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Abstract 

Reward value affects the earliest stages of sensory perception. Whereas a host of 

previous studies have investigated the underlying mechanisms of reward-driven modulation 

of visual perception, reward effects in other sensory modalities have remained 

underexplored. Specifically, it has remained unknown how reward signals should be 

coordinated and communicated across sensory modalities. The current PhD thesis aimed to 

gain insight into the underlying mechanisms of reward-driven modulation of perception and 

its interaction with attention across sensory modalities. To this end, three experiments were 

conducted to identify the behavioral and electrophysiological correlates of reward effects. In 

Study 1, we found that high reward, task-irrelevant visual cues (intra-modal) elicited an early 

suppression of visual event-related potentials (ERPs). High reward auditory cues (cross-

modal), on the other hand, led to a later modulation of visual ERPs and facilitated behavioral 

performance. Study 2 tested the dependence of reward effects on the spatial and temporal 

arrangement of intra-modal and cross-modal cues relative to the target, and showed that each 

reward cue maximally exerts its effect under a specific size of attentional focus. Study 3 

explicitly manipulated the spatial attention and tested how reward associations of an 

audiovisual stimulus influence the allocation of attention. We found that auditory rewards 

enhanced the attentional modulation of both visual and auditory ERPs. Interestingly, 

although visual rewards did not lead to a distinguishable ERP modulation, they led to strong 

modulations when they were combined with auditory rewards, suggesting that integration 

across modalities boosts the reward effects. Taken together, the current PhD thesis identified 

the behavioral and neural signatures of reward-driven modulation of perception under 

different modes of reward signaling and different degrees of attentional engagement. Our 

findings inspire a two-stage model of reward processing, with local, intra-modal reward 

effects occurring at an early stage and long-range, multimodal reward effects arising at a 

later stage. Cross-modal reward signals have important ramifications for clinical applications 

where the impaired function of one sense can be rehabilitated by motivational signals 

conveyed through another sensory modality.  
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Chapter 1 

1.1 General introduction 

1.1.1 A brief introduction to the key question of the thesis 

A fundamental determinant of the well-being of every living organism is the ability to 

select and integrate the most relevant and important information while filtering out irrelevant 

signals from the environment (Desimone and Duncan, 1995; Reynolds et al., 1999). In 

particular, this selection mechanism seeks to extract from the environment variables that 

indicate the value or, in other words, aims at maximizing reward outcomes (Berridge and 

Kringelbach, 2015; Dawkins, 2016). The pursuit of reward is one of the main mechanisms 

that drive behavior to interact with the environment (Pessoa and Engelmann, 2010; 

Takikawa et al., 2002). To maximize the reward outcome, an organism has to rely on external 

signals (also called “cues”) that are processed by specialized sensory receptors. However, 

these receptors cannot infer the value of the signal directly. In perspective, while walking in 

the forest, a rustling sound may indicate a danger like a wild animal, but it could also be due 

to the flow of wind that moves leaves or a friend that tries to approach in disguise in order 

to surprise us. The activation of a single sensory receptor is thus not sufficient to determine 

the specific value or importance of the sound. A more reliable way for this evaluation is to 

gather more information. That could be done either by detecting other sounds or by 

incorporating information from other sensory modalities. In our case, one can turn the head 

and look at the source of the sound (visual modality) or notice pressure from the wind on the 

skin (tactile modality). The principle of integrating sensory information from multiple 

sensory modalities is reported at the level of behavior (Cornelio et al., 2021; Frens et al., 

1995; Goldring et al., 1996) down to a single cell (Meredith and Stein, 1986; Stein and 

Meredith, 1993; Woods and Recanzone, 2004). While it is known that integration of sensory 

information across modalities enhances the precision of perceptual decisions, it has 

remained unknown how information related to the value/importance of stimuli is encoded 

and coordinated across modalities. For instance, other environmental sounds may provide 

congruent or incongruent information regarding whether a rustling sound in the forest signals 

impending danger or not. In this case, information regarding the value or importance of one 

cue (sound of the wind) can be influenced by cues in the same sensory modality, i.e. intra-

modally. Similarly, cues from a different modality such as vision, for instance, the sight of 

our friends’ bike somewhere nearby or the remains of an animal, could affect how we 
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estimate the value/importance of a rustling sound, an influence that occurs cross-modally 

(Anderson, 2016a; Cheng et al., 2020; Pooresmaeili et al., 2014; Sanz et al., 2018). How 

these two types of reward-related information can influence our perceptual and value-based 

decisions has remained largely unknown. This gap in our knowledge is conceptually 

important since many existing neuroeconomic models of decision-making suggest that the 

expected value of an object or a state is computed irrespective of its specific sensory 

properties. For instance, according to the prospect theory (Fox and Poldrack, 2009; 

Kahneman and Tversky, 2013), the expected utility of a certain object or state is equal to the 

product of the magnitude and probability of its associated reward independent of the specific 

sensory properties of the cues that signal that reward. This is in contrast to the findings of 

psychophysical and neuroimaging/neurophysiological studies demonstrating the 

dependence of reward effects on sensory properties of stimuli and a tight interaction between 

the valuation system and primary sensory areas of the brain (Anderson et al., 2011a; Braver 

et al., 2014; Failing and Theeuwes, 2018; Pessoa, 2015; Serences, 2008; Shuler and Bear, 

2006). Furthermore, previous literature has shown that reward value and selective attention 

closely interact with each other (Maunsell, 2004). Since attentional effects have 

dependencies on sensory properties of stimuli including their location, perceptual 

organization (Desimone and Duncan, 1995; Reynolds et al., 1999) and sensory modality 

(Alais et al., 2006), effects of reward value are also expected to depend on sensory properties 

of stimuli. Against this background, the central aim of this thesis is to understand how the 

modulation of perception by reward depends on the specific properties of reward cues, 

namely their sensory modality, and how this interaction is influenced by selective attention. 

This is an important question since in natural environments reward value can be signaled 

through multiple sensory modalities but it is currently unknown how reward-driven effects 

interact and combine across senses. 

1.1.2 Components of reward signals  

Reward signals, like any other signal, have sensory and attentional components, as 

well as a unique value component (Schultz, 2015). These three components contribute to the 

processing of reward signals: with the sensory component, the reward signal evokes 

responses in early sensory areas (visual, auditory, olfactory, gustatory, somatosensory), and 

with the attentional component, the reward signal gains access to the limited information-

processing resources (Nakayama, 1990). Finally, the value component, like an attentional 

component, helps the signal to gain access to limited processing resources. However, this 

gain relies on the magnitude and probability of reward outcomes (as in prospect theory) 
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rather than on its sensory properties. Importantly, sensory and attentional components can 

be derived from perceptual characteristics of the signal (e.g., red color). The value 

component, on the other hand, requires additional internal processing since there are simply 

no specialized receptors to detect this value component directly (Schultz, 2015). Instead, 

perceptual systems evaluate value components later in sensory processing (Wise, 2004), 

where the previous knowledge gained through experience with positive or negative reward 

outcomes is integrated with the information related to the sensory properties of cues, and as 

shown recently, the latter occurs across different sensory modalities (Cheng et al., 2020; 

Stine et al., 2020). 

Evolutionary, there are three reasons why perception does not have a built-in reward 

evaluation system on its own. First, reward value is a subjective property that varies across 

organisms (Sobal, 1998) and depends on their internal (homeostasis) and external (goals) 

states that change over time (Peters and Büchel, 2010; Schultz, 2013). For example, the 

initial behavioral drive from a given homeostatic imbalance (e.g., hunger) fades rapidly 

when fulfilled. Thus, after balance is restored, sensory inputs that were previously valuable 

will lead to a different reward outcome, even to a punishment. Second, reward value is 

discounted over time (Ainslie, 1975; Shadmehr et al., 2010; Wittmann et al., 2007). An 

immediate reward has a higher value than a delayed reward (Frederick et al., 2002). Here 

immediate reward affects the homeostatic imbalance directly, while with the delay, chances 

are higher that this imbalance will be fulfilled or an alternative solution will be found. Third, 

the value of an item or a state, even if it is immediate, involves uncertainty or risk (Rangel 

et al., 2008). Signals previously followed by a reward do not predict reward with certainty, 

and instead, they indicate the probability of a reward outcome. In order to accommodate the 

probabilistic nature of reward signals, perceptual systems seek to optimize sensory 

processing in such a way that signals aligned in time and/or space with the reward contribute 

the most to perceptual (Gold and Shadlen, 2007) and value-based decision making (Rangel 

et al., 2008). Additionally, alignment of reward signals in time allows the perceptual system 

to integrate different properties of reward outcomes into a coherent representation (Basten 

et al., 2010; Cheng et al., 2020; Sanz et al., 2018; Stine et al., 2020). Due to the multifaceted 

nature of reward signals, it is important to study reward effects on behavioral and neuronal 

responses at multiple levels encompassing learning of reward associations, representation of 

reward value during value-based decisions, and their integration with sensory properties of 

stimuli. In the following sections, I will briefly describe these levels and will then turn to 

their underlying neural mechanisms and cognitive models. 
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Figure 1 General concept of value-based decision making. a) A schematic representation of five stages 

involved in value-based decision-making. The first process is the representation of the problem that reflects 

the transformation of internal or external states (such as hunger) into a generalized set of objects or actions. 

The second process is the evaluation of the available objects in the surrounding environment in terms of their 

reward value or perceptual salience, which determine their prioritization for information processing. The third 

process is a selection of appropriate actions that are instrumental in maximizing positive outcomes. The fourth 

process is the processing of the received outcome and how much it resolved the initial problem. Finally, a 

learning process compares the obtained outcomes against the expected outcomes (i.e., prediction error). The 

prediction error serves as a modulatory signal that is sent to each of the preceding processing stages, thereby 

refining the representation of expected values. b) Illustration of how these stages are reflected in an animal’s 

behavior. 

1.1.3 Reward guides decisions: Processes involved in value-based decision 

making 

The literature on reward mechanisms converges on a model (Figure 1) with five 

individual stages (Herd et al., 2021; Hull, 1943; Rangel et al., 2008; Schultz, 2015). Each 

stage reflects a separate process during the value-based decision-making. In the first stage, 

an organism formalizes a representation of the problem created by the imbalance within 

internal or external states. Here the information from senses (e.g., neurons in the stomach 

when hungry) is translated into a physical category (e.g., food consumption). In the second 

stage, activated representations are applied to the external information from the 

environment, where every available object goes through a prioritization process. Relevant 

objects (e.g., bread) gain priority for processing resources and thus attract attention. The 

third stage is a selection of the action (e.g., approach food to eat) that is used to interact 

with an object. Multiple actions could be selected. However, here an organism evaluates and 

selects the most energy-efficient action. Forth, after an organism executes the action and 

interacts with the object, it evaluates the outcome. Here information from the first stage is 

updated. Positive changes of the initial problem are translated to benefits for the organism, 

whereas negative changes are costs. At the fifth stage, the result from the outcome 

evaluation stage helps a learning process through computing an error signal, i.e. the 
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difference between the expected and the obtained outcomes. This information helps the 

system to refine the stored representations of the expected reward of environmental stimuli 

and is transmitted back to the previous stages to help learning. This way, actions and objects 

that are associated with more than expected reward outcomes are reinforced. Additionally, 

object-action pairings are categorically learned as entities leading to an optimal or 

suboptimal outcome, hence helping the organism to make better choices in the future. 

1.1.4 Reward affects multiple stages of information processing: from 

sensation to action 

As demonstrated above, reward information is an important determinant of value-

based decisions. Reward effects can be additionally categorized based on the level of 

information processing in the brain that is most affected by them. As such, there are three 

general levels where reward information exerts effects (Berridge, 2004; O’Doherty et al., 

2017): (1) goal-directed control of behavior, (2) action selection, and (3) sensory 

processing. Although these stages have unique properties and dedicated neuronal correlates, 

they also closely interact with each other, as will be discussed below. 

1.1.4.1 Reward affects goal-directed behavior 

Control of goal-directed behavior by reward information refers to a class of behaviors 

that appear as a drive or motivation toward a specific reward outcome. In literature, this 

reward modulation is reflected in value-based decision-making tasks (VBDM), where 

participants have to choose one option out of two (or more) possible options, as shown in 

Figure 1 (O’Doherty et al., 2017; Rangel et al., 2008). In addition to guiding choices towards 

most valuable items, it has also been shown that reward overall improves the speed and 

accuracy of decisions as participants select objects with higher reward outcomes faster and 

more accurately (Anderson et al., 2011a; Hickey et al., 2010a; Kiss et al., 2009; Stanisor et 

al., 2013). Additionally, an expectation of reward outcomes “energizes” behavior and 

modulates the effort towards rewarding objects (Pessiglione et al., 2018, 2007). Accordingly, 

theoretical frameworks suggest two distinct influences of reward on behavior (Dickinson 

and Balleine, 1994; Niv et al., 2006): goal-directed effects determine the current goal of 

behavior and affect behavior in an ‘outcome-specific’ manner. In contrast, ‘energizing’ 

effects of reward are more general and determine the vigor of all actions in an ‘outcome-

unspecific’ and involuntary manner (Dickinson and Balleine, 1994; Niv et al., 2006). 
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1.1.4.2 Reward affects action selection 

Reward controls action selection. This mechanism of reward modulation has been 

studied in the context of value-based decision-making, as discussed before (see Figure 1), 

as well as in reward-dependent learning (Thorndike, 1911). Thorndike, in his experiments 

on operant conditioning, showed that by rewarding specific patterns of behavior, like 

pressing a lever by a cat, reward reinforces this behavior, and consequently, it increases the 

frequency and intensity of the rewarded actions (Berridge, 2000; Schultz, 2006). This type 

of learning is called reinforcement learning (RL), where each action is evaluated and 

executed in order to maximize possible outcomes (Sutton and Barto, 2018). The 

reinforcement of actions helps to optimize complex behavioral patterns by maximizing the 

outcome (Berridge, 2004; Friston, 2010) and minimizing actions that exploit available 

energy resources (Otto and Daw, 2019). However, these benefits come at a cost. Specifically, 

reinforced actions do not involve anticipation of reward (Thorndike, 1911). Thus, behavior 

becomes habitual, making it difficult to adjust according to the changes in the environment. 

1.1.4.3 Reward affects sensory processing of the reward-related stimuli 

In addition to affecting the behavioral output such as choices or actions, reward 

modulates the representation of sensory processing of surrounding stimuli if they 

consistently predict rewarding outcomes. The most striking instance of modulation of 

sensation by reward was first reported by Pavlov (1927) with his experiments on classical 

conditioning. He showed that a previously non-rewarding cue like a bell (conditioned stimuli 

CS) produces an identical physiological (salvation) response as the primary reward cue like 

food (unconditioned stimulus US). In terms of reinforcement learning, the consistent 

delivery of reward with the CS reinforces the sensory representations of the non-reward CS 

stimulus (see also Figure 2). However, many decades after Pavlov’s observations, recent 

studies started to shed light on the neural mechanisms of reward-driven modulation of 

sensory processing (Schultz, 1998; Schultz et al., 1997). Furthermore, recent studies have 

consistently shown that the earliest stages of sensory processing in the brain are modulated 

by information related to the reward value of stimuli (Arsenault et al., 2013; Schultz, 2015; 

Schultz et al., 1997; Serences, 2008; Shuler and Bear, 2006). It has remained unknown how 

specific sensory properties of stimuli, such as their spatial and temporal properties, sensory 

modality, and mode of attentional selection, interact with the reward-driven modulation of 

sensory processing. The focus of the current thesis is to shed light on this open question. 
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1.1.5 Neuronal mechanisms of reward effects on sensory perception 

1.1.5.1 Reward modulation via Dopaminergic neurons during associative learning 

Following studies extended previous results and showed that reward prediction 

seems to rely on the activity of the ventral tegmental area (VTA) and substantia nigra (SN), 

specifically on the neurotransmitter dopamine (DA) (Schultz, 1998; Schultz et al., 1997). 

