

Action: We now have explicitly mentioned this aspect and discussed the possible interpretations both in
the Introduction (see revised manuscript, p. 6 I. 18-19) and in the Discussion section (see revised
manuscript, p. 20 1.3-9).

To this respect | found that it is crucial also to stress that the tasks that subjects are required to perform
NEVER entail stimulus discrimination, either in the learning or in the test phase. Access to stimulus
identity is never needed, as responses should be delivered according to stimulus location, and yet,
whether the effects will appear will depend on an association between reward and stimulus identity.

Response: The reviewer is right. The task was indeed designed to avoid access to stimulus identity that
could have potentially interfered with the cross-modal semantic integration of visual and auditory stimuli.

Action: The Discussion has been modified to highlight this important aspect (see revised manuscript, p. 19
l. 13-15).

Results:

As far as | could expect a priori, the main result of the study is somewhat contradictory. If the processing
of reward-associated stimuli is enhanced, and the level of processing at which reward acts is semantic,
one might have expected that trials with congruent stimuli in the test should have received a better
performance, and especially so for those trials in which the spatial location of the two is also congruent
(with respect to when locations are opposite). Instead, not only there is no impact of past reward-
associations on spatial congruency, but the effect that emerges is quite the opposite. Irrespectively of
stimulus locations, trials in which the rewarded signal is presented together with the congruent visual
stimulus lead to a worsening of performance, as if the rewarded signal were able to trigger competition,
rather than facilitation, with respect to the processing of the semantically associated visual item.

Response: The reviewer is right. The semantic identity shared by auditory distractors and visual targets
allows to test if the value was purely associated with the auditory stimulus or rather with the semantic
concept of instrument. An integration of the reward value at a semantic level would have been likely to



elicit enhanced performance in semantically congruent trials with highly rewarded sounds. The opposite
pattern of results observed here suggests that value is rather associated with the auditory stimulus itself,
which induces an attentional competition with semantic binding processes.

Action: Discussion on this consideration has been added to the revised version of the manuscript (see p.20
1. 3-9).

This finding was not corroborated by saccadic latencies towards the visual stimuli, which were only
affected by semantic congruency altogether, being faster to the onset of visual stimuli that were
semantically congruent to the auditory ones. In my view this effect was probably driven by the fact that
auditory stimuli preceded in time visual onsets, and therefore might have created a semantic context
which affected attentional deployment. This possibility, never acknowledged, should be taken into
consideration in the Discussion.

Response: We fully agree with the reviewer.
Action: This hypothesis is now mentioned in the Discussion (see revised manuscript, p. 22 |. 18-23)

In addition to these findings, the Authors also report that performance across subjects was rather
influenced by participants' awareness of stimulus-rewards associations during the learning session.
Indeed, in saccadic latencies subjects that had become aware of reward contingencies (n = 8 individuals)
showed significant costs in performance in trials in which the visual and auditory stimuli were
semantically congruent, but spatially incongruent. This finding is actually the only one in line with what
one could have expected on the basis of prior literature on value-based attentional capture.

| wonder whether part of the mismatch between the results obtained from manual RTs and saccadic
latencies could be explained by the fact that subjects were explicitly required to provide both responses.
Such requirement might have given rise to an attempt to control more strategically the timing of the two
responses (e.g., eye-movement first, key-press later), and this extra effort could perhaps have
overshadowed the effects that might have appeared (in manual responses) in a more "natural" context,
i.e., when saccades were spontaneous and not required.

Instead of taking this possibility into consideration, the Authors discuss in length the possibly dissociable
neural mechanisms underlying eye- and key-press responses. While | think that this might actually be one
of the possible causes for this dissociation, one way to corroborate this hypothesis could be to prove that
they are NOT correlated to one another. Are they? These tests should be made, and the findings obtained
discussed.

Response: We fully agree that the timing of the two responses may have influenced the pattern of results
observed in this study. As suggested by the reviewer, we calculated statistical correlations between
manual and saccadic response times. This analysis indicated no significant correlation (all ps>0.06),
suggesting the existence of distinct neural mechanisms underlying manual and saccadic reward
interference.

Action: The Results and Discussion parts have been modified to discuss this point (see revised manuscript,
p. 18 1. 1-4 and p. 22 |. 21-23).

Overall the manuscript is well written and easy to follow, but in general, | find that much part of the
introduction and of the discussion deal with describing broadly neural networks and mechanisms that
cannot be really pinpointed with the current results.

Given the nature of the task and of the findings obtained, | suggest that more emphasis should be put on
speculating about the cognitive processes that are tackled by these manipulations, rather than the neural



underpinnings. As the authors suggest, these might be addressed in a future (perhaps neuroimaging)
study.