DA neurotransmitter influences receptors in other channels visual (Arsenault et al., 2013) 

and auditory (Bao et al., 2001) primary sensory areas, which makes it an important 

mechanism to control many physiological processes, including cognitive control (Westbrook 

et al., 2021) and reward processing (Schultz, 1998). Importantly, it has been shown that the 

activity of DA neurons is tightly linked in time with the onset of reward delivery as shown 

by direct recording from SN neurons (Schultz, 1986; Schultz et al., 1997) (Figure 2 Top). 

Specifically, it was shown that as learning of stimulus-reward associations progresses, the 

increase of activity of DA neurons could be shifted to the onset of the conditioned stimulus 

(CS), while the activity during the reward delivery stays at the baseline level (Figure 2 

Middle). However, when reward delivery is withdrawn, the activity of DA neurons during 

reward delivery decreases to below the baseline level (Figure 2 Bottom). These findings 

show that reward could affect the sensory representation of a conditioned stimulus (CS) that 

occurs together with it. Critically, this reward modulation is persistent and continues even 

without reward delivery (Steinberg et al., 2013; Wise, 2004). 
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Figure 2. Dopamine neurons reflect reward prediction error. Raster plots with responses of a dopaminergic 

neuron in ventral tegmental area (VTA) during Pavlovian conditioning. (Top) The response of dopamine 

neurons at the onset of the unconditioned stimuli (US) with primary reward (R: food). (Middle) With 

progression of learning, the activity of dopamine neurons after the conditional stimulus (CS: e.g. a bell 

predicting food) increases, whereas at the same time, activity after US returns to the baseline. (Bottom) After 

conditioning, withdrawing the US with a reward (No R) suppresses the activity of dopamine neurons below 

the baseline during the period of reward delivery. Figure from (Schultz et al., 1997). 

DA receptors are widely distributed in central and peripheral nervous systems 

(Arsenault et al., 2013; Bao et al., 2001; Lockhofen and Mulert, 2021; Vitay and Hamker, 

2007), which makes them an important mechanism in mediating neuroplasticity (Calabresi 

et al., 2007; Jay, 2003; Schultz, 2002). For example, pairing a sound frequency with a 

rewarding outcome is followed by a DA release in the auditory cortex (Bao et al., 2001), 

which results in the long-term remodeling of the tuning curves in the respective neurons 

(A1). Similar effects were shown in the visual modality (Arsenault et al., 2013; Serences, 

2008; Serences and Saproo, 2010; Shuler and Bear, 2006), where reward associated stimuli 

evoke a stronger neuronal response in primary visual areas as well as increase accuracy and 

response time to these stimuli. 

1.1.5.2 Reward-driven modulation of sensory perception through attentional mechanisms 

and other types of top-down mechanisms 

DA plays an important role in reward modulation (Pessiglione et al., 2006; Schultz, 

2013, 2002, 1998) but is also involved in other functions, especially in attentional control 

(Floresco and Magyar, 2006; Westbrook et al., 2021). Thus, it is not surprising that often 

effects of reward modulation are interconnected with attentional mechanisms (Maunsell, 
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2004). For example, Mogami and Tanaka (2006) showed that reward, associated with a 

stimulus, affects sensory processing of this stimulus proportionally to the amount of its value 

and that this modulation is reflected in the activity of dopaminergic neurons (for review see: 

Vitay and Hamker, 2007). According to the “incentive salience” model (Berridge and 

Robinson, 1998), a change in sensory processing should reflect a change in stimulus salience 

mediated by the activity of DA neurons. Consistent with this model, it was found that 

reward-driven modulations are accompanied by enhanced activity in attentional networks 

and attention-related DA release (Engelmann et al., 2009). At the behavioral level, reward 

improved performance and increased the signal-to-noise ratio of reward-related stimulus 

(Engelmann et al., 2009; Pessoa, 2015). These findings indicate that dopaminergic 

modulation is a powerful mechanism that improves attention control by improving sensory 

representation of the reward-related stimulus (Failing and Theeuwes, 2018). 

In addition to the attentional mechanisms, there is evidence that value-related signals 

from the valuation network encompassing ventral striatum and orbitofrontal cortex (Rangel 

et al., 2008; Schultz, 2000) are fed back to early sensory areas. Such signals help to change 

the sensory representation of reward-related stimuli in the face of dynamic changes in the 

environment and/or reward associations (Cox et al., 2005; D. Liu et al., 2020). Interestingly, 

in addition to the classical reward network, recent studies have shown that the effect of 

reward on the primary visual cortex might be mediated through other sensory association 

areas. For instance, in a task where auditory reward value was shown to impact visual 

perception, multisensory association areas of the temporal cortex were also modulated by 

sound values suggesting that they may serve as an intermediary stage to better coordinate 

the interaction between the primary sensory cortices when high-value stimuli were presented 

(Pooresmaeili et al., 2014). This observation was a motivation for one of the objectives of 

the current thesis, i.e., to compare the cross-modal and intra-modal reward modulation which 

may or may not rely on such an intermediate stage of processing (see Chapter 2 and 3). 

1.1.5.3 Reward-driven modulation of perception through enhancing the plasticity of sensory 

areas 

Reward signals affect sensory perception even when the delivery of reward is halted, 

hence during a so-called no-reward phase (Anderson et al., 2013; Failing and Theeuwes, 

2015; Maclean and Giesbrecht, 2015; Mine and Saiki, 2015; Rutherford et al., 2010; Watson 

et al., 2019). To explain reward effects that persist even when reward is not delivered 

anymore, a new framework referred to as ‘reward history’ has been suggested by recent 

studies (Awh et al., 2012; Failing and Theeuwes, 2018; Maclean and Giesbrecht, 2015; 



16 

 

Theeuwes, 2019), which operates along with dopaminergic and/or top-down feedback 

mechanisms (Anderson, 2019). In this view, a prolonged association of a stimulus with 

reward and its accompanying dopaminergic reinforcement of reward predicting cues (i.e., 

CS) leads to long-term plasticity of sensory areas that encode the CS. The enhanced local 

plasticity of early sensory areas allows the persistent prioritized processing of reward-

predicting cues even when the reward delivery is halted (Anderson, 2017). 

1.1.6 Cognitive models of the interaction between reward and attention  

As outlined above, reward effects on sensory perception could be mediated through 

the engagement of attention (Chelazzi et al., 2013; Failing and Theeuwes, 2018; Pessoa, 

2015). In fact, the interaction of reward and attention is so strong that their neural correlates 

are in some instances indistinguishable from one another (Maunsell, 2004), hence 

complicating their dissociation. Given this debate in the field, it is important to understand 

whether and how reward-driven modulation of perception can be explained in light of 

influential models of attention. We will therefore discuss these models in the following 

sections. 

1.1.6.1 General characteristic of Attentional mechanisms 

Attentional selection of sensory processing is guided by exogenous or endogenous 

factors (Carrasco, 2011). Exogenous factors are related to the stimulus, bottom-up salience, 

i.e., the degree to which a stimulus stands out from its surrounding. For example, a bright 

stimulus will have higher priority during visual processing than a dim stimulus simply by 

the difference in intensity of the signal. Prioritized processing is reflected in the change of 

neuronal response and yields to a measurable change in behavioral responses like response 

time and accuracy. Endogenous factors are determined by the goal-directed relevance of a 

specific type of information according to the demands of the task at hand. Furthermore, 

attentional mechanisms are commonly categorized based on the type of information that 

guides the selection of relevant information. Accordingly, three categories have been 

described: space-based attention, object-based attention, and feature-based attention 

(Carrasco, 2011). Space-based attention follows the traditional metaphor of “spotlight” 

(Hoffman and Nelson, 1981; Posner, 1980). A stimulus that falls under the spatial window 

of “spotlight” is enhanced and selected for further processing (Eriksen and Eriksen, 1974). 

Object-based attention relies on the representational basis of attention by objects (Duncan, 

1984; Rock and Gutman, 1981). In series of experiment Kahneman, Treisman, and Gibbs 

(1992) proposed a concept of an “object file” that reflect a representation an object, that is a 
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result of the integration of features that share the location of temporal alignment with this 

object. Finally, the mechanism of feature-based attention, rather than biasing attentional 

resources to certain location or object, biases attention to a unique feature. This mechanism 

is demonstrated by enhanced sensory processing of the attended feature across the visual 

field (Corbetta et al., 1990; Serences et al., 2009). 

Attentional modulation of sensory processing has been found at the earliest stages of 

sensory processing in visual areas (V1, V2, V4) (Motter, 1993; Reynolds and Chelazzi, 

2004; Wild and Treue, 2021) and overall also involve the frontoparietal attentional network 

that sends guiding feedback signals to early sensory areas (Corbetta and Shulman, 2002). 

1.1.6.2 Attentional priority map 

To discuss relations between reward and attentional mechanisms (Bourgeois et al., 

2016; Failing and Theeuwes, 2018; Maunsell, 2004; Pessoa, 2015), it is important to have a 

computational model that reflects these relations. A good candidate is a priority map model. 

A priority map is a two-dimensional representation of the sensory information 

(predominantly visual) that reflects objects' attentional priorities within a determined space 

(Bisley, 2011; Itti and Koch, 2001; Wolfe, 2021). These attentional priorities integrate 

sensory properties of the external stimulus (bottom-up) and internal goals like the relevance 

and importance of the stimulus for the current task (top-down) (Trappenberg et al., 2001; 

Van Zoest et al., 2004). According to this framework, at first sensory inputs will 

indiscriminately activate all locations of such a map and a high priority will be given to 

physically salient stimuli irrespective of their relevance to the task, e.g., whether it is a target 

or a distractor. This is followed by a top-down selection process that adjusts the priority of 

stimuli according to the current goals. As such, a salient distractor will impair the task 

performance if the top-down control is weak or if the task is too difficult. This model is 

primarily based on the results on the visual search tasks (Wolfe, 2021), where at any given 

time, an observer first evaluates location values in the priority map and then makes a saccade 

to a location with the highest importance. The priority map model has been supported by 

neurophysiological studies showing that it is likely to be implemented at the lateral 

interparietal cortex (LIP), an area involved in planning of eye movements (Balan and 

Gottlieb, 2006), attentional selection (Corbetta and Shulman, 2002), and more recently in 

value-based decision making (Platt and Glimcher, 1999). 
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Figure 3. Embedding rewards into a priority map model of information processing. Priority map (Bisley, 

2011) is a conceptual framework that explains how information is prioritized for further processing, especially 

through the allocation of attention. Although this framework is often in context of visual search tasks, the same 

conceptual framework can be applied to prioritization of information in other dimensions. a) an example of a 

hypothetical search task, where the task is to move eyes to the @ sign, i.e. the target. A physically salient 

distractor (top-right), a high-reward auditory stimulus (top-left) and a high-reward visual stimulus (bottom-

middle) may all have an enhanced representation in such a map and hence influence the search task. b) 

Representation of each object in a on a putative priority map. Rewarding visual and auditory stimuli, as well 

as the physically salient distractor have a higher peak compared to other objects. The figure represents the 

current understanding of the reward mechanisms (Anderson et al., 2021; Failing and Theeuwes, 2018). It has 

remained unknown how reward value that is signaled through modalities other than vision can influence 

representations on such a map and how reward value and attention interact in such contexts.  

1.1.6.3 Reward guides the selective processing of representations on the priority map 

As mentioned above, during the processing of incoming sensory information at first, a 

high priority is given to physically salient stimuli, followed by selection mechanisms that 

adjust the priorities according to the goals of the tasks and other top-down factors. In this 

view, reward could boost stimulus representations on a priority map in three ways. Firstly, 

reward may enhance the bottom-up salience of the sensory stimuli (Anderson et al., 2011a; 

Hickey et al., 2010b; Serences, 2008; Theeuwes and Belopolsky, 2012; Wang et al., 2013). 

Secondly, reward-predicting cues can boost the sensory representations that lead to a reward 

in a top-down, goal-driven manner (Berridge, 2004; Berridge and Kringelbach, 2015). 

Recently, a new third category of reward-driven effects was identified (Awh et al., 2012). 

In this view, associating a stimulus with reward outcomes leads to prioritized processing 

through a mechanism called “reward selection history’’. The specific feature of this type of 

modulation is that through learning stimuli that were consistently selected in the past due to 

their value or importance receive additional prioritization in future that is above and beyond 

top-down and bottom-up factors (Failing and Theeuwes, 2017; Theeuwes, 2018). Against 

this background, the current thesis tries to shed light on interactions of reward and attention 
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and hopefully provide a mechanistic understanding they should be included in influential 

cognitive models such as the priority map model. 

1.1.7 Neurophysiological signatures of reward-driven modulations 

Previous research has identified value-driven modulations of neuronal responses using 

various methods. Single-cell studies have shown reward-driven modulation of visual 

processing as early as in area V1 (Henschke et al., 2020; Shuler and Bear, 2006; Stanisor et 

al., 2013) and even in subcortical areas (Takakuwa et al., 2017). Electroencephalography 

(EEG) studies showed early modulations of the visual Event-Related Potentials (ERPs), 

including P1 (80-120 ms) (Bayer et al., 2019, 2012; Hammerschmidt et al., 2018) N1 (140-

220 ms) (Luque et al., 2017) and C1 (~70 ms) (Bayer et al., 2017; Rossi et al., 2017). P1 and 

especially C1 ERP components are likely to originate from the primate and extrastriate visual 

cortices (Tankelevitch et al., 2020). Early mechanisms of reward modulation were also 

corroborated by fMRI studies. For instance, in visual areas V1, V2, V4 (Arsenault et al., 

2013; Serences, 2008; Serences and Saproo, 2010; Shuler and Bear, 2006). 

The current thesis uses the high temporal resolution of the EEG data to delineate 

different stages of reward modulation of stimulus processing across time.  

1.1.8 Measuring reward effects across sensory modalities 

Up to this point, we discussed early reward effects from the perspective of the visual 

system. However, reward mechanisms are also present in other sensory modalities, as shown 

by recent studies (Goldstein et al., 2006; Pleger et al., 2008; Rutkowski and Weinberger, 

2005; Weil et al., 2010). Thus, it is important to understand if reward mechanisms reflect a 

broad principle of information processing across sensory modalities and how reward 

information is communicated across senses. For instance, recent evidence showed that 

auditory reward stimuli could influence sensory processing in the visual modality 

(Anderson, 2016a; Leo and Noppeney, 2014; Pooresmaeili et al., 2014; Sanz et al., 2018). 

Notably, auditory reward cues in these studies were task-irrelevant, but instead of acting as 

distractors that capture attention away from the target, led to a facilitation in target 

processing (Leo and Noppeney, 2014; Pooresmaeili et al., 2014). This is in contrast to the 

commonly reported interference effect of the high-value intra-modal distractors (Yantis et 

al., 2012) and points to a potential difference between intra-modal and cross-modal reward 

effects. On the other hand, another possibility is that cross-modal and intra-modal reward 

modulations have similar effects as reward cues from different modalities exert their effect 
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in a supra-modal manner that is independent of sensory modality. However, cross-modal and 

intra-modal reward effects have not been directly compared against each other. 