Response: We recognize that the results presented in the present study allow only speculative conclusions
on the neural bases of cross-modal integration during value-driven attentional capture. In order to meet
the reviewer concern, we have modified section 1 and 4 to reduce and mitigate this speculative
assumptions (see revised manuscript, p.24 1. 8-11, p. 71. 2, p. 201. 11, p. 20 1. 14 & |. 19, deleted paragraph
atp. 191. 5).

Figure 1

The task is well described, however some of the elements in the picture are not discernible. For the
purpose of illustration, fixation crosses and arrows indicating the trial timeline should be rendered
thicker.

Response: We thank the reviewer for this comment. These modifications have been made (see new Figure
1, p.9).

Graphs

Overall | found the graphs to be somewhat confusing, as they plot the raw data even when the full blown
interaction is non-significant. Perhaps it would be a good idea to plot means at the levels that give rise to
significant effects, so that the message carried by the statistical analysis does not get diluted in the
particular non-significant trends shown at higher levels of detail. Table 1 already provides the means for
all conditions and sublevels, so all one needs to know is already there.

Response: We agree with the reviewer’s suggestion. We have removed the details regarding location
congruence in all graphs to give a better understanding of significant effects.

We would like to thank the reviewer for their insightful suggestions and comments about our study.
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Abstract

A growing body of evidence suggests that reward may be a powerful determinant of
attentional selection. To date, the study of value-based attentional capture has been mainly
focused on the visual sensory modality. It is yet unknown how reward information is
communicated and integrated across the different senses in order to resolve between
competing choices during selective attention. Our study investigated the interference
produced by an auditory reward-associated distractor when a semantically-related visual
target was concurrently presented. We measured both manual and saccadic response times
towards a target image (drum or trumpet), while an irrelevant sound (congruent or
incongruent instrument) was heard. Each sound was previously associated with either a high
or a low reward. We found that manual responses were slowed by a high-reward auditory
distractor when sound and image were semantically congruent. A similar effect was
observed for saccadic responses, but only for participants aware of the past reward
contingencies. Auditory events associated with reward value were thus capable of
involuntarily capturing attention in the visual modality. This reward effect can mitigate
cross-modal semantic integration and appears to be differentially modulated by awareness
for saccadic vs. manual responses. Together, our results extend previous work on value-
driven attentional biases in perception by showing that these may operate across sensory
modalities and override cross-modal integration for semantically-related stimuli. This study
sheds new light on the potential implication of brain regions underlying value-driven

attention across sensory modalities.

Keywords: reward, attentional capture, cross-modal integration, manual, saccadic

Declarations of interest: none
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1. Introduction

Despite the highly efficient and parallel processing capacity of the human brain, our
ability to encode and respond to external sensory information is limited. Selective attention
provides an adaptive filtering system that allows for selecting relevant stimuli and ignoring
irrelevant information in the environment. However, attention is not a unitary mechanism.
Unexpected, salient stimuli can capture attention in an involuntary, bottom-up manner
through exogenous orienting mechanisms. Or instead, attention can be oriented in space in
a top-down, goal-directed manner, through endogenous control mechanisms (Posner, 1980).
These two components of attention rely on distinct neuroanatomical networks: while
endogenous attention is primarily mediated by activation in the intraparietal and superior
frontal cortices, exogenous orienting activates more ventral areas in temporoparietal and
inferior frontal cortices. These two systems entertain highly interactive functional
relationships, with the latter acting as a circuit breaker on the former when salient stimuli
require reorienting and refocusing of attention (Corbetta and Shulman, 2002). Neuroscience
research has consistently shown that these frontoparietal networks mediate attention
selection mechanisms by imposing top-down modulatory signals on sensory pathways
(Buschman and Kastner, 2015; Chelazzi et al., 2011; Corbetta and Shulman, 2002; Quentin et
al., 2015), leading to enhanced neuronal responses at several processing stages from

primary up to higher association stages (Vuilleumier et al., 2001).

Information coming from different sensory modalities also competes for attentional
capacity and thus implies cross-modal integration mechanisms (Jolicoeur, 1999). While
multisensory integration has often been considered as an automatic process, some evidence

suggested that it could
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be modulated by attentional processing (Talsma et al., 2010). Well-known attentional
effects observed in unimodal conditions are also encountered across different sensory
inputs. For instance, a visual target shortly following an auditory target generates an
attentional blink of a similar size as observed with unimodal visual targets. (Arnell and
Larson, 2002). Spatial cueing benefits described in the visual modality are also elicited by
cross-modal cues presented in the auditory modality prior to a visual target (McDonald et
al., 2012; Spence, 2010 for reviews). Furthermore, conflicting information from different
modalities can generate attentional biases which can modify perception, as shown by the
ventriloquist illusion where synchronous visual and auditory information are presented in
close spatial proximity, giving the impression that the sound comes from the visual stimulus
(Vroomen and De Gelder, 2004 for a review). Neuroimaging evidence suggests that cross-
modal integration relies on an increase of activity in corresponding unimodal sensory
cortices, mediated by top-down signals from multimodal areas (Hillyard et al., 2016; Johnson
and Zatorre, 2005; Macaluso, 2010, 2000; Shomstein and Yantis, 2004), in ways partly similar

to attentional effects mediated by frontoparietal networks (Driver and Noesselt, 2008).

Interestingly, recent literature suggests that attentional selection is also strongly
modulated by value-associated signals that code for the motivational or affective
significance of stimuli (Anderson, 2015a; Chelazzi et al., 2013; Vuilleumier, 2015). A visual
feature previously associated with a high reward can subsequently automatically capture
attention in a task were this feature is irrelevant (Anderson et al., 2013, 2011a; Bourgeois et
al., 2017; Della Libera and Chelazzi, 2006). This effect may operate independently of intrinsic
stimulus saliency, task goals, or strategic set (Anderson et al., 2011b; Failing and Theeuwes,
2014). These value-driven mechanisms resemble both selective top-down and stimulus-

driven attentional orienting, as they depend on internal states but arise without conscious

4
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will (Bourgeois et al., 2017; Hickey et al., 2014, 2010; Vuilleumier and Brosch, 2009). They
seem however functionally and anatomically distinct from attentional systems classically
associated with frontoparietal cortical networks (Anderson et al., 2014; Lucas et al., 2013;
Serences, 2008). Thus, there is evidence that visual reward information is communicated
through a ‘value-driven attention network’ encompassing early visual cortical areas
(Maclean and Giesbrecht, 2015; van Koningsbruggen et al., 2016), extrastriate visual cortex
(Anderson et al., 2014), the intraparietal sulcus (Peck et al., 2009; Qi et al., 2013), as well as
the tail of the caudate nucleus (Hikosaka et al., 2014) and the substantia nigra pars reticulata
(Yasuda and Hikosaka, 2015). These signals appear to be further encoded in areas implicated
in saccade generation such as the superior colliculus (Ikeda and Hikosaka, 2007) and frontal
eye field (FEF; Ding and Hikosaka, 2006), which could allow the modulation of spatial priority
maps and generate reward-based biases in gaze control (Awh et al.,, 2012; Failing and

Theeuwes, 2018).

Reward may elicit attentional capture by acting on different sensory pathways and
effector systems. While most studies used manual responses to track attentional effects of
reward-associated distractors, eye movements are also powerfully affected by the reward
value of visual stimuli, with changes in both the latency and trajectory of saccades during
search or detection tasks (Hickey and van Zoest, 2013; Theeuwes and Belopolsky, 2012). This
is consistent with reward signals recorded in superior colliculus and frontoparietal areas
controlling oculomotor behavior (Hikosaka et al., 2014; Ikeda and Hikosaka, 2007). Further,
while most research on value-based attentional capture focused on the visual modality,
cross-modal effects have been described by few recent studies. For instance, ventriloquist
effect has been found to be reduced in the hemifield associated with a high reward

expectancy compared to the low-reward hemifield (Bruns et al., 2014). Highly-rewarded

5



©CO~NOOOTA~AWNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

task-irrelevant auditory stimuli could enhance perceptual sensitivity in a visual
discrimination task when presented simultaneously with targets (Pooresmaeili et al., 2014).
This effect was correlated with more accurate representation of the target stimulus
orientation in primary visual cortex, as well as with cross-modal activations within the
temporal lobe. In a different task based on the detection of a shape singleton in a search
array, an auditory distractor previously associated with a high reward could interfere with
the detection of a paired visual target (Anderson, 2015b). These contrasting results
underline that reward can modulate different components of visual attention through

facilitation or interference, depending on the task set and the type of stimuli used.

How reward information is communicated and integrated across different sensory
modalities in order to resolve between competing inputs remains, however, poorly
understood. To date, the postulated neural correlates of value-driven attention have been
mostly confined to the visual system, due to the predominance of studies relying on the
visual modality (Anderson et al., 2014; Hickey and Peelen, 2015). Demonstrating reward
interference using auditory stimuli would provide direct evidence that reward learning
broadly impacts attentional mechanisms beyond the visual system. Moreover, no study has
investigated how reward-driven biases modulate the integration of multisensory information
sharing semantic identity. Notably, while reward learning effects during multisensory
integration have been described (Bruns et al., 2014), it is unknown whether value is encoded
at a primary sensory level or rather at higher integrative semantic integrative level.
Additionally, cross-modal reward effects driven from auditory cues on eye movements have

never been documented.
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Here we therefore recorded both manual and saccadic response times (RTs) in a visual
orienting task to investigate the interference produced by reward-associated auditory
distractors on the detection of a visual target which could share semantic features with the
sound. Our results will shed new light on the cognitive processes underlying value-driven

attention across sensory modalities and the integration of reward signals in the brain.