Understanding cross-modal reward effects also advances our understanding of basic 

mechanisms of integration of signals across sensory modalities. Previous studies have 

provided numerous examples of interaction between senses. For instance, it has been shown 

that pairing auditory and visual stimuli can decrease response time (Shams and Seitz, 2008) 

and increase accuracy (Diederich and Colonius, 1987; Ngo and Spence, 2010; Seitz et al., 

2006; Von Kriegstein and Giraud, 2006) compared to uni-sensory stimuli. In other studies, 

multisensory stimulus showed an advantage in sensory processing of its unimodal 

components. This was measured using d’ (sensitivity measurement) measurement, where 

concurrent irrelevant sound improved the visual sensitivity of target stimuli (Bolognini et 

al., 2005). Effects of multisensory integration on d’ indicate that these effects not only 

influence behavioral responses but also play a role in early mechanisms of sensory 

processing by tuning the response of neurons involved in the processing of this multisensory 

stimulus (Frassinetti et al., 2002). However, the interaction between sensory and value cross-

modal integration remains unknown. 

Taken together, measuring reward effects across sensory modalities might be a 

powerful tool to understand mechanisms of reward modulation in particular and the basics 

of sensory processing in general. 
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1.2 Objectives and structure of the current thesis 

1.2.1 Summary of our current knowledge regarding reward effects on sensory 

perception 

As discussed in previous sections, reward is a powerful mechanism that guides our 

decisions, actions and even affects early stimuli sensory representations (Anderson, 2013; 

Hickey et al., 2010b; Serences, 2008). With the reward-driven modulation of perception, 

subtle yet valuable signals gain processing priority, resulting in faster detection and more 

efficient consumption behavior, which is essential for our well-being. Recent findings 

reported that reward signals could influence automatically and involuntarily even when 

reward signals are irrelevant for the current goals (Anderson, 2013; Anderson et al., 2011a; 

Hickey et al., 2010b; Pessoa and Engelmann, 2010; Pleger et al., 2008). There is an ongoing 

debate on whether attentional and reward mechanisms are independent (Maunsell, 2004; 

Pessoa, 2015), and recent studies suggested that reward may elicit an independent 

mechanism by itself that is referred to a reward selection history, which operates parallel to 

goal-driven and stimulus-driven attentional mechanisms (Awh et al., 2012; Failing and 

Theeuwes, 2018; Maclean and Giesbrecht, 2015; Theeuwes, 2019). Neurophysiological 

studies revealed that such reward modulations could affect information processing in early 

primary visual areas (Arsenault et al., 2013; Serences, 2008) and could be found as early as 

C1 (60-90 ms) and P1 (90-120 ms) ERP components (Bayer et al., 2017; Hickey et al., 

2010b; Luque et al., 2017). Notably, in natural environments, reward predictions are often 

based on information from multiple sensory modalities (Wise, 2004). Thus, it is important 

to understand how reward information is transferred across different sensory modalities. 

Indeed, previous findings showed that reward signals help to integrate information between 

modalities (Bean et al., 2021; Bruns et al., 2014; Cheng et al., 2020; Sanz et al., 2018) and 

can modulate the sensory representation of stimuli in another sensory modality (Anderson, 

2016a; Cheng et al., 2020; Pooresmaeili et al., 2014). 

1.2.2 Open questions 

The majority of previous research has been focused on the effect of reward on visual 

perception, mediated through reward cues that are also presented visually. Recent studies 

have reported reward modulations in other sensory modalities other than vision and effects 

that occur cross-modally. Yet, it is unknown whether intra-modal and cross-modal reward 

effects exert similar effects on sensory processing. Results from previous findings indicate 

that cross-modal reward signals could both enhance processing of sensory representation of 

the target stimuli (Pooresmaeili et al., 2014) as well as suppress it since the reward stimulus 
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is task-irrelevant (Anderson, 2016a). Similarly, both facilitatory, as well as suppressive 

effects have been reported for intra-modal cues, depending on whether reward cue is the 

target or the distractor of the task. Therefore, to gain a better insight into the underlying 

mechanisms of reward modulations across sensory modalities, it is important to compare 

intra-modal and cross-modal rewards directly and within the same task while 

neurophysiological data is concurrently recorded. 

It is also important to evaluate how selective attention and reward interact. Current 

scientific evidence cannot disentangle reward and attentional mechanisms (Maunsell, 2004). 

In most cases, reward value is induced by an attentional task, and attention is controlled by 

reward delivery (but see: Baldassi and Simoncini, 2011). By contrasting effects of cross- and 

intra-modal reward cues, we will identify whether attention and reward interact in a 

modality-specific manner or whether general principles govern their interactions. 

1.2.3 Objectives 

The overarching goal of this doctoral thesis is to gain insight into the underlying 

mechanisms of reward-driven modulation of sensory perception. To this end, we seek to 

realize two key objectives: 

 Objective 1: Understanding how intra- and cross-modal reward cues influence early 

sensory processing. 

 Objective 2: Understanding how intra- and cross-modal rewards interact with attention. 

To achieve these objectives, we conducted three studies. In all studies, participants 

first learned the reward associations of visual and auditory cues and then were tested during 

a no-reward phase, when cues were not predictive of the reward delivery but could affect 

perception due to their persistent privileged processing. 

 The first study (Chapter 2) focused on the electrophysiological signatures of intra- 

and cross-modal reward modulation (Objective 1). Previous findings have shown a wide 

range of reward effects across different stages of sensory processing (Bachman et al., 2020; 

Baines et al., 2011; Bayer et al., 2017; Hickey et al., 2010b; Luque et al., 2017; Novak and 

Foti, 2015; Pfabigan et al., 2014). However, despite reward effects found in the early stages 

of sensory processing across different sensory modalities, intra- and cross-modal reward 

effects on sensory processing were not directly compared. Thus, the first study aimed to 

compare intra-modal (visual) and cross-modal (auditory) reward cues on visual sensitivity. 

For this, we adapted an existing experimental paradigm with an orientation discrimination 

task in the presence of task-irrelevant cues that were previously associated with reward 
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(Pooresmaeili et al., 2014). Based on previous literature, we predicted that the reward 

modulations should be in the same direction, i.e., facilitatory, in both cross- and intra-modal 

rewards. Additionally, we predicted two possible scenarios regarding the timing of reward 

effects based on previous studies: 1) the computation of reward value occurs in parallel with 

early sensory processing within each sensory modality and hence happens at the same time 

in both intra-modal and cross-modal rewards; 2) reward signals emerge at the later stages of 

sensory processing where information from different sensory modalities is combined, and 

hence cross-modal reward effects occur later than intra-modal effects. To explore these 

cases, we focused on the early ERP components like P1 (70-170 ms) and N1 (180-250 ms). 

The procedures of this study were preregistered (https://osf.io/47wxr/). 

In the second study (Chapter 3), we wanted to further characterize similarities and 

differences of cross- and intra-modal reward cues in relation to their spatiotemporal 

characteristics (Objective 1). Specifically, we compared the cross-modal and intra-modal 

reward effects in terms of their optimal size of peri-stimulus attentional spotlight and timing 

of their presentation relative to the target. To this end, we used an experimental paradigm 

similar to the first study with intra- and cross-modal reward cues, and at the same time, we 

controlled the spatial and temporal arrangement of the reward cues relative to the target. This 

study measured behavioral indices of reward modulation (visual sensitivity and reaction 

times). 

In our third study (Chapter 4), we aimed to shed light on the interaction between 

reward and attention and its dependence on rewards’ sensory modality (Objective 2). To 

this end, we adapted the design of a previous study (Talsma and Woldorff, 2005) where 

participants detected a brief change in an audio-visual stimulus. Importantly, we manipulated 

both the locus of spatial attention and the reward value associated with the audiovisual 

stimuli. Participants were required to only report changes occurring on the attended side 

(varied across blocks). Both, only one, or none of the modalities were associated with high 

reward. This design allowed us to examine the interaction of spatial attention and reward 

value signaled through different sensory modalities. We hypothesized that reward and 

attention independently affect behavioral and electrophysiological (i.e., visual P1 and 

auditory N1 ERP components) correlates of sensory processing, with both enhancing 

perception. Additionally, we hypothesized that the reward-driven modulations of ERPs 

depended on rewards’ sensory modality, with maximal modulation of visual ERPs expected 

to occur for visual high reward cues, and maximal modulation of auditory ERPS expected 

to occur for auditory high reward cues. This allowed us to investigate how reward guides 

https://osf.io/47wxr/
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the allocation of attention and how, on the other hand, reward effects are modulated by the 

allocation of attention across different sensory modalities. The procedures of this study were 

preregistered (https://osf.io/xte4v). 

With these studies, the current thesis seeks three long-term goals. Firstly, this thesis 

will pave the way to identify the biological markers of reward-driven effects within and 

across sensory modalities. Secondly, a deeper understanding of biological mechanisms of 

cross- and intra-modal reward modulation will allow the refinement of computational and 

cognitive models of sensory processing such as a putative priority map illustrated above. 

Lastly, a deeper understanding of neuronal mechanisms behind cross- and intra-modal 

reward modulation can help to develop better rehabilitation procedures for patients with 

impairments in one sensory modality. These long-term goals, as well as the general 

conclusions driven from the three studies reported in this thesis, will be further discussed in 

Chapter 5. 

  

https://osf.io/xte4v
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Abstract 

Stimuli associated with high reward modulate perception. Such value-driven effects 

have been shown to originate from the modulation of the earliest stages of sensory processing 

in the brain. In natural environments objects comprise multiple features (imagine a rolling 

soccer ball, with its black and white patches and the swishing sound made during its motion), 

where each feature may signal different associations with previously encountered rewards. 

How perception of such an object is affected by the value associations of its constituent parts 

is unknown. The present study compares intra- and cross-modal value-driven effects on 

behavioral and electrophysiological correlates of visual perception. Human participants first 

learned the reward associations of visual and auditory cues. Subsequently, they performed a 

visual orientation discrimination task in the presence of previously rewarded visual or 

auditory cues (intra- and cross-modal cues, respectively) that were concurrently presented 

with the target stimulus. During the conditioning phase, when reward associations were 

learned and reward cues were the target of the task, reward value of both modalities enhanced 

the electrophysiological correlates of sensory processing in visual cortex. During the post-

conditioning phase, when reward delivery was halted and previously rewarded stimuli were 

task-irrelevant, cross-modal value-enhanced behavioral measures of visual sensitivity 

whereas intra-modal value led to a trend for suppression. A similar pattern of modulations 

was found in the simultaneously recorded event-related potentials (ERPs) of posterior 

electrodes. We found an early (90-120 ms) suppression of ERPs evoked by high-value, intra-

modal stimuli. Cross-modal cues led to a later value-driven modulation, with an 

enhancement of response positivity for high- compared to low-value stimuli starting at the 

N1 window (180-250 ms) and extending to the P3 (300-600 ms) responses of the posterior 

electrodes. These results indicate that visual cortex is modulated by the reward value of 

visual as well as auditory cues. Previously rewarded, task-irrelevant cues from the same or 

different sensory modality have a different effect on visual perception, as intra-modal high-

value cues may interfere with the target processing, whereas cross-modal high-value cues 

boost the perception of the target. 
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2.1 Introduction 

Reward seeking is a fundamental mechanism for survival and one of the main 

predictors of behavior (Berridge and Kringelbach, 2008; Schultz, 2015). We tend to 

prioritize what we eat, where we go, and what we do based on the expected value of objects 

or actions learned through experience. A large body of literature has identified a network 

encompassing the ventral striatum and orbitofrontal cortex to play a key role in learning the 

associated value of neutral stimuli through experience (Rangel et al., 2008; Schultz, 2000). 

As natural environments are rich and dynamic, reward information could be conveyed 

through multiple sensory modalities (e.g., hearing the sound of an approaching ice-cream 

truck or seeing its characteristic red color both inform us of the possibility of enjoying an ice 

cream) and reward associations or the goals of the task at hand may change over time (e.g., 

a red truck can carry other items rather than ice-cream). These features entail a tight 

interaction between the reward network and the early sensory areas so that stimuli leading 

to better outcomes such as higher rewards or realization of the goals of the task are prioritized 

for perceptual processing (Haber, 2011; Pessoa and Engelmann, 2010). In fact, previous 

research has identified value-driven modulations of neuronal responses in almost all primary 

sensory areas (Goltstein et al., 2013; Pleger et al., 2008; Rutkowski and Weinberger, 2005; 

Shuler and Bear, 2006; Stanisor et al., 2013; Weil et al., 2010). In line with the effect of 

reward on the earliest stages of sensory processing, studies on humans with the use of 

electroencephalography (EEG) reported reward-related modulations of the visual Event-

Related Potentials (ERPs) that are likely to originate from the primary and extrastriate visual 

cortices (Tankelevitch et al., 2020), including modulations in P1 (80-120 ms) (Bayer et al., 

2019; Hammerschmidt et al., 2018; Schacht et al., 2012), N1 (140-220 ms) (Luque et al., 

2017) and C1 (~70 ms) (Bayer et al., 2017; Rossi et al., 2017) ERP components. Despite the 

robust evidence for an influence of reward on early sensory mechanisms, especially in the 

visual cortex, it has remained unclear how reward information and sensory processing are 

coordinated across multiple sensory modalities. This is an important question as in natural 

environments stimuli are typically multisensory and reward information should be hence 

coordinated across multiple sensory modalities. 

Two recent studies tried to bridge this gap and examined cross-modal reward 

mechanisms, where an auditory stimulus associated with positive reward value affects visual 

perception (Leo and Noppeney, 2014; Pooresmaeili et al., 2014). During a conditioning 

phase, participants associated different pure tones with reward values. In a subsequent post-

conditioning phase, participants either reported the location (Leo and Noppeney, 2014) or 
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the orientation (Pooresmaeili et al., 2014) of a near-threshold Gabor stimulus in the presence 

of task-irrelevant auditory tones. Importantly, during the post-conditioning phase, auditory 

tones did not predict the delivery of reward anymore. The first study (Leo and Noppeney, 

2014) showed that participants’ accuracy in determining the location of the near-threshold 

Gabor was higher in the presence of tones previously associated with a positive reward 

compared to no reward (neutral). The authors concluded that the rewarded tones enhanced 

the bottom-up salience of the visual stimuli hence leading to a better detection and more 

accurate localization of the near-threshold Gabors. Similar results were found in the second 

study (Pooresmaeili et al., 2014), as it was shown that participants’ orientation 

discrimination improved in the presence of auditory tones previously associated with high 

compared to low reward value. With the aid of the simultaneously acquired functional MRI 

data, it was further shown that the enhanced orientation discrimination is also reflected in 

the activation patterns of the early visual areas elicited by a specific Gabor orientation 

(Pooresmaeili et al., 2014). Moreover, in addition to classical reward coding areas (such as 

Striatum and Orbitofrontal cortex), multisensory regions of the temporal cortex were also 

modulated by sound values suggesting that they may serve as an intermediary stage to better 

coordinate the interaction between the primary sensory cortices when high-value stimuli 

were presented (Pooresmaeili et al., 2014). Subsequent studies (Anderson, 2016a; Kang et 

al., 2018, 2017; Sanz et al., 2018) used a variety of tasks encompassing visual search or 

detection or discrimination tasks and confirmed that cross-modal (auditory) reward cues 

could affect visual perception, albeit the cross-modal reward cues in some cases interfered 

with the visual task (Anderson, 2016a; Sanz et al., 2018) and in other cases improved it 

(Kang et al., 2018, 2017). Together, these results provide evidence that reward signals can 

be broadcasted cross-modally. However, it remains unclear which mechanisms underlie the 

transmission of reward signals between sensory modalities and their effect on visual 

perception. 