2. Methods

2.1 Participants

Twenty healthy volunteers (eight women, all right-handed, mean age 24.8 years, range
19-28) with normal or corrected-to-normal vision and audition, as well as no history of
neurological or psychiatric disorders, participated in this study. Written informed consent
was obtained from each participant, according to procedures approved by the local ethical

committee. They were compensated with a 10 CHF flat rate.

2.2 Apparatus, stimuli and procedure

A PC running E-prime 2.0 software (Psychology Software Tools, Sharpsburg, USA;
Schneider et al., 2002) controlled the presentation of stimuli, timing operations, and data
collection. An Eyelink 1000 device (SR Research, Ottawa, Canada) was used to record
monocular left eye position with a 1000 Hz resolution. Participants rested their head on a
chin-rest 57 cm from the monitor (DELL P2210, Round Rock, USA; screen resolution 1280 x
1024, refresh rate 60Hz). Auditory stimuli, with sound level equalized across participants,

were presented via headphones (Sennheiser HD380, Wedemark, Germany).

The task consisted in a learning / association phase followed by a testing phase. Both

phases comprised 240 trials and were introduced to our participants as two unrelated
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experiments on perception. During the initial learning / association phase, participants had
to report the lateralization of sounds and received reward feedback after their response. On
each trial, a central white fixation cross (0.8° x 0.8° of visual angle) was first presented
against a black background for a pseudo-random interval ranging from 1000 to 2000 ms,
followed by a unilateral 300 ms sound of either a trumpet or a drum roll (equalized for
intensity). Participants were asked to discriminate the lateralization of the sound with a
corresponding button click (left or right click), as fast and as accurately as possible. After
their response, or after 6000 ms if no response was recorded, a visual feedback informed
participants about the monetary reward earned on that trial, together with the total reward
accumulated across all preceding trials. One of the two instruments (trumpet or drum roll,
counterbalanced across participants) was followed by a high reward feedback (10 points,
presented together with a picture of golden coins) on 80% of correct trials, and a low reward
feedback (one point) on the remaining 20%. These percentages were reversed for the low-
rewarded instrument. Incorrect responses were given 0 points. Participants were instructed
to maximize the number of points that they could win throughout the experiment, without

being informed of the rule underlying reward contingencies and probabilities (Figure 1A).
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Figure 1. Experimental task set. Sequence of events and timing of a trial during the learning /
association phase (A) and subsequent testing phase (B). A mouse symbol is pictured when a
manual response is required and an eye symbol is pictured when a saccadic response is

required.

After a short break, participants performed the testing phase. This was similar to the
initial association phase, with the following changes. After the fixation cross, a lateralized
300 ms sound of trumpet or drum roll was presented. This auditory distractor was followed,
200 ms later, by the presentation of a black-and-white image depicting a drum or a trumpet
(3° of visual angle), displayed on either the right or the left of the fixation cross, in the center
of the hemiscreen. This delay between sound and image allowed for the sound identity to
unfold completely and thus effectively compete for attentional selection. Moreover, a

constant 200ms stimulus onset asynchrony (SOA) was chosen in order to avoid inhibition of
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return effect. Therefore, the sound could automatically bias attention and produce a cost in
performance in spatially incongruent trials. Participants were now required to discriminate
as fast and as accurately as possible the lateralization of the image with a corresponding
button click, while ignoring the auditory distractor. To further assess the attentional capture
by a previously high-rewarded sound for both manual and eye movement responses,
participants were also required to perform a saccade towards the same target picture, as
soon as it appeared, in addition to the manual button click. Both manual and oculomotor
responses were thus performed towards the same target location. In order to ensure that
the task was correctly performed, correct manual responses were given one point, while
incorrect responses were given 0 points. No feedback was given on the accuracy of the
oculomotor response. Participants were instructed to respond as fast and as accurately as

possible for both manual and saccadic responses. (Figure 1B).

Participant’s debriefing reports were collected at the end of the experiment to probe
whether they had guessed the association between rewards and auditory targets in the first

learning / association phase.

3. Results

3.1 Association phase

In this phase, participants had to judge the lateralization of an auditory stimulus
representing either a drum or a trumpet, with only one of these two instruments associated
with a high reward (counterbalanced across participants). However, the sound identity was
irrelevant to the task. We analyzed correct responses with RTs inside a three standard
deviations (SD) interval (95.6% of total trials). A repeated-measure analysis of variance

(ANOVA) on mean RTs using the within-participant factor of reward (high vs. low) showed no

10
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significant difference for the highly rewarded sound (473 ms) compared to the low rewarded

sound (472 ms), F(1,19)=0.022, MSE=456, p=0.883.