A predominant view posits that reward effects on sensory perception occur through 

the engagement of attentional mechanisms (Chelazzi et al., 2013; Failing and Theeuwes, 

2018; Pessoa, 2015). In this view, rewarding cues receive higher attentional prioritization 

either through an involuntary, value-driven attentional capture (Anderson et al., 2011a), 

through voluntary, goal-directed attentional selection (Kiss et al., 2009; Sawaki et al., 2015; 

Van Den Berg et al., 2014), or through cognitive control mechanisms (Etzel et al., 2016; 

Pessoa, 2009). In line with this, it has been shown that a reward cue that is aligned with the 

goal-directed attention in space and in time improves visual performance (Kiss et al., 2009; 
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Kristjánsson et al., 2010), whereas when the rewarded stimulus appears away from the target, 

it interferes with the target detection or discrimination (Anderson et al., 2013; Della Libera 

and Chelazzi, 2009). Considering these findings, enhancement of visual perception by co-

occurring sounds (Leo and Noppeney, 2014; Pooresmaeili et al., 2014) is unexpected, as 

auditory tones in these studies were irrelevant to the visual task and could potentially act as 

a high-reward distractor capturing attention away from the visual target. We consider three 

possible explanations for the observation that high-reward auditory cues could in some cases 

enhance visual perception. Firstly, cross-modal auditory reward cues may involve a different 

type of attentional selection compared to the attentional mechanisms involved in the 

processing of visual targets (Alais et al., 2006). According to this view, although auditory 

reward cues capture attention, they do not interfere with the task-relevant visual attention as 

they are processed through a different attentional mechanism. However, this explanation 

cannot yet explain why rewarded sounds should enhance visual performance. A second 

possibility is that cross-modal reward cues enhance visual perception by strengthening the 

audiovisual integration of the auditory and visual components of an audiovisual stimulus. 

Although audiovisual integration largely occurs automatically (Calvert and Thesen, 2004), 

top-down factors such as attention (Alsius et al., 2005; Navarra et al., 2010; Talsma et al., 

2007) and recently reward value (Bean et al., 2021; Cheng et al., 2020) have been shown to 

affect its strength. Through a more efficient integration with the visual cues, auditory reward 

signals could hence capture attention not only to themselves but also to the whole 

audiovisual object, including the visual target, thereby improving performance. In fact, the 

boost of integration may be a key characteristic of reward modulation where the association 

of one sensory property of an object with higher reward spreads to all sensory properties of 

the same object hence promoting their grouping, as has been shown before (Stanisor et al., 

2013). Lastly, cross-modal and intra-modal reward cues could influence visual perception at 

different stages of sensory processing (Anderson et al., 2011a; Yantis et al., 2012). While 

intra-modal, task-irrelevant reward cues may interfere with the early bottom-up processing 

of the visual target, cross-modal reward cues could enhance the later sensory or post-sensory 

decision stages (Franzen et al., 2020). These possible scenarios can be disentangled by 

comparing cross-modal reward effects against intra-modal reward effects, i.e., when the 

reward cue and target cues appear in the same sensory modality. This would also determine 

whether common or modality-specific mechanisms underlie reward-driven modulation of 

sensory perception. However, previous studies have not undertaken such a comparison. 
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The central aim of this study was to provide a better understanding of reward effects 

across sensory modalities by comparing intra- and cross-modal reward effects while using 

the high temporal resolution of the EEG data to delineate different stages of stimulus 

processing across time. To this end, we employed a task design similar to a previous study 

(Pooresmaeili et al., 2014), where participants first learned the reward value of visual or 

auditory cues during a conditioning phase and subsequently performed a visual orientation 

task in the presence of previously rewarded cues. During the latter post-conditioning phase, 

auditory and visual reward cues were presented simultaneously with the target stimulus and 

at the same side of the visual field. Crucially reward cues during the post-conditioning phase 

were irrelevant to the task at hand and did not predict the delivery of reward (i.e. no-reward 

phase). Measuring reward effects at a no-reward phase has proven to be an effective method 

to separate different modulations of perception, i.e., those related to the long-term 

associative value of reward cues from those of goal-directed boosts driven by reward-

predicting cues or the delivery of the reward itself (Anderson and Yantis, 2013; Failing and 

Theeuwes, 2015; Maclean and Giesbrecht, 2015; Mine and Saiki, 2015; Rutherford et al., 

2010; Watson et al., 2019). Association of task-irrelevant cues, but not the target, with 

reward values allows dissociating reward effects and effects of selective attention involved 

in the processing of the target stimulus. Thus, the current study will use task-irrelevant intra- 

and cross-modal reward cues during a no-reward phase (here referred to as post-

conditioning) to measure reward effects across sensory modalities on visual perception. 

We hypothesized that cues previously associated with high value should positively 

influence behavioral performance (i.e., enhancing the target discriminability and reducing 

the reaction times) and early posterior ERP components (i.e., increasing the amplitudes of 

P1 and N1 components, and decreasing their latencies). This hypothesis is based on a 

mechanism where higher reward value not only prioritizes the processing of reward-

associated cues but also promotes the integration of different components of an object into 

a coherent perceptual group. With this, we expected that the reward-related enhancements 

should spread to other sensory components of the same object, irrespective of the sensory 

modality of the reward cue. Next, we hypothesized that reward-related modulations of P1 

and N1 components in posterior electrodes occur earlier and are stronger when the reward 

cue is delivered intra-modally (in visual modality) compared to when the reward cue is 

delivered cross-modally (in auditory modality), as intra-modal effects rely on direct neuronal 

connections between reward and target sensory representations (Serences, 2008; Serences 

and Saproo, 2010), whereas cross-modal effects rely on the long-range communication 
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between different brain areas and/or involve intermediate stages (Pooresmaeili et al., 2014). 

Finally, we hypothesized that in later stages of information processing (i.e.,> 250 ms), intra- 

and cross-modal reward cues elicit similar modulations of ERP amplitudes, both leading to 

an enhancement of P3 ERP component. 

2.2 Material and Methods  

Participants 

Thirty-eight participants took part in our experiment (23 women, mean age ± SD: 25.8 

± 5). Two participants were excluded since their performance during the associative reward 

learning task indicated that they either did not learn the reward associations (N=1) or had 

difficulties with discriminating the location of the stimuli (N=1). The final sample consisted 

of 36 healthy participants with normal or corrected-to-normal vision who had no history of 

neurophysiological or psychiatric disorders, according to a self-report. Participants gave 

written informed consent after the experimental procedures were clearly explained to them. 

The study was conducted in full accordance with the Declaration of Helsinki and was 

approved by the local Ethics Committee of the Medical University Göttingen (proposal: 

15/7/15). 

The sample size, all procedures, and the analysis plan of the study were preregistered 

(https://osf.io/47wxr/). In brief, the required sample size for this study was calculated based 

on the effect size observed in a pilot study (N=8). To this end, we averaged the reward effect 

on the amplitude of the P1 component of the posterior ERPs across cross- and intra-modal 

cues during post-conditioning. The sample size was then calculated for a within-subjects, 

paired, two-tailed t-test for a significant difference between high and low-value stimuli with 

alpha = 0.05 and power (1 - Beta) = 0.8. in GPower software (Faul et al., 2007). This power 

analysis indicated that at least 33 subjects were needed (mean ± SD of effect size: 0.35 ± 

0.69 for the difference between high and low value, dz = 0.5097). Based on this and to 

maintain the counterbalancing of our experimental conditions (4 possible combinations of 

auditory and visual cues with high or low reward), we aimed for an a priori sample size of 

N=36 before the data collection started. 

Experimental design 

Study structure 

Each participant completed three phases of the experiment: a pre-conditioning phase 

(Figure 1b), an associative reward learning (conditioning) phase (Figure 1a), and finally, a 

https://osf.io/47wxr/
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post-conditioning phase (Figure 1b): During the pre-conditioning phase, participants 

performed a visual orientation discrimination task at their discrimination threshold (see 

Stimuli and equipment) in the presence of the task-irrelevant auditory or visual cues. In the 

conditioning phase, participants learned reward values of the visual and auditory cues with 

a cue localization task. Finally, the post-conditioning phase employed the same task as the 

pre-conditioning, but the auditory or visual cues had now been associated with a specific 

reward value during conditioning. We used the pre-conditioning phase to control for 

perceptual biases towards visual and auditory cues that were independent of their reward 

value. Therefore, all effect sizes (Figure 3-6) are reported after the subtraction of the pre-

conditioning data from the corresponding data during post-conditioning. 

2.2.3 Conditioning phase 

During the conditioning phase (Figure 1a), participants reported the location of a 

peripheral visual (9° eccentricity) or auditory stimulus (sound played in the left or right 

earphone) by pressing left or right arrow keyboard buttons. Correct responses were followed 

by a monetary reward, the magnitude of which depended on the respective color or pitch of 

the visual or auditory cues. Reward information was presented at the screen center both in 

written format (with digits showing the number of Euro cents obtained) and graphically (a 

color bar illustrating the ratio of the reward magnitude in the current trial to the maximum 

possible level in the experiment, respectively), and stayed in view for 1.5 s. Rewards were 

drawn from two Poisson distributions with the mean of 25 cents and SD of 4.8 cents for 

high-reward trials and a mean of 2 cents and SD 1.4 cents for low-reward trials (minimum 

and maximum reward was fixed at 35 and 0.4 cents, respectively). Participants were 

instructed to remember and report the color and the sound pitch that delivered higher rewards 

at the end of the conditioning phase and at the end of the experiment. The location (left or 

right), modality (auditory or visual), and identity (color or sound pitch) of the cues were 

pseudorandomized across trials with the constraint that the same condition could not be 

repeated more than twice in a row. The association of each cue identity with reward value 

was counterbalanced across participants. 
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Figure 1. Stimuli and experimental procedure. a) Reward learning phase (conditioning). Participants 

learned the reward association of the visual or auditory cues by performing a localization task and observing 

their monetary rewards contingent on the color (visual) or pitch (auditory) of the cues. In this task, after an 

initial fixation period (700-1400 ms), a visual or an auditory cue was presented to the left or right side of the 

fixation point and participants had to localize them by pressing either left or right arrow buttons of a keyboard 

(maximum response time 2 s). Here, stimuli in two example trials are shown, one with an auditory cue 

presented to the left and the other with a visual cue presented to the right. The correct performance led to either 

a high or a low monetary reward dependent on the identity of the cue (color of visual cues and pitch of auditory 

cues). b) Orientation discrimination task employed during the pre- and post-conditioning phases. To 

probe the effects of reward value on visual sensitivity, an orientation discrimination task was employed. A trial 

of this task started with a fixation period (700-1400 ms), followed by the presentation of a peripheral Gabor 

stimulus (9° eccentricity). Participants were instructed to discriminate the orientation of the Gabor stimulus 

(clockwise or counterclockwise tilt) by pressing up or down arrow buttons on a keyboard (maximum response 

duration = 2 s). Concurrent with the Gabor, a visual or auditory cue was also presented (intra- or cross-modal 

cues, respectively). Intra- and cross-modal cues were irrelevant to the orientation discrimination task and did 

not predict reward delivery. c) The schematic illustration of the different stages of an experimental session. d) 

Design matrix of all stimulus conditions used during the test phase. 

Participants completed 280 trials with the cue localization task to learn reward 

associations. From these, 144 trials were presented during an initial longer conditioning 

block (comprising 36 repetitions of value × modality conditions). Subsequently, 136 trials 

of the conditioning phase were divided into 16 short blocks (8 trials per block) and then 

interleaved with short blocks of the post-conditioning phase (20 trials per block) to prevent 

the extinction of the reward associations (Figure 1c, also see under Pre- and post-

conditioning phases). 

Pre- and Post-conditioning phases 

During pre- and post-conditioning phases, participants performed an orientation 

discrimination task (Figure 1b). Each trial started with a fixation period (700-1400 ms) 
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followed by a Gabor stimulus. The Gabor stimulus was displayed at 9° eccentricity on the 

left or right side from the fixation point for 250 ms (see also Stimuli and equipment). 

Simultaneously with the Gabor stimulus, an ipsilateral visual (intra-modal) or auditory 

(cross-modal) cue appeared. Participants were instructed to focus on judging the orientation 

of the Gabor and ignore irrelevant visual and auditory cues. During these phases, correct 

responses in the orientation discrimination task granted them a fixed reward shown at the 

end of the experiment. These instructions aimed to emphasize that previously rewarded cues 

were not relevant to the task and did not lead to differential immediate rewards anymore. 

In total, participants performed 160 trials in the pre-conditioning phase and 320 trials in 

the post-conditioning phase, with 32 and 64 repetitions of each of the value (high, low, 

neutral) × modality (intra-modal, cross-modal). In the neutral condition, the Gabor was 

presented without an auditory tone or color and served as a control condition to characterize 

the behavioral performance and evoked potentials, irrespective of the reward value (Figure 

1c-d). 

Stimuli and equipment  

Visual reward cues consisted of a transparent ring overlaid on the Gabor patch (0.44° in 

diameter, 0.17 pixels thick, alpha 50%, color in HSV = [20, 0.4, V] for orange, [250, 0.4, V] 

for blue and [0, 0, V] for grey colors and V was calibrated for each participant to produce 

iso-luminance, intra-modal conditions contained either a blue or an orange ring whereas 

cross-modal and neutral conditions contained a grey ring). Auditory reward cues were pure 

monaural tones, lateralized to the left or right earphone (pitch = 350 Hz or 1050 Hz and 

sound level pressure = 70 dB, adjusted with a digital sound-level meter; SL-100, Voltcraft, 

Hirschau; separately for each tone and delivered through in-ear earphones ER-3C, Etymotic 

Research Inc.). Auditory cues were not localized in space as we aimed to keep their 

characteristics identical to a previous study (Pooresmaeili et al., 2014). Gabor stimuli were 

Gaussian-windowed sinusoidal gratings with an SD of 0.33°, a spatial frequency of 3 cycles 

per degree, 2° diameter, and 50% contrast, displayed on a gray background of 34.4 cd/m2 

luminance. Before the experiment, participants performed a color adjustment procedure to 

match the brightness of the visual reward cues. After that, they underwent a short training 

session to get familiar with the orientation discrimination task (Number of trials = 36, Figure 

1c). After training, participants’ orientation discrimination threshold for a performance of 

70% was determined using a QUEST procedure, followed by the main experiment (Figure 

1c). Throughout the experiment, trials were repeated in case participants made an eye 

movement (> 2° displacement of gaze from the fixation dot during fixation or target period), 
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used an undesignated button to respond, or did not respond at all to maintain equal number 

of repetitions across conditions. 

Data collection was done in a darkened, sound-attenuated, and electromagnetically 

shielded chamber. Participants sat 91 cm away from a 22.5-inch calibrated monitor 

(ViewPixx/EEG inc., resolution = 1440 × 980 pixels, refresh rate = 120 Hz) with their heads 

resting on a chinrest. Stimulus presentation was controlled in Psychophysics toolbox-3 

(Brainard, 1997) in MATLAB (version R2015b) environment. Eye movements were 

recorded with an Eyelink 1000 eye tracker system (SR Research, Ontario, Canada) in a 

desktop mount configuration, recording the right eye at a sampling rate of 1000 Hz. 

Electrophysiological data were recorded from 64 electrodes (BrainVision Recorder 

1.23.0001 Brain Products GmbH, Gilching, Germany; actiCap, Brain Products GmbH, 

Gilching, Germany), online referenced to TP9, digitized at 1000 Hz, and amplified with a 

gain of 10,000. Electrode impedances were kept below 10kΩ. 

Data Analysis 

Analysis of the behavioral data 

For behavioral assessment of visual sensitivity during the orientation discrimination task, 

we used participants’ d-prime scores (d'). D-prime was measured based on the probability 

of hits and false-alarms, as d' = Z(PHit) - Z(PFA), where one of the tilt directions was 

arbitrarily treated as “target-present” as in formal Signal Detection Theory analysis of 

discrimination tasks (Macmillan and Creelman, 1991; Leo et al., 2011). Extreme values of 

PHit or PFA were slightly up- or down-adjusted (i.e., a probability equal to 0 or 1 was adjusted 

by adding or subtracting 0.001, respectively). Reaction times in all phases of the experiment 

were calculated as the elapsed time between the onset of the target stimulus and the 

participant’s response. The resulting response times were averaged for each experimental 

condition (including correct and incorrect responses). 

Outliers were removed from the behavioral and ERP data of each participant (0.38% ± 

0.6 SD across subjects). A trial was considered to be an outlier if the gaze fixation during 

the target presentation period was suboptimal (eye position >0.9° from the fixation point) or 

the reaction time was faster than 10 ms. 

Analysis of Event-Related Potentials (ERPs) 

The EEG data was imported and processed offline using EEGLAB (Delorme and 

Makeig, 2004), an open-source toolbox running under the MATLAB environment. First, an 

automatic bad channel detection and removal algorithm was applied (using EEGLAB’s 
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pop_rejchan method; threshold = 5, method = kurtosis). Later, data of each participant was 

band-pass filtered with 0.1 Hz as the high-pass cutoff and 40 Hz as the low-pass cutoff 

frequencies. After this, the epochs were extracted by using a stimulus-locked window of 

1900 ms (-700 to 1200 ms) and subjected to an Independent Component Analysis (ICA) 

algorithm (Delorme and Makeig, 2004). Blinks and eye-movement artifacts were 

automatically identified and corrected using an ICA-based automatic method, implemented 

in the ADJUST plugin of EEGLAB (Mognon et al., 1994). Bad channels were interpolated 

using the default spherical interpolation method of the EEGLAB toolbox. Next, data were 

re-referenced to the average reference. To calculate ERPs, epochs were extracted using a 

window of 900 ms (-100 to 800 ms) time-locked to the onset of the target, and baseline-

corrected using the pre-stimulus time interval (-100 to 0 ms). 

Our ERP analysis focused mainly on the latencies and amplitudes of the visual P1 and 

N1 components of the visual and auditory reward cues averaged across a region of interest 

(ROI) comprising four posterior electrodes (PO7/PO8, O1/O2). As auditory and visual cues 

have different response latencies and reward associations may also affect response latencies, 

the following method was used to tailor P1 and N1 amplitude measures to each specific 

condition. ERP components were defined individually for each condition as a 30 ms window 

around the peak centered on the grand average ERP wave across participants. The peak of 

P1 component was defined as the most positive peak within 70-170 ms window, and the 

peak of N1 component was defined as the most negative peak within 180-250 ms window. 

Latencies of P1 and N1 peaks were measured by finding the corresponding positive or 

negative peaks of the ERPs within the corresponding time windows for each participant. 

Finally, modulations of the P3 component were quantified as the average ERP amplitude 

between 300-600 ms across all electrodes of the midline ROI (Fz, FCz, Cz, CPz, and Pz). 

To determine the onset of intra- and cross-modal reward effects, we calculated the 

difference between high- and low-value ERPs of each cue type within a 10 ms moving 

window against their baseline difference (i.e., within 100 ms before the stimulus onset). 

Amplitude differences between 50-800 ms after stimulus onset that reached significance 

(uncorrected p < 0.05) were considered as significant value-driven modulations. To account 

for the inflated probability of type I errors that appear from application of multiple 

comparisons, only results that were significant in two or more consecutive time windows 

will be reported (Talsma and Woldorff, 2005). 

All procedures described above strictly followed our pre-registered analysis plan. 

However, after data acquisition and visual inspection of the ERPs, we undertook the 
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following modifications and exploratory analyses. Firstly, in the post-conditioning phase, 

we observed ERP modulations in time intervals that preceded our pre-registered time 

windows. To examine these early effects, we performed an exploratory analysis in a time 

window between 90-120 ms after the stimulus onset (referred to as the PA component). The 

timing of this component corresponds to the timing of the earliest positive peak of visual 

ERPs observed in previous studies (Luck et al., 1994; Mangun, 1995). It should be noted 

that in our experiments, reward cues and the Gabor stimulus were presented at the same time. 

As such, whereas the highest positive peak of P1 that has been the basis of our estimates of 

P1 component is likely to reflect the responses to both reward cues and the Gabor, the earlier 

PA component may reflect primarily the response to the reward cues. This conclusion is also 

supported by inspecting the PA responses to the neutral stimulus depicted in Figure 4a and 

Supplementary Figure 4a, where PA responses start to emerge only after the reward 

associative learning (in the post-conditioning phase) when participants pay attention to the 

identity of different cues. The second exploratory analysis was to inspect the stimulus-

evoked contra-lateral ERPs. As visual areas are known to have a higher sensitivity to the 

contralateral stimuli (Woldorff et al., 1997), we also tested the responses of the posterior 

ROI to contralateral stimuli (i.e., responses of O1 and PO7 to the stimuli on the right visual 

hemifield and O2 and PO8 to the stimuli on the left visual hemifield) and measured the 

correlation of contralateral responses with behavior (Figure 6, Supplementary Figure 4), as 

exploratory analyses. Finally, ERP modulations occurring at a time window overlapping 

with the P3 responses (300-600 ms) planned to only be analyzed in midline electrodes were 

also inspected in the posterior ROI (O1, O2, PO7, PO8) during both conditioning and post-

conditioning phases. 

Statistical Analysis 

We used 2 by 2 repeated measures ANOVAs (rm-ANOVAs) to test the effect of 

Reward Value (high, low) and Modality (visual, auditory) on behavioral (d' and RT) and 

electrophysiological responses of the conditioning and post-conditioning phases. To remove 

the effect of perceptual biases that participants may have for different colors or tone pitches 

prior to the learning of cues’ reward associations, we corrected the behavioral and ERP 

results of each participant by subtracting the data of each condition in pre-conditioning from 

the data of post-conditioning. The corrected results were then subjected to rmANOVAs. 

Planned, paired t-tests were used for pairwise comparisons. Effect sizes in rmANOVAs are 

reported as partial eta-squared (𝜂𝑝
2) and in pairwise comparisons as Cohen’s d; i.e. dz 

(Lakens, 2013). 
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2.3 Results 

Conditioning phase 

Behavioral results 

Participants’ performance in this task was near perfect as accuracies for both cues were 

> 95% (99% ± 1% for auditory and 100%±0% visual cues). Analysis of reaction times (RTs) 

revealed a significant main effect of modality (F(1,35) = 70.44, p < 0.001, ηp
2 = 0.67). 

Participants localized visual cues (mean ± s.e.m.: 501 ± 12 ms) faster than auditory cues 

(mean ± s.e.m.: 584 ± 16 ms), in line with the superior performance of vision in localization 

tasks (Bertelson and Radeau, 1981; Pick et al., 1969). We did not observe a main effect of 

reward value (F(1,35) < 1); however, an interaction was found between reward value and 

modality (F(1,35) = 7.68, p = 0.009, ηp
2 = 0.18). For auditory cues, high reward value slowed 

down responses (mean ± s.e.m.: 589 ± 17 ms and 580 ± 16 ms for high and low value cues, 

respectively), while in the visual modality, high-value cues sped up responses (mean ± 

s.e.m.: 496 ± 13 ms and 506 ± 12 ms for high- and low-value cues, respectively). The effect 

of reward value separately in each modality did not reach significance (t(35) = -2.02, p = 

0.051, dz = 0.34 and t(35) = 1.52, p = 0.137, dz = 0.253 for visual and auditory cues, 

respectively). 

ERP responses: P1, N1, P3  

We next examined whether the posterior ROI (PO7/PO8 and O1/O2, reflecting the 

activity of occipital and parietal visual areas) that we had planned to use for probing reward 

effects during the main orientation discrimination task exhibits reliable reward modulations 

(ERP amplitude and or latency) during reward associative learning (Figure 2). The rationale 

for examining visual ERPs in the conditioning phase is twofold. Firstly, in this phase reward 

modulations in the posterior ROI serve as an index of how value information affects sensory 

processing when reward cues are the target of the task (task-relevant). Secondly, of particular 

interest are reward modulations evoked by auditory cues, as such modulations would 

indicate that reward information is broadcasted to visual cortex even in the absence of 

concomitant visual stimulation. 

According to the rmANOVA, P1 amplitudes were impacted by modality (F(1,35) = 

12.89, p < 0.001, ηp
2 = 0.27), with higher amplitudes for auditory (mean ± s.e.m: 3.66 ± 0.28 

µV) than visual cues (mean ± s.e.m: 2.27 ± 0.24 µV). Effects of reward values (F(1,35) < 1, p 

= 0.919) and the modality by reward interaction (F(1,35) < 1, p = 0.971) did not reach 

significance. Analysis of P1 latency revealed a main effect of modality (F(1,35) = 53.1, p < 
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0.001, ηp
2 = 0.60), reflecting an earlier onset of P1 responses for auditory (mean ± s.e.m.: 

130.7 ± 2 ms) compared to visual cues (mean ± s.e.m.: 155.3 ± 2.7 ms). Neither a main effect 

of reward value (F(1,35) = 1.19, p = 0.284) nor an interaction between reward value and 

modality (F(1,35) = 2.72,  p = 0.108) was found. 

Analysis of N1 amplitudes in the conditioning phase revealed a main effect of 

modality (F(1,35) = 17.42, p < 0.001, ηp
2 = 0.33), again with larger amplitudes for auditory 

(mean ± s.e.m: -1.36±0.35 µV) compared to visual cues (mean ± s.e.m: 0.73 ± 0.32 µV). 

Again, neither the main effect of reward value nor the reward by modality interaction 

reached significance (all ps > 0.1). N1 latency was not modulated by modality (F(1,35) = 1.92, 

p = 0.175) or by reward value (F(1,35) < 1, p = 0.477). However, a significant interaction was 

found between reward value and modality (F(1,35) = 7.07, p = 0.012, ηp
2 = 0.17), reflecting 

different direction of value-driven modulation of N1 latencies in the two modalities. 

Whereas visual high value cues significantly sped up the N1 peak (mean ± s.e.m.: 208.47 ± 

2.86 ms and 215.58 ± 2.99 ms and for high and low-value cues respectively, t(35) = -2.54, p 

= 0.016, dz =0.424), auditory high-value cues tended to slow down N1 responses (mean ± 

s.e.m.: 218 ± 3.3 ms and 214.7 ± 3.2 ms for high and low value cues respectively, t(35) = 

1.12, p = 0.27, Cohen’s d =0.19). 

[Insert Table. 1 here] 

Amplitude (µV) P1 N1 P3  

VH 2.26 ± 0.25 0.62 ± 0.33 2.85 ± 0.42  

VL 2.27 ± 0.26 0.84 ± 0.33 2.74 ± 0.38  

AH 3.65 ± 0.29 -1.22 ± 0.36 2.88 ± 0.27  

AL  3.66 ± 0.31 -1.49 ± 0.39 2.56 ± 0.29  

     

Latency (ms) P1 N1   

VH 154.67 ± 3.03 208.47 ± 2.86   

VL 155.86 ± 3.68 215.58 ± 2.99   

AH 134.94 ± 3.30 218.47 ± 3.23   

AL  126.56 ± 2.97 214.69 ± 3.24   

 
Table 1. Amplitude and latencies of visual ERP components evoked by visual high value (VH), visual low 

value (VL), auditory high value (AH), and auditory low value (LA) cues during the conditioning phase, 

measured in the posterior ROI. 

Analysis of P3 amplitude in the posterior ROI (PO7, O1, O2, PO8), quantified 

between 300 and 600 ms, revealed a main effect of reward value (F(1,35) = 4.82, p = 0.035, 



47 

 

ηp
2= 0.121), reflecting larger amplitudes for high-reward cues (mean ± s.e.m.: 2.86 ± 0.29 

µV) than for low-reward cues (mean ± s.e.m.: 2.65 ± 0.3 µV). The main effect of modality 

(F(1,35) < 1, p = 0.816) and an interaction effect between modality and value (F(1,35) < 1, p= 

0.458) were non-significant. 

We note that this analysis is exploratory as in our pre-registered plan we intended to 

only examine the P3 component in midline electrodes (Pz, CPz, Cz, FCz, Fz) in a time 

window of 300-600 ms. However, examination of the topographic distribution of these ERP 

modulations within this window suggested a rather posterior topography than the expected 

more centrally distributed P300 (Figure 2a-b). Hence, we decided to also examine P3 

amplitudes in a posterior ROI (O1, O2, PO7, PO8). Similar motivational modulation of 

posterior P3-like responses has been observed in previous studies (Baines et al., 2011). 
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Figure 2. ERP responses of the posterior ROI to the visual and auditory reward cues during the 

conditioning phase. a) ERPs of visual reward cues with high (red traces) and low (blue traces) values measured 

in a posterior ROI (O1, O2, PO7, and PO8). The shaded grey areas correspond to 30 ms windows around the 

peak of P1 (70-170 ms) and N1 (180-250 ms) used to estimate the amplitude of these components for each 

condition (here the window is averaged across high and low-value conditions) and the window used to estimate 

P3 responses (300-600 ms). The topographic distribution of P1, N1 and P3 components are shown for each 

reward value condition. b) Same as a for auditory reward cues. c-d) analysis of the amplitude and latency of 

the ERP components revealed significant value-driven modulations for the amplitude of P3 shown in c and the 

latency of the N1 component shown in d. Visual High Value: VH; visual Low Value: VL; Auditory High 

Value: AH; Auditory Low Value: AL. 

In summary examination of the posterior ROI (O1, O2, PO7, and PO8) revealed a 

significant interaction of reward value and reward modality on the latency of N1 responses, 

with a significant speeding up of ERP responses to high-value compared to low-value visual 

cues, and opposite trend for auditory N1 responses. In the P3 window, a main effect of 

reward value was found across all high- compared to low-reward value conditions. Taken 

together, these results indicate that the higher associative value of both visual and auditory 

cues enhances their sensory processing in visual areas during the associative learning phase 

of our experiment. 
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Post-Conditioning phase 

Behavioral results 

To assess the behavioral visual sensitivity, participants’ d-prime scores (d' Post minus 

d' Pre) were subjected to an ANOVA with reward value (high or low) and modality (intra- 

or cross-modal) as independent factors (Table 2 and Figure 3). This analysis revealed no 

main effect of modality (F(1,35) < 1, p = 0.99) or reward value (F(1,35) < 1, p = 0.35). 