To examine the effect of reward learning over time, we divided these data into five
blocks of 48 consecutive trials each and performed a new ANOVA with the within-participant
factors of reward (low, high) and blocks (1 to 5). This analysis showed no main effect of
blocks, F(4,76)=1.75, MSE=4239, p=0.154, but a significant interaction between reward and
blocks, F(4,76)=2.51, MSE=2034, p=0.049. While RTs were very similar in the first block (low
reward, 448 ms; high reward, 455 ms), we observed numerically faster RTs to respond to
high-reward compared to low-reward targets for the following blocks of trials, except for the
last block where this pattern of RTs reversed (Figure S1). However, direct pairwise
comparisons indicated no significant differences between high and low reward-associated

stimuli for any block (all ps > 0.12).

3.2 Testing phase

In this second phase, participants had now to discriminate the lateralization of an
image depicting either a drum or a trumpet, presented briefly after a lateralized sound of
either a drum or a trumpet. Half of trials were drum pictures, and the other half trumpet
pictures. Orthogonally to this, the sound and image were semantically congruent in 50% of
trials (e.g., drum picture presented after the sound of a drum roll) and incongruent in 50%
(e.g., drum picture after trumpet sound). Thus, in half of the trials, the sound was previously
associated with a high reward (during the first association phase), but with a low reward in
the remaining half. In addition, the image target appeared in the same hemispace as the
sound (location congruent) or on a different hemispace (location incongruent) in half of trials

each.

11
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3.2.1 Manual RTs

We recorded manual RTs from the onset of the visual target until a button click was
made. Only correct responses with RTs inside a three SD interval were considered for
analysis (96.5% of total trials). We then submitted mean RTs to a repeated-measure analysis
of variance (ANOVA) with the within-participant factors of reward (previously high vs. low
rewarded sound), semantic congruence (sound and image of same vs. different
instruments), and location congruence (sound and image in the same vs. opposite
hemispace). This analysis revealed a significant interaction between reward and semantic
congruence, F(1,19)=5.90, MSE=281, p=0.025. Participants showed slower RTs when the
sound was previously associated with a high reward, specifically for trials with semantic
congruence (p=0.047), but there was no such difference for incongruent trials (p=0.214)
(Figure 2). Thus, the interference effect of reward on RTs was present only when sound and
image shared semantic identity. Also, participants showed a trend to respond faster when
the sound and image were presented in the same hemispace rather than in a different
hemispace, F(1,19)=3.40, MSE=1169, p=0.081, consistent with classic spatial compatibility
effects. No other main effect or interaction was significant (all ps > 0.18; Figure 2 and Table

1).

12
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Figure 2. Manual responses. Mean manual RTs (ms) obtained during the testing phase as a
function of whether visual targets were semantically incongruent (SEM INC) or congruent
(SEM CON) with auditory distractors and whether auditory stimuli were previously

associated with a low (REW-) or high (REW+) reward. * p < 0.05

SEM INC SEM CON
REW- REW+ REW- REW+
LATINC | LATCON | LATINC | LATCON | LATINC | LATCON | LATINC | LATCON
Manual 404 (15) 395(12) 400(16) 389 (12) 394(13) 387(14) 404(15) 393 (13)
responses
Saccadic
responses 335(8) 340(7) 335(6) 334(7) 328(6) 330(7) 328(6) 331(8)

Table 1. Mean manual and saccadic RTs as well as standard deviations indicated in
parentheses (in ms) for visual targets semantically incongruent (SEM INC) or congruent (SEM
CON) with auditory distractors, for auditory stimuli previously associated with a low (REW-)
or high (REW+) reward, and for visual targets presented in a different (LAT INC) or the same

hemispace (LAT CON).

13
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In final debriefing, eight out of 20 participants reported they had correctly guessed the
association between reward and sound in the association task. In order to investigate the
effect of awareness on subsequent reward effects, we repeated our ANOVA on the mean
manual RTs as above but now adding awareness (aware vs. unaware) as a between-
participants factor. Importantly, this analysis did not indicate any significant interaction
between awareness and experimental conditions (all ps > 0.27), suggesting that reward
effects did not depend on conscious control for manual responses. In addition, identical
results were obtained when repeating the ANOVA on the mean manual RTs without patients

aware of the association between reward and sound, which corroborates this hypothesis.

To probe the effect of learning over time in the testing phase, we again divided the
trials in five blocks of 48 trials, as described above for the association phase, and performed
a new ANOVA adding the within-participant factor of trial blocks. We found a significant
main effect of trials blocks, F(4,76)=9.87, MSE = 7214, p < 0.001. Participants were faster
during the last trials (376 ms) compared to the first ones (430ms), as can be expected with
training. Planned comparisons between the first and the last block of trials confirmed these
results (p<0.001). No other significant main effect or interaction between trial blocks and

other experimental conditions was found, all ps > 0.12.