Importantly, an interaction was found between modality and reward value (F(1,35) = 5.75, p 

= .022, ηp
2 = 0.14). Whereas cross-modal reward value enhanced visual sensitivity (mean ± 

s.e.m: 0.44 ± 0.19, for the difference between high and low value stimuli, corrected for pre-

conditioning, t(35)=2.31, p = 0.027, dz = 0.38), intra-modal reward value led to a decrement 

in visual sensitivity (mean ± s.e.m.: -0.18 ± 0.19, for the difference between high and low 

value stimuli, corrected for pre-conditioning). The performance decrement for high- 

compared to low-value intra-modal condition however, did not reach statistical significance 

(t(35)=-0.97, p = 0.34, dz = 0.162). Analysis of the reaction times (RT) revealed a trend for 

an overall slowing down of responses for high- compared to low-value stimuli, but this effect 

did not reach statistical significance (F(1,35) = 2.36, p = 0.133). Other main and interaction 

effects were non-significant (all Fs < 1, all ps > 0.1). 

In summary, during the post-conditioning phase, cross-modal high-value cues 

improved the visual sensitivity of orientation discrimination while intra-modal, high-value 

cues showed a trend for interference compared to low-value cues. Reaction times were not 

significantly affected by the reward value of either type. 
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Figure 3. Behavioral performance in the orientation discrimination task. a) Visual sensitivity (d-prime: 

d') during the pre-conditioning phase for different conditions (Neutral: Neut; Intra-modal High Value: IH; 

Intra-Modal Low Value: IL; Cross-modal High Value: CH; and Cross-Modal Low Value: CL).  b) Same as a, 

for reaction times (RT). c) Visual sensitivity during the post-conditioning phase, i.e. after the associative reward 

value of different cues were learned. d) Same as c for RTs. e) Effect size for d' modulations, measured as the 

difference in d′ between high- and low-value conditions corrected for their difference during pre-conditioning, 

in intra- and cross-modal cue types (grey and white bars, respectively). f) Same as e for reaction times (RT). * 

marks the significant effects (p < 0.05). Error bars are s.e.m. 

ERP responses in posterior ROI  

We next examined the responses of the posterior ROI to the Gabor stimuli when it 

appeared together with task-irrelevant visual or auditory cues during the orientation 

discrimination task (Figure 4, Figure 5, and Table 2). Examination of P1 amplitudes with 

a two-way rmANOVA revealed a main effect of modality (F(1,35) = 5.65, p =0.023, ηp
2 = 

0.14), corresponding to larger P1 amplitudes in the cross-modal condition than in the intra-

modal condition (see Table 2). The main effect of reward value (F(1,35) < 1, p = 0.831) and 

the interaction between reward value and modality did not reach significance (F(1,35) < 1, p 

= 0.501). Analysis of P1 latencies did not reveal any effect of modality (F(1,35) < 1, p = 

0.935), value (F(1,35) < 1, p = 0.342), or their interaction (F(1,35) = 1.2, p = 0. 287). 

Analysis of the N1 amplitude revealed a trend for an effect of modality (F(1,35)  = 3.6, 

p = 0.066, ηp
2 = 0.093), with intra-modal reward cues evoking less negative N1 peak than 

cross-modal reward cues (see Table 2). The main effect of reward value did not reach 

significance (F(1,35) = 2.04, p = 0.162) but a trend was found for an interaction between 

reward value and modality (F(1,35) = 4.09, p = 0.051, ηp
2 = 0.105), where high value cross-
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modal cues decreased N1 negativity compared to intra-modal condition (see Table 2 and 

Figure 4-5). Planned, pairwise comparisons showed that cross-modal high value condition 

significantly decreased (t(35) = 2.98, p = 0.005, dz = 0.5, Figure 5c) the N1 negativity 

compared to the low value condition. The difference between intra-modal, high and low 

value conditions did not reach statistical significance (p = 0.45). Latency analysis of N1 

component did not reveal any effects of modality (F(1,35) < 1, p = 0.935), value (F(1,35) < 1, p 

= 0.363) or their interaction (F(1,35) = 2.17, p = 0.150). 

Analysis of the P3 component in midline electrodes (300-600 ms, corrected for pre-

conditioning) revealed no main effect of modality, reward value, electrode, or their 

interaction (all ps > 0.1). Although post-hoc inspection of the ERP responses of midline 

electrodes (Supplementary Figures 2 and 3) suggests that value-driven modulations occur 

in other time windows than our pre-registered intervals, we decided to adhere to our a priori 

plan and do not explore these modulations any further. 

[Insert Table. 2 here] 
 Pre-conditioning   Post-conditioning 

IH IL CH CL Neut IH IL CH CL Neut 

RT 

(ms) 

950 

±25.3 

968 

±28.2 

955 

±28 

961 

±27.8 

955 

±29.7 

923 

±21.7 

917 

±23.4 

930 

±22.6 

922 

±20.9 

906 

±22.8 

d' 2.18 

±0.17 

2.18 

±0.18 

1.94 

±0.16 

2.24 

±0.21 

2.05 

±0.16 

1.89 

±0.13 

2.06 

±0.14 
1.96 

±0.16 

1.82 

±0.14 

1.81 

±0.14 

PA 

(µV) 

0.62 

±0.29 

0.16 

±0.26 

3.52 

±0.40 

3.89 

±0.41 

0.09 

±0.24 
0.09 

±0.15 

0.39 

±0.17 

3.36 

±0.34 

3.30 

±0.36 

0.40 

±0.17 

P1 

(µV) 

2.28 

±0.36 

2.35 

±0.35 

5.56 

±0.43 

6.03 

±0.39 

1.98 

±0.34 

1.84 

±0.26 

2.07 

±0.30 

4.81 

±0.34 

5.00 

±0.36 

1.93 

±0.26 

N1 

(µV) 

0.93 

±0.41 

0.99 

±0.39 

-1.29 

±0.46 

-0.67 

±0.48 

0.42 

±0.42 

0.38 

±0.35 

0.74 

±0.35 
-0.70 

±0.40 

-0.94 

±0.41 

0.91 

±0.36 

P3 

(µV) 

2.65 

±0.41 

2.70 

±0.43 

3.44 

±0.47 

4.23 

±0.49 

1.98 

±0.46 

2.58 

±0.46 

2.48 

±0.45 
3.91 

±0.47 

3.76 

±0.49 

2.52 

±0.45 

P1 

(ms) 

151 

±3.63 

152 

±3.78 

141 

±3.08 

145 

±2.78 

147 

±4.15 

147 

±4.01 

147 

±4.33 

140 

±3.62 

136 

±3.50 

151 

±3.26 

N1 

(ms) 

214 

±3.85 

213 

±3.71 

214 

±2.82 

213 

±2.81 

211 

±3.59 

209 

±3.29 

215 

±3.34 

213 

±2.66 

210 

±2.33 

212 

±3.65 

Table 2. Summary of behavioral and ERP data during the pre- and post-conditioning phases (the gray and 

white cells, respectively) for intra-modal (IH and IL, high and low values), cross-modal (CH and CI, high and 

low value), and neutral (Neut) conditions. Significant pairwise comparisons are shown in bold fonts (p < 0.05).  

Based on our pre-registered analysis plan, we next examined the earliest and latest 

time points, where the reward modulations of each cue type were significant using a moving 

window analysis (see Methods). This analysis revealed an earlier onset of value-driven 

modulations for intra-modal compared to cross-modal conditions in the posterior ROI. High- 

and low-value ERP responses of the intra-modal conditions differed significantly within the 

P1 window, i.e., between 101 and 114 ms. The cross-modal value-modulations started later, 

at 167 ms, and remained significant until 223 ms, thus overlapping with the N1 time window 
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(Figure 4). Based on these results and visual inspection of the ERPs, we performed an 

exploratory analysis on the amplitude of evoked responses in a time window between 90-

120 ms, where early value-driven modulation was found for intra-modal conditions. This 

amplitude modulation occurred earlier than our pre-registered measure of P1 component and 

will be referred to as the PA component throughout. A two-way ANOVA on PA amplitudes 

revealed a significant value × modality interaction effect (F(1,35) = 5.12, p = 0.03, ηp
2 = 0.128), 

but no main effect of reward value or modality (both Fs < 1 and ps > 0.1). Post-hoc pairwise 

comparisons (Figure 5c) revealed a significant suppression of PA amplitude for high- 

compared to low-value intra-modal condition (t(35) =-2.1, p = 0.04, dz = 0.35). The value-

driven modulation in the cross-modal conditions was in opposite direction but did not reach 

statistical significance (t(35) = 1.35, p = 0.185, dz = 0.22). We wondered whether the 

negative modulation of PA responses by intra-modal reward value reflects a suppression of 

high-reward stimuli or rather an enhancement of the low-reward conditions. To this end, we 

contrasted the PA amplitudes of intra-modal high- and low-value conditions, respectively, 

against the neutral condition that had not undergone reward associative learning (see also 

Figure 4-5). These comparisons revealed a significant suppression of PA responses evoked 

by intra-modal, high-value compared to neutral stimuli (t(35) = -2.07, p = 0.044, dz = 0.35). 

The intra-modal, low-value stimuli, however, were not significantly different from the 

neutral condition (t(35) = 0.25, p = 0.801, dz = 0.042). These results suggest that intra-modal 

high-value stimuli undergo active suppression compared to both intra-modal low value and 

neutral conditions occurring very early after the onset of stimuli. 
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Figure 4. ERP responses of the posterior ROI (PO7, PO8, O1, O2) during the visual orientation 

discrimination task. a) ERPs elicited by the neutral condition during pre- and post-conditioning (illustrated 

on the left and right, respectively). The topographic distributions of PA (90-120 ms), P1 (most positive peak 

70-170 ms), N1 (most negative peak 180-250 ms, and P300 (300-600 ms) components, measured in respective 

grey shaded areas of the ERP time courses are also shown. b) ERPs in the presence of task-irrelevant, intra-

modal reward cues, with high (red traces) and low (blue traces) values. The corresponding topographic 

distribution of each component is shown for each reward value condition. To test the significance of value-
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driven modulations, the difference between high- and low-value conditions was corrected for their pre-

conditioning difference. The topographic distributions of these corrected modulations are shown for each 

component (the lowermost topographic maps). See also Figure 5c. c) Same as b for ERPs in the presence of 

task-irrelevant, cross-modal reward cues. 

We next performed an exploratory analysis on the ERPs of the posterior ROI in a later 

time window (300-600 ms) corresponding to the P3 component. This analysis revealed a 

main effect of reward value (F(1,35) = 5.63, p = 0.023, ηp
2 = 0.138). The main effect of 

modality and the modality by reward interaction were not significant (both ps > 0.1). 

Planned, pairwise comparisons revealed a significant enhancement of P3 responses by cross-

modal high- compared to low-value condition (t (35) = 2.72, P=0.01, d=0.45). In the intra-

modal condition, P3 amplitudes did not differ between the two reward conditions (t(35) = 

0.37, p = 0.72, dz = 0.061). Together, examination of late ERPs in the posterior ROI mainly 

indicated a value-driven response enhancement for cross-modal condition (Figure 5c). 

In our pre-registered analysis plan, we had intended to compare the ERP effects of the 

correct and error trials. However, after the data acquisition, we noticed that we could not 

have a noise-free estimation of the ERPs of error trials, as in some cases errors were too 

infrequent (Mean ± SD: 6.6 ± 2.4 and 13.6 ± 5.4, for number of error trials in pre- and post-

conditioning, respectively). Therefore, we did not undertake this pre-registered analysis, 

albeit we tested whether we obtain similar results when we only include correct trials in our 

analysis (for which we had sufficient number of trials; i.e.,> 25 trials for each condition and 

each phase). Our analysis showed that overall the pattern of results remains unchanged when 

only correct trials were included in our analyses and in most cases effect sizes were larger 

than when all trials were included in our analysis (Supplementary Text and Supplementary 

Figure 5). 

Finally, due to the retinotopic organization of visual cortex, responses to lateralized 

stimuli are strongest in contralateral cortical regions; therefore, we tested potential value-

driven modulations of ERPs of each condition in contra-lateral posterior ROIs separately 

(Supplementary Figure 4). Results from these analyses were highly similar to those, where 

ERPs in the posterior ROI were averaged across both hemispheres (see also the 

Supplementary Information). 

Taken together, the ERP effects provide evidence for an interaction effect between 

intra- and cross-modal reward cues, with intra-modal cues leading to an early suppression 

and cross-modal reward cues producing a later response enhancement for high- compared to 

low-value stimuli. 
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Figure 5. Mean amplitude of different ERP components of the posterior ROI (PO7, PO8, O1, O2) during 

the visual orientation discrimination task. a) mean amplitude of PA, P1, N1, and P3 responses evoked by 

neutral (N), intra-modal high value (IH), intra-modal low value (IL), cross-modal high value (CH) and cross-

modal low value (CL) conditions, during pre-condoning. b) Same as a, for ERPs during post-condoning. c) 

Corrected effect sizes, measured as the difference between high- and low-value conditions corrected for their 

difference during pre-conditioning, for intra- and cross-modal cue types (grey and white bars, respectively). * 

mark significant differences (p< 0.05) and ** mark significant differences (p< 0.01). Error bars are s.e.m. 

Correlation of behavioral and ERP effects 

We next measured the correlation between value-driven amplitude modulations of 

components for which a significant reward effect was found (i.e., PA, N1, and P3, see Figure 

5) and changes in behavioral indices (d' and RT). This analysis did not reveal any significant 

correlation (all ps> 0.1). We wondered whether the lack of a correlation with behavior, 

particularly with d' is due to averaging the responses of contralateral and ipsilateral 

electrodes in our ROI. Due to the strong retinotopic organization of early visual areas, the 

reward modulations of lateralized stimulus are strongest and most reliably correlated with 

behavior on the contralateral visual areas (Pooresmaeili et al., 2014). To this end, we 

performed an exploratory analysis where the responses of the contralateral electrodes of the 

posterior ROI measured in each time window (corresponding to PA, N1, and P3) were 
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correlated with the behavioral d' of the corresponding condition. This analysis revealed a 

significant positive correlation between value-driven modulations of the contralateral ERPs 

in N1 (r = 0.347, p = 0.037, Pearson Correlation, dz = 0.74) and P3 (r = 0.352, p = 0.035, 

Pearson Correlation, dz = 0.75) windows and behavioral d-primes of the cross-modal stimuli. 

These results hence indicate that the cross-modal reward effects on behavior may indeed rely 

on the value-driven response modulations of the contralateral visual areas. However, we note 

that these results should be treated with caution, as they reflect results obtained from an 

exploratory analysis and were not corrected for multiple comparisons.  

[Insert figure 6] 

 

Figure 6. Correlation between electrophysiological and behavioral effects of reward value. a) Correlation 

between reward modulation of contralateral N1 amplitude and d’ in cross-modal condition. Effect size 

corresponds to the difference of high- and low-value conditions corrected for their difference during pre-

conditioning. b) Same as a for the contralateral P3 amplitude. 
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2.4 Discussion 

In the current study we tested whether intra-modal and cross-modal reward cues exert 

similar effects on the processing of visual stimuli. To this end, we examined behavioral and 

electrophysiological responses to reward cues during a conditioning phase when reward 

associations were learned and during a post-conditioning phase when rewards were not 

delivered anymore. Importantly, during post-conditioning reward cues were irrelevant to the 

visual discrimination task that participants had to perform. In the conditioning phase, we 

found that intra- and cross-modal reward cues affect latency of the N1 responses over the 

posterior electrodes differently: while intra-modal reward cues significantly sped up N1 

response, there was a trend for deceleration of N1 responses by cross-modal reward cues. 

However, in the P3 component, we found higher amplitudes for both intra- and cross-modal 

high-value cues. In the post-conditioning phase, similarly to the conditioning phase, P3-like 

responses of the posterior ROI were enhanced for high-value cues of both types. Importantly, 

we found much earlier reward effects within 90-120 ms (P1 window), where intra-modal 

high-value reward cues suppressed ERP responses compared to the low-value reward cues. 

The reward effects from cross-modal cues, on the other hand, led to a later modulation at a 

time point corresponding to the N1 component. Behavioral results were in line with 

electrophysiological findings; we found an interaction between the reward value and the 

modality of the reward cue: cross-modal reward cues significantly enhanced visual 

sensitivity whereas intra-modal reward cues showed a trend for suppression. Interaction 

effects of reward value with modality within P1 and N1 windows suggest that intra-modal 

and cross-modal reward values exert different effects on visual perception under settings 

employed in our study (i.e., task-irrelevant reward cues during a no-reward phase). Similar 

reward effects of intra- and cross-modal conditions in the P3 window indicate that beyond 

the differential effect of modality on early visual responses, later reward effects are 

independent of sensory modality. In the following sections, we will discuss possible 

mechanisms that might explain such interaction effects at the early ERP components. 

Reward-driven modulations during conditioning 

In this phase, a visual target predictive of higher rewards sped up reaction times and early 

cue-evoked neural responses, particularly in the N1 window. This result is similar to early 

modulations of visual ERPs (i.e., <250 ms) observed in previous studies (Baines et al., 2011; 

Hammerschmidt et al., 2018; Hickey et al., 2010b; Luque et al., 2017, 2015; Maclean and 

Giesbrecht, 2015). Auditory stimuli also evoked strong responses in the visual cortex even 
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in the absence of concomitant visual stimulation (Feng et al., 2014; McDonald et al., 2013; 

Weinberger, 2007; Wikman et al., 2019). However, reward signals from auditory stimuli did 

not significantly affect the amplitude or latency of early visual ERP components when 

auditory stimuli were presented alone, albeit a trend was found for deceleration of N1 

responses. Lack of cross-modal reward effects during the conditioning phase may indicate 

that reward information does not transfer automatically when there is no incoming visual 

information. A trend for deceleration of N1 responses and reaction times by cross-modal 

reward cues may also be due to the type of the task employed during conditioning (i.e., a 

localization task) as auditory modality is generally less sensitive to spatial properties of the 

stimuli than vision (Bertelson and Radeau, 1981; Pick et al., 1969).  

The similarity of intra- and cross-modal reward effects on later P3 component indicates 

that at the later stages of sensory processing, reward information integrates into a coherent 

reward representation across various sources irrespective of the unique characteristics of 

those sources. On the other hand, during the early stages of sensory processing, privileged 

processing of rewarded stimuli only prioritizes cues that are most suited for the task at hand, 

i.e., vision in case of a task requiring localization. These results are overall explainable 

within the framework of reinforcement learning, where association of a stimulus with reward 

results in value-driven modulations at 2 time points (Luque et al., 2015): an early modulation 

of neural responses for stimuli associated with higher value within the first 200-250 ms after 

the stimulus onset (Luque et al., 2015; Maclean and Giesbrecht, 2015); and a later reward 

modulation primarily the P3 component related to anticipation of the reward delivery 

(Goldstein et al., 2006; Luque et al., 2017, 2015; Pornpattananangkul and Nusslock, 2015; 

Yeung and Sanfey, 2004).  

Reward-driven modulations during post-conditioning 

The results obtained in the post-conditioning phase showed a differential pattern of 

reward-related modulation for cross-modal and intra-modal cues. Specifically, we observed 

an improvement of behavioral measures of visual sensitivity for high compared to low-value 

cross-modal cues. These results are in line with the reported facilitatory effects of cross-

modal value on visual processing observed in human psychophysical and neuroimaging 

studies (Leo et al., 2011; Pooresmaeili et al., 2014). As a first attempt to characterize the 

electrophysiological correlates of this effect, our study demonstrated that the behavioral 

advantage conferred by high-reward auditory cues is accompanied by a modulation of visual 

ERPs. As these modulations were corrected for differences potentially occurring due to 
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physical stimulus features (i.e., tone pitches) already during the pre-conditioning phase, they 

most probably reflect effects driven by associative learning of the reward values. 

Cross-modal reward modulations in our study occurred later than attentional effects 

observed in some of the previous studies of cross-modal attention (Störmer et al., 2009), 

where response modulations were found in P1 window. However, in these experiments 

auditory tones were presented prior to the visual target and could therefore modulate the 

early ERP responses. In fact, when auditory and visual components of an audiovisual object 

were presented together, attentional effects occurred at a later time window around 220 ms 

(Busse et al., 2005; Zimmer et al., 2010). Whereas reward-driven boost of attention may to 

some extent account for cross-modal reward effects in our study, the direction of response 

modulations suggests that additional mechanisms may also be involved. Specifically, we 

found a reduction in N1 negativity after learning of the reward associations, which is 

different from an enhanced P1 positivity and N1 negativity that has been observed in studies 

of cross-modal attention (Busse et al., 2005; Störmer et al., 2009; Zimmer et al., 2010). One 

possible mechanism is a reward-driven enhancement of audiovisual integration, which is in 

line with recent findings demonstrating a role of reward in multisensory integration (Bean 

et al., 2021; Cheng et al., 2020). This mechanism can also explain the direction of ERP 

modulations, as previous studies found that an audiovisual stimulus elicits response 

modulations of visual ERPs mainly in N185 window, with a reduction of the negativity of 

N185 component compared to the unimodal stimuli (Giard and Peronnet, 1999), which is 

similar to the pattern of modulations we observed for cross-modal rewards. The reduction in 

N1 negativity may indicate that audiovisual integration enhances the gain of the neural 

responses of visual cortex, hence reducing the energy (i.e. N1 amplitude) needed to process 

the same load of sensory information, an example of sub-additive cross-modal interactions 

reported before (Molholm et al., 2002; Teder-Sälejärvi et al., 2005, 2002). An enhanced 

integration between auditory reward cues and visual targets in our task potentially reduces 

the distracting effect of task-irrelevant sounds on visual discrimination while promoting the 

spread of privileged processing from rewarded sounds to the visual target. Later modulations 

by cross-modal compared to intra-modal rewards suggests that a putative reward-driven 

enchantment of audiovisual integration may first occur in multimodal areas such as in 

Superior Temporal Sulcus (STS), being then fed back to visual cortex, a proposal in line 

with the findings of neuroimaging studies of cross-modal value and emotion effects on vision 

(Pooresmaeili et al., 2014; Watson et al., 2014). In addition to the above mechanisms 

(reward-driven boost of attention and audiovisual integration), the later value-driven 
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modulations in P3 window may indicate that the cross-modal reward effects also rely on 

post-sensory and decisional stages (Franzen et al., 2020). 

 The effects of intra-modal reward cues on visual perception were contrary to our a-priori 

hypothesis that intra-modal and cross-modal reward stimuli should have similar facilitatory 

effects on visual perception. This hypothesis was based on previous findings (Stanisor et al., 

2013) that reported a spread of reward enhancement effects from one component of an object 

to its other parts (here from colored circles signaling reward to the Gabor target), akin to the 

spread of object-based attention (Duncan, 1984; Pooresmaeili and Roelfsema, 2014). 

Contrary to our prediction, we found that intra-modal reward stimuli interfered with sensory 

processing of the visual target, which was reflected in suppressed ERP responses at an early 

time window of 90-120 ms elicited by high rewards compared to both low reward and neutral 

conditions. The interference effect that we observed is in line with the findings of several 

studies where value-driven effects during visual search were investigated (Anderson, 2013; 

Anderson et al., 2011b, 2011a; Chang and Egeth, 2021; Feldmann-Wüstefeld and Schubö, 

2013; Gong et al., 2016; Hickey et al., 2009; Rusz et al., 2020, 2018; Yantis et al., 2012). 

These experiments have consistently reported that presentation of a high reward stimulus at 

the target location speeds up visual search and enhances target-evoked responses, whereas 

presentation of high reward stimuli at a the distractor location captures attention away from 

the target and interferes with the search task. Given these previous findings, we 

superimposed reward cues on the target to boost the processing of all object elements at that 

location. However, since the visual discrimination task was performed on a different feature 

of the object (i.e. orientation) than the defining feature of the reward cue (color), high reward 

visual cues may have captured attention away from the target feature, hence interfering with 

the target processing. A similar interference effect has been observed in studies where a 

certain feature of an object was predictive of its reward but this feature was incongruent with 

the goal of the task, e.g. in many tasks employing the Stroop Effect (Bustamante et al., 2021; 

Grégoire and Anderson, 2019; Krebs et al., 2013, 2011, 2010). 

In light of these previous studies, we propose four possible mechanisms for the observed 

intra-modal, reward-related suppression. Firstly, it is possible that as a result of  an enhanced 

response to the high-reward distractors (Itthipuripat et al., 2019) some form of local 

inhibition is exerted on the adjacent stimuli, thereby decreasing the overall responses to 

target and rewarding distractors that were at the same location. Such a center-surround 

inhibition around an attended feature has been observed in studies of feature-based and 

spatial attention (Hopf et al., 2006; Mounts, 2000; Störmer and Alvarez, 2014). Secondly, it 
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is possible that the suppression is a reflection of the higher processing load of high-reward 

cues (Engelmann et al., 2009) and the capacity limitation of attentional processing. This 

mechanism could therefore result from a mixture of enhanced processing of distractors in 

some trials and decrement of processing of target+distractor in other trials due to the 

depletion of attentional resources. Thirdly, it is possible that the suppression is due to 

cognitive control mechanisms that actively inhibit the processing of intra-modal reward cues 

with a resultant spillover of inhibition to the target as also observed in previous studies of 

feature-based attention (Nobre et al., 2006). The fourth possibility is that reduction of neural 

responses in visual cortex is a general characteristic of reward-related modulations occurring 

due to direct dopaminergic inputs to visual cortex (Arsenault et al., 2013) or value-driven 

attentional gain control mechanisms (Shapcott et al., 2020) that adjust signal-to-noise ratio 

of neural responses. These scenarios may all contribute to the suppression of responses to 

intra-modal high reward cues that we observed, although the early onset of the suppressive 

effects best matches the first two scenarios. Future studies will be needed to tease apart these 

possibilities. 

In summary, our study showed that intra- and cross-modal reward stimuli affect visual 

perception during a no-reward (post-conditioning) phase differently. In line with our a priori 

hypothesis, intra-modal reward cues affected visual sensory processing early, thus the 

modulation took place within the visual cortex. Cross-modal reward effects, on the other 

hand, occurred much later and exhibited characteristics of audiovisual integration, thus being 

likely to rely on feedback from multimodal areas, such as STS. We did not expect to find a 

difference between the direction of modulations evoked by intra- and cross-modal reward 

stimuli. However, ERP analysis of P1 and N1 components revealed the difference between 

these conditions, most importantly an early suppression of intra-modal high reward 

condition. We suggested a number of factors that could contribute to the latter effect: a local 

suppression induced by reward-irrelevant cues on adjacent target stimuli, a competition for 

processing resources between target and reward stimuli, active inhibition due to cognitive 

control mechanisms, or a general mechanism of reward modulation where dopamine as a 

result of high-reward stimuli adjust signal-to-noise ratio, thus suppress the neuronal 

response. The first two mechanisms are most favorable, but subsequent studies are needed 

to tease them apart. Overall, our study provides evidence for value-driven plasticity in visual 

perception that can be induced not only by signals from the visual modality but also cross-

modally. Embedding cross-modal rewards in visual tasks is a promising tool to assist vision, 
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especially in the face of visual impairments, through boosting cross-modal advantages 

conferred by another intact sensory modality. 
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2.6 Supplementary Information  

ERP results when contralateral posterior ERPs were examined 

We evaluated the amplitude of ERP components (PA, P1, N1, and P3) in contralateral 

electrodes (Supplementary Figure 4). To this end, responses of O2 and PO8 to the stimuli 

presented on the left hemi-field and responses of O1 and PO7 to the stimuli on the right 

hemi-field were measured. The contralateral ERPs were then averaged across the two sides. 

Two-way ANOVAs with reward value and modality as independent factors and amplitude 

of each component as dependent factor revealed only a trend for an interaction between 

reward value and modality in N1 window (F(1,35) = 3.19, p = 0.083, ηp
2 = 0.083), 

corresponding to a decrease in N1 negativity for cross-modal, high- compared to low-value 

condition (mean ± s.e.m: 0.41 ± 0.28 and -0.49 ± 0.39 for high- and low-value stimuli 

respectively, t(35) = 2.3, p = 0.025, dz = 0.389). Furthermore, a main effect of reward value 

was found in P3 window (F(1,35) = 9.14, p = 0.005, ηp
2 = 0.207). Planed  pairwise comparisons 

revealed a significant enhancement of contralateral P3 responses for high- compared to low-

value cross-modal cues (mean ± s.e.m: 0.5 ± 0.28 and -0.59 ± 0.44, for high- compared to 

low-value cross-modal cues respectively, t(35) = 2.388, p = 0.022, dz = 0.398). 

  



76 

 

P3 responses of midline electrodes during conditioning 

Previous studies have reported robust reward modulations of P3 responses of midline 

electrodes (Pz, CPz, Cz, FCz and Fz) time-locked to the presentation of reward cues, both 

for both visual and auditory cues (Gehring and Willoughby, 2002; Glazer et al., 2018; 

Krugliakova et al., 2019, 2018; Van Den Berg et al., 2014). Based on these and our pre-

registered plan, we next inspected the ERP responses of the midline electrodes 

(Supplementary Figure 1), time-locked to the presentation of the reward cues in the P3 

window (300-600 ms). The frontocentral electrodes are most sensitive to auditory signals 

(Fz, FCz), whereas the posterior midline electrodes are most sensitive to visual cues (Cz, Pz) 

or both (Cz), based on the studies reported above. Therefore, we expected to find a 

significant difference in P3 amplitudes for stimuli of different modalities, reflecting the 

different topography of areas processing visual or auditory information. In addition, we also 

expected an effect of reward value for one or both modalities across these electrodes. We 

did not find an overall robust value-driven modulation based on our preregistered analysis 

plan. Specifically, a rmANOVA revealed a main effect of modality (F(1,35) = 4.64, P = 0.038, 

ηp
2= 0.117), a main effect of electrode (F(4,140) = 124.73, p < 0.001, ηp

2= 0.781) and a trend 

for modality and electrode interaction (F(4,140) = 3.53, p = 0.054, ηp
2= 0.092), as expected. 