Finally, the interdependence of subjects’ performance across phases was probed using
Pearson correlation coefficients between manual RTs during the association phase and
during the testing phase. After the exclusion of one outlier subject with slower RTs in the
association phase, a significant positive correlation was found between manual RTs in the
association and the testing phase (R=0.69, p=0.001). Additional analyses considering only

trials with a highly-rewarded sound (R=0.64, p=0.001) or a low-rewarded sound (R=0.72,

14
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p=0.003) also revealed significant positive correlations between the association and the

testing phase.

3.2.2 Saccadic RTs

Concomitantly to their manual responses to report the image location, participants
were instructed to make a saccade towards the target picture. For each trial, saccadic RT was
recorded from the target image onset till the end of the first saccade falling inside a region
of interest (ROI) overlapping with the target picture. This ROl was defined as a circle of 6° of
visual angle around the picture’s center. Considering the first saccade ending inside the ROI,
which was not necessarily the first saccade of the trial, allowed us to target only goal-
directed saccades and reliably compute saccadic response times. Only trials with correct
manual response, at least one saccade ending in the correct ROl and a saccadic RTs inside a 3
SD interval were included in the analysis (90.5% of total trials). We then performed an
ANOVA on mean saccadic RTs with the within-participant factors of reward (previously high
vs. low rewarded sound), semantic congruence (sound and image of same vs. different
instruments), and location congruence (sound and image presented in the same vs. opposite
hemispace). This showed again a main effect of semantic congruence, F(1,19)=5.02,
MSE=372, p=0.037, with faster saccades when the image and the sound were from the same
instrument. However, unlike for manual RTs, this effect was not modulated by reward
(p=0.702). No other main effect or interaction was significant (all ps > 0.41; Figure 3 and

Table 1).

15
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Figure 3. Saccadic responses. Mean saccadic RTs (ms) obtained during the testing phase as a
function of whether visual targets were semantically incongruent (SEM INC) or congruent
(SEM CON) with auditory distractors and whether auditory stimuli were previously

associated with a low (REW-) or high (REW+) reward. * p < 0.05

As previously done for the manual RTs analysis, we also ran an ANOVA with the
additional between-participant factor of awareness (i.e., participants who noticed the
preferential association of reward with one sound in the first phase). This analysis revealed a
significant main effect of awareness, F(1,18)=5.01, MSE=4486, p=0.038: saccades were
generally faster in aware than unaware participants. More critically, the interaction between
awareness and reward was also significant, F(1,18)=7.09, MSE=124, p=0.016, as well as the
guadruple interaction between reward, awareness, semantic congruence, and location

congruence, F(1,18)=6.50, MSE=151, p=0.020 (Figure 4).
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To better understand this quadruple interaction, we decomposed the analysis and
performed four separate ANOVAs separating aware from unaware participants, in high
reward and in low reward conditions. We found a significant interaction between semantic
congruence and location congruence for highly rewarded trials in participants aware of the
reward association, F(1,7)=8.49, MSE=73, p=0.023. No other main effect or interaction in any

of the four ANOVAs was significant (all ps > 0.07).

To help the interpretation of these results, we calculated an index of attentional
capture by previously rewarded sounds, as follows: saccadic RTs in presence of the high-
reward sound minus saccadic RTs in presence of the low-reward-sound, in the conditions
with the strongest potential interference, i.e. trials where distractors were semantically
congruent but location incongruent. We then performed a two-tailed t-test against O to
define any significant interference or facilitation by the reward-associated sound. Results
indicated that participants who were aware of the association exhibited a significant
interference cost due to the high-reward sound (p=0.05, index mean=13.3ms), while
participants unaware of the association showed no significant effect (p=0.24, index mean=-

9.5ms).

For completeness, an attentional capture index was calculated using the same method
for manual responses in the testing phase. We first calculated the index on all participants
regardless of awareness, in conditions of spatial congruency and location incongruency, and
then repeated similar analyses considering separately subjects aware and unaware of
reward associations. We performed a two-tailed t-test of this index against 0. Neither the
whole population (p=0.07) nor any of the subgroups (aware, p=0.29; unaware, p=0.16)

showed an attentional capture index significantly different from zero in these conditions.

17
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To corroborate the independence of results between the two effector modalities,
Pearson correlations were calculated between manual and saccadic RTs in the testing phase
for all experimental conditions where a significant main effect or interaction was identified.

No significant correlation was found for any of these experimental conditions (all ps>0.06).

REW-
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Figure 4. Awareness and saccadic responses. Mean saccadic RTs (ms) obtained during the

testing phase as a function of whether participants were unaware or aware of reward
contingencies, whether visual targets were semantically incongruent (SEM INC) or congruent
(SEM CON) with auditory distractors, whether auditory stimuli were previously associated
with a low (REW-) or high (REW+) reward, and whether visual targets were presented in a

different (LAT INC) or the same hemispace (LAT CON) as auditory distractors. * p < 0.05

4, Discussion

Although value-driven biases in attention have been shown to act across different
sensory modalities (Anderson, 2015b; Bruns et al., 2014; Pooresmaeili et al., 2014), the

influence of reward on cross-modal integration mechanisms remains largely unresolved, in
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particular when multisensory stimuli share semantic identity. Moreover, to the best of our
knowledge, whether these mechanisms differentially impact on orienting responses
measured through hand or eye movements has not been investigated. Here we directly
tested how reward history can bias attention to stimuli sharing common semantic features,
using visual targets that could either match or not match with the category of a co-occurring
sound associated with different reward values, while we recorded both manual and saccadic

RTs.

When participants were required to report the location of a visual image with manual
responses, our results demonstrated that previously rewarded distractors interfered with
cross-modal semantic binding. Indeed, highly rewarded distractors elicited delayed manual
responses only when they shared semantic identity with the target image. This indicates that
the high reward value of the auditory distractor could hinder its cross-modal semantic
integration with the visual stimulus, leading to distraction by the sound and slower RTs. This
effect was independent of stimulus identification since participants were never required to

discriminate the target during both phases of the experiment.

Such slowing by high-reward sounds accords with previous results showing that value-
associated stimuli can capture attention regardless of their task-relevance or intrinsic
sensory salience (Anderson et al., 2011b; Bourgeois et al., 2017; Della Libera and Chelazzi,
2006; Failing and Theeuwes, 2014). Most of the past research, however, used visual stimuli
as both targets and distractors (e.g. in visual search tasks), in which different visual features
are paired with different reward values through learning (Bourgeois et al., 2016a for a
review). Our novel data further extend these findings by demonstrating that, first, value-

driven biases in attention can also operate through auditory stimuli, and second, they can
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influence the processing of stimuli during cross-modal integration, which corroborates the
inference that multisensory integration can be influenced by attentional effects induced by
reward-associated stimuli (Bruns et al., 2014; Talsma et al., 2010). Moreover, the semantic
identity shared by auditory distractors and visual targets allowed to test if the value was
purely associated with the auditory stimulus or rather with the semantic concept of
instrument. An integration of the reward value at a semantic level would have been likely to
elicit enhanced performance in semantically congruent trials with highly rewarded sounds.
The opposite pattern of results observed here suggests that value is rather associated with
the auditory stimulus itself, which induced an attentional competition with semantic binding
processes. These results may provide new insights on the neural bases underlying value-
driven attention across sensory modalities. Indeed, value-based modulation has been mainly
observed for visual stimuli within early sensory regions of the visual cortex (Anderson et al.,
2014; Serences, 2008). Our results provide strong evidence that reward learning exerts a
broad impact on attention that extends beyond the visual system. Moreover, as reward
signals seem to induce an interference that can override semantic cross-modal association,
we surmise that they may act through rapid and automatic mechanisms modulating early
sensory processing, prior to higher stages of semantic integration. In line with reward-
related effects observed in the visual domain (Hickey and Peelen, 2015), we speculate that
auditory reward signals might also impact sensory processing within the auditory cortex. This
would be consistent with previous research showing that value-driven effects in attention
are usually effective even without awareness of differential reward associations (Bourgeois
et al., 2016b), as we found for manual RTs here too. Future research is needed to confirm
these assumptions and further investigate the neural bases of reward-associated stimuli in

the auditory domain.
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More generally, our findings add to other recent studies where multimodal stimuli
were also used, though with important task differences. For instance, previously rewarded
spoken letters produced an attentional capture in a visual search array task with letters as
targets and distractors (Anderson, 2015b). Analogous interference effects were observed in
our study but for targets and distractors presented in different modalities, and only when
they were semantically-congruent. Unlike these previous results, our task did not show a
main effect of reward on performance. This discrepancy may be due either to our more
complex task set which featured semantic binding of stimuli, either to possible extinction
phenomena during the testing phase due to the flat-reward point system used. The latter is

however not corroborated by the analysis performed on trial blocks.

Moreover, our results demonstrated interference effects of reward-associated stimuli,
in contrast with a previous study where the high value of task-irrelevant sounds could
enhance the perceptual sensitivity of visual targets (Pooresmaeili et al., 2014). These
contrasting results may be explained by the absence of semantic relationship between the

visual targets (Gabor stimuli) and the rewarded sound (pure beeps) in this latter study.

In our study, participants also made a saccadic response toward visual targets.
Remarkably, an effect of semantic congruence between auditory and visual stimuli on
performance was also observed. However, this bias did not seem to be modulated by
reward. Production of saccades is known to be mainly under the control of the frontal eye
field for intentional saccades and the posterior eye field for reflexive saccades, with both
areas sending inputs to the superior colliculi that integrates and encodes saccade
coordinates (Pierrot-Deseilligny et al., 2003). Each of these structures at the cortical and

subcortical levels have been shown to be directly modulated by reward information (Ding
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and Hikosaka, 2006; Ikeda and Hikosaka, 2007). However, unlike studies testing reward
effects with unimodal visual stimuli, our task involved cross-modal integration between
reward-associated auditory stimuli and non-rewarded visual targets. This additional step
may imply a delay that could prevent value-driven biases to act on purely reflexive
mechanisms underlying saccades, and thus could explain the absence of a general reward-
induced effect on saccadic responses in our paradigm. Furthermore, we found no systematic
slowing of saccadic responses when a previously rewarded sound was presented on the side
opposite to the visual targets, suggesting that value-based biases in attention orienting in
our task were perhaps not driven by direct reward signals to the superior colliculus and the
basal ganglia circuit (i.e. the caudate nucleus and the substantia nigra; Yasuda and Hikosaka,
2015). This differential pattern of results might also be explained by a lack of relevance of
the saccadic task compared to the manual one. Indeed, only feedback regarding the
accuracy of the manual responses was provided to participants, which might have increased
the focus on this response modality. However, the high accuracy for both manual (98.6%)
and saccadic (92.1%) responses suggests that the concomitant tasks did not impact
performance and thus the observed pattern of results (Table S1). Also, only manual
responses were required during the association phase. This could have potentially facilitated
reward-related effects on this specific effector and hindered reward-related effects on
oculomotor responses. Moreover, the facilitation of saccadic RTs by semantic congruence
may also be explained by the sequential timing of the two stimuli that could have induced a
semantic context enhancing attentional deployment after the auditory stimulus.
Nevertheless, the absence of statistical correlation between the two effectors rather
suggests that the observed results derive from the existence of distinct neural mechanisms

underlying manual and saccadic reward interference.
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On the other hand, we found that participants who were aware of the previous reward
contingencies exhibited slower saccades in presence of high-rewarded sound compared to a
low-rewarded sound (i.e., value-driven attentional capture), specifically on semantically
congruent trials, whereas unaware participants did not show this effect. These data suggest
that awareness could facilitate the appraisal of reward information during saccade
programming, leading to stronger interference by the distractor sound and thus slower
saccades. These data corroborate previous results that also observed stronger attentional
biases by reward in an attentional orienting task for subjects aware of reward contingencies
(Bourgeois et al., 2017), even though reward-induced effects can also frequently operate
without conscious awareness (Bourgeois et al., 2016a). These patterns of performance might
reflect the establishment of an endogenous attentional set with greater top-down control
among aware participants, amplifying reward-induced biases. As manual responses did not
show such effect of awareness, we surmise that this differential impact on saccadic
responses might reflect a functional overlap in anatomical structures such as FEF for
endogenous attention and eye movement control. Our results might also at least partly be
explained by differences regarding strategic priorities between manual and saccadic
responses. As stated above, value-driven biases for saccadic responses may have been less
prioritized compared to manual responses. However, this strategic task set could have been
modulated by conditions of awareness, leading to the observation of reward-related effect
on saccadic responses in patients aware of saccadic contingencies selectively. Alternatively,
our results might also be explained by an attempt to control more strategically the timing of
the two responses, which could have elicited an extra attentional cost and overshadowed

reward-based effects for saccadic responses.
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Altogether, our results demonstrate an attentional capture elicited by auditory
distractors previously associated with reward, which can modulate concomitant cross-modal
integration effects during visual target detection. Value learning interferes with both manual
responses and eye movements when visual targets shared semantic identity with rewarded
auditory distractors. However, interference on saccadic responses occurred only when
participants were aware of reward contingencies, suggesting a strengthening of value-driven

biases on spatial orienting and eye movements under conscious awareness conditions.

Future research may investigate the neural correlates of value-driven attentional
capture across different sensory modalities using neuroimaging techniques such as
functional magnetic resonance imaging, in order to further understand how reward signals

are integrated and communicated in the brain.
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Figure S1. Reward and trial blocks during the association phase. Mean saccadic RTs (ms)
obtained during the association phase as a function of trial numbers and whether auditory

stimuli were associated with a low (REW-) or high (REW+) reward.

Manual response
incorrect  correct Total
Saccadic incorrect 14 (0.3) 363 (7.6) 377 (7.9)
response correct 54 (1.1) 4369(91.0) | 4423(92.1)
Total 68 (1.4) 4732(98.6) | 4800 (100)

Table S1. Accuracy of manual and saccadic responses. Number of trials and percentage of
total trials (between brackets) during the testing phase with an incorrect or correct response

using the manual response and the saccadic response modality.
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