Other comparisons did not reach significance: main effect of value (F(1,35) = 1.6, p = 0.214), 

interaction between value and modality (F(1,35) = 3.19, p = 0.083), interaction between value 

and electrode F(1,35) < 1, p = 0.381) and interaction between factors value, modality and 

electrode (F(1,35) = 1.34, p = 0.054). Although the inspection of ERP responses 

(Supplementary Figure 1) suggests value-driven modulations in some of these electrodes 

for visual (esp. Pz), auditory (esp. Fz), or both cues types (Cz), in order to adhere to our 

preregistered plan, we did not further investigate these effects.  

ERP results when only correct trials were included 

We examined the ERP responses of the posterior ROI when only correct trials of each 

condition were included in our analysis (Supplementary Figure 5). To this end, we 

performed rmANOVAs on the amplitude of PA, P1, N1 and P3 and the latency of P1 and 

N1 components of the ERPs with reward value (high or low) and modality (intra-modal or 

cross-modal) as factors. Overall, we obtained the same results as results obtained with all 

trials, albeit some of our reported were even stronger when only correct trials were included.  

In PA (90-120 ms) window we found an interaction effect between factors modality 

and reward value (F(1,35) = 10.54, p = 0.003, ηp
2 = 0.231). Intra-modal high-value cues 
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suppressed PA amplitudes compared to low-value cues (mean ± s.e.m: -0.58 ± 0.35 and 0.41 

± 0.27, for the PA amplitude of high- compared to low-value cues, t(35) = -2.475, p = 0.018, 

dz = 0.412). Cross-modal high value cues on the other hand increased the PA amplitude 

compared to low value cues (mean ± s.e.m: 0.02 ± 0.2 and -0.86 ± 0.33, for the PA amplitude 

of high- compared to low-value cues, t(35) = 2.278, p = 0.029, dz = 0.380). 

Analysis of P1 component revealed only a main effect of modality (F(1,35) = 5.33, P = 

0.027, ηp
2 = 0.132) but no main or interaction effect with reward value (both ps>0.1).  

 In N1 (170-250 ms) window, we found an interaction effect between reward value 

and modality (F(1,35) = 6.46, P = 0.016, ηp
2 = 0.156). Cross-modal high-value cues 

decreased the N1 negativity compared to low value cues (mean ± s.e.m:  1.21 ± 0.37 and -

0.46 ± 0.41, t(35) = 3.245, p = 0.003, dz = 0.541). The modulation of N1 amplitude was not 

significant for intra-modal cues.  

In P3 window (300-600 ms), we found no main effect of modality, reward value or an 

interaction between reward and modality. 

The analysis of the latency of P1 and N1 components revealed only a significant value 

× modality interaction effect for N1 latency (F(1,35) = 6.38, P = 0.016, ηp
2 = 0.154). Intra-

modal, high value cues elicited faster N1 responses compared to low values cues (mean ± 

s.e.m: -4.94 ± 4.61 and 8.33 ± 3.39, for N1 latency of high- and low-value cues respectively 

corrected for pre-conditioning differences, t(35) = -2.228, p = 0.032, dz = 0.371). 
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Supplementary Figure 1. ERPs of midline electrodes during the reward associative learning (conditioning 

phase). Black marks on x axis correspond to times points when a significant difference between high and low 

reward value cues were found (uncorrected p<0.05), as measured by a moving window of 10 ms. 
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Supplementary Figure 2. ERPs of midline electrodes during the pre-conditioning phase. 
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Supplementary Figure 3. ERPs of midline electrodes during the post-conditioning phase. 
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Supplementary Figure 4. Contralateral responses of the posterior ROI during pre- and post-conditioing 

phases, see also Figure 4 in the main text. 
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Supplementary Figure 5. ERP results of the posterior ROI when only correct trials were included, see also 

Figure 4 in the main text. 
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Abstract 

Stimuli that have been previously associated with the delivery of reward capture attention 

and modulate behavioral and neuronal responses. These effects were shown in visual and 

auditory modalities as well as across modalities, yet the spatiotemporal characteristics of 

intra- and cross-modal reward effects were not directly compared. We tested effects of 

previously rewarded, task-irrelevant visual (intra-modal) and auditory (cross-modal) cues on 

a visual orientation discrimination task while manipulating the spatial focus of attention 

(experiment 1) and the temporal asynchrony of the reward cues (Experiment 2). Results of 

the first experiment revealed a difference between intra- and cross-modal reward effects. 

When attention was narrowly focused, intra-modal high reward cues captured attention 

toward the target and sped up response times. Cross-modal high reward cues, on the other 

hand, enhanced the visual sensitivity only when attentional focus was wide. These results 

indicate that intra-modal and cross-modal rewards exert their effects through engaging 

different sizes of attentional focus. The findings of experiment 1 under a wide focus of 

attention were replicated in experiment 2, and the strongest effects were observed when 

reward cues and the target were presented synchronously. These results demonstrate that the 

associated value of task-irrelevant reward cues promotes their integration with the target, 

thereby allowing the prioritized processing of reward signals to spread to the target and that 

this effect operates under different sizes of the attentional focus for intra-modal and cross-

modal cues. 

Keywords: reward, focus of attention, sensory modality.  
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3.1 Introduction 

Reward signals determine animals’ behavior (Berridge and Kringelbach, 2008; 

Schultz, 2015) by biasing them towards signals that deliver rewards. Previous findings 

showed that cues associated with high reward outcomes affect human behavioral responses 

by improving response time and accuracy (for review see: Anderson et al., 2021; Pessoa, 

2015). These effects were present even when reward cues were irrelevant to the task or when 

they were measured at the time that reward delivery was halted, i.e. the extinction phase 

(Anderson et al., 2011a; Failing and Theeuwes, 2018; Hickey et al., 2010b; Pooresmaeili et 

al., 2014; Tankelevitch et al., 2020). For example, Anderson et al. (2011a) demonstrated that 

visual task-irrelevant high reward cues captured visual spatial attention and impaired 

behavioral performance when reward cues appeared as a distractor. The automatic nature of 

reward effects (Hickey and Van Zoest, 2012; Watson et al., 2019) suggests that reward 

signals influence sensory processing at the early stages (Rossi et al., 2017; Shuler and Bear, 

2006). Indeed, previous findings reported prioritized sensory processing of high reward cues 

when these cues were delivered intra-modally. For instance, studies reported reward effects 

on behavioral performance and neuronal representation of the reward cues in visual 

(Goldstein et al., 2006; Shuler and Bear, 2006; Weil et al., 2010), auditory (Rutkowski and 

Weinberger, 2005), olfactory (Grabenhorst et al., 2011; Pool et al., 2014), tactile (Pleger et 

al., 2008), or gustatory (Rolls, 2015) modalities. Moreover, reward cues could influence 

sensory processing cross-modally (Anderson, 2016a; Cheng et al., 2020; Leo and Noppeney, 

2014; Pooresmaeili et al., 2014). Cross-modal reward cues, as well as intra-modal reward 

cues, exert similar modulatory effects, where reward cues improve behavioral performance 

and neuronal responses when they could integrate with the target (Baldassi and Simoncini, 

2011; Pooresmaeili et al., 2014) and impair behavioral performance when appear as a 

distractor (Anderson, 2016a; Kim et al., 2021). Thus, irrespective of the cue modality, 

reward modulation exerts similar effects on sensory processing. However, cross-modal and 

intra-modal reward modulation were not compared directly (but see: Cheng et al., 2020; 

Vakhrushev et al., 2021). 

In our previous study (Vakhrushev et al., 2021), we found differences between intra-

and cross-modal reward effects on visual sensitivity. In that study, participants performed 

an orientation discrimination task while the target cue appeared together with visual or 

auditory cues previously associated with high reward. The results showed improved 

behavior when target cues appeared together with auditory high-value cues, while visual 

high-value cues impaired behavioral performance. It was suggested that the difference 
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between intra- and cross-modal reward conditions could come from the interaction of reward 

signals with selective attention (Maunsell, 2004). While the intra-modal reward condition 

competed for attentional resources with a goal-directed orientation discrimination task (Awh 

et al., 2012; Failing and Theeuwes, 2018), cross-modal reward cues relied on an independent 

pool of attentional resources (Keitel et al., 2013), which resulted in improved behavioral and 

neuronal responses. Alternatively, these differences could be a result of the unique 

characteristics of visual and auditory modalities. The high spatial sensitivity of visual 

modality (Klingel et al., 2021; Shams et al., 2000) results in a competition for sensory 

processing between target and reward cues, while spatially unspecific auditory cues 

(Halverson, 1927; Slutsky and Recanzone, 2001; Welch and Warren, 1980) exert less 

competition on sensory processing of the target cue and strengthen the integration between 

modalities (Bruns et al., 2014; Cheng et al., 2020; Sanz et al., 2018). To resolve these 

alternatives, cross-modal and intra-modal reward effects should be compared while 

controlling for the spatial and temporal characteristics of reward cues. 

The current study aimed to test intra- and cross-modal reward effects by manipulating 

visual and auditory modality-specific attentional resources (Keitel et al., 2013). In the first 

experiment, we controlled attentional resources in visual modality by priming attention to a 

narrow area or spreading it around the target cue. This manipulation was done as in the 

experimental paradigm by Castiello and Umilta (1992). There, each trial started by priming 

the spatial attention by pre-allocating the target cue with frames. The size of the frames 

changed every trial and varied between small (4° visual degrees), medium (7° visual 

degrees), and large (10° visual degrees) sizes. In the current study, we modified the previous 

design by introducing visual (intra-modal) and auditory(cross-modal) task-irrelevant reward 

cues. Visual cues were a color change of the frame around the target cue. Auditory reward 

cues were pure tones played together with the appearance of the target cue. We expected to 

find an interaction between reward and spatial attention as shown in the previous studies 

(Anderson, 2016a; Anderson et al., 2011a; Anderson and Kim, 2020; Cheng et al., 2020; 

Kim et al., 2021). Intra- and cross-modal reward cues should improve behavioral 

performance when spatial attention is allocated narrowly. However, positive effects of intra-

modal reward cues should disappear when spatial attention is spread, while reward effects 

from cross-modal reward cues should have similar effects irrespective of the size of the 

attentional window. 

In the second experiment, we examined whether reward effects depend on the temporal 

synchrony between the reward cues and the target. To test this, we compared intra- and cross-
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modal reward effects when the target and reward cues were presented together with a 

condition where reward cue preceded the target cue. The experimental design was identical 

to the first experiment, but frame sizes were fixed over the experiment. We expected to find 

reward effects only when cue and target appear together and no reward effects when they 

are separated in time. This result indicates that reward effects are the result of the integration 

of reward and target cues. 

3.2 Methods: Experiment 1 

Participants 

Forty healthy volunteers participated in Experiment 1 (mean age ± SD: 25.6±4.5; 24 

female). Seven of them were removed after the data collection: 4 participants did not learn 

the reward associations, 3 participants had accuracies outside the range that we targeted (N 

=2 <60% and N =1> 95%). The remaining 33 participants had a normal or corrected-to-

normal vision and normal hearing. The sample size was based on previous studies 

(Pooresmaeili et al., 2014) and our previous study (Vakhrushev et al., 2021). Participants 

received 21 Euros as monetary compensation at the end of the experiment. All procedures 

were approved by “Universitätsmedizin Göttingen” (UMG) under proposal number 15/7/15. 

Apparatus 

Experimental stimuli were generated on a Windows computer equipped with 

MATLAB (version R2015b) and Psychophysics toolbox-3 (Brainard, 1997) and displayed 

on a 22.5-inch calibrated monitor (ViewPixx/EEG inc., resolution = 1440 × 980 pixels, 

refresh rate = 120 Hz). Background luminance, as well as the luminance of cueing colors, 

were set to 80 cd/m2. Participants sat 60 cm away from the screen with their heads fixed on 

the chinrest. Sounds were delivered via over-ear headphones Sennheiser HDA280 with the 

loudness of all sounds adjusted to 75dB. The experiment was done in a sound-attenuated, 

darkened chamber. 
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Figure 1. Experiment 1: The sequence of trial events. a) Trial events during the conditioning phase. 

Participants reported the location of visual or auditory cues. Correct responses were followed by a delivery of 

monetary reward feedback scaled with the value of the current cue. One visual and one auditory cue 

systematically delivered more reward, while other delivered less reward. b) Trial events during pre- and post-

conditioning phases. Participants reported the orientation of the Gabor stimuli inside one of the frames in 

periphery while ignoring previously rewarding visual and auditory cues. Frames changed the size every trial 

(4°, 7°, or 10° visual degrees in diameter). The manipulation of the modality, value of the reward cue as well 

as the spread of attentional window (Castiello and Umiltà, 1992) allowed us to test visual and auditory reward 

effects on visual sensitivity under different levels of attentional window. 

Conditioning phase 

The conditioning phase (Figure 1, left panel) consisted of 288 trials. Each trial started 

with the fixation period (700-1400 ms), followed by a target period (250 ms), a response 

period (up to 2 seconds), monetary feedback (1.5 seconds), and a masking window (500 ms). 

Starting with the fixation period, participants saw a fixation dot (0.1° × 0.1° visual angle) at 

the screen center and two identical grey frames (0.1° visual degrees thick) on the left and 

right sides of the screen (9° visual degrees). The size of the frames was manipulated across 

trials and varied between a small (4° visual degrees), medium (7° visual degrees), and large 

(10° visual degrees) size. Next, a visual or auditory target cue appeared. The visual target 

was a change in the frame color. During the following target period, a visual (a change of 

frame color) or auditory (a pure tone delivered through an earpiece) cue was presented on 

the left or right side of the screen (9° visual degrees). There were two different sounds (350 

Hz or 1050 Hz) and two different colors (orange (RGB: 114 34 1) or blue (RGB: 0 61 104)), 

which delivered high (10 ± 3 cents) or low (2 ± 1 cent) reward outcomes drawn from a 

Poisson distribution. Prior to the experiment, sounds and colors were adjusted to reach 

isoloudness (75 dB) and isoluminance (60 cd/m2). The order of the sounds and colors was 

fully randomized across trials, and value associations were counterbalanced across 

participants. Participants were instructed to report the side of the cues by pressing “Left” or 
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“Right” arrow buttons when the cue appeared on the left or right side of the screen. If 

reported successfully, participants were given monetary feedback based on the value of the 

current cue. The feedback consisted of a white numeric output in cents (e.g. “8 cents”) above 

and a white rectangle frame (3° width and 1° height visual angle) under the fixation point. 

The rectangle was filled from the left to right side with white color proportionally (e.g., 2/3) 

to the difference between the maximum possible reward (12 cents) and the monetary reward 

of the current trial. Each trial ended with a masking display intended to remove any possible 

afterimage of the lateralized frames. For this reason, at the location of the frames displayed 

on the left and right sides of the screen, identical frames of all possible sizes appeared in 

white color. 

Pre- and post-conditioning phases 

In the pre- and post-conditioning phases (Figure 1, right panel), participants were 

required to perform a visual orientation discrimination task. Similar to the conditioning 

phase, trials in these phases started with a fixation period (700-1400 ms) with the fixation 

dot at the screen center and two frames on the left and right sides (9° visual degrees) with 

three different sizes (4°, 7°, or 10° visual degrees) across trials. The fixation period was 

followed by the presentation of a Gabor patch (target, 250 ms) with a near-threshold tilt 

angle. The Gabor consisted of vertically aligned Gaussian-windowed sinusoidal gratings 

with an SD of 0.33°, a spatial frequency of 3 cycles per degree, 2° diameter, and 50% 

contrast. Simultaneously with the Gabor, a change of frames’ color (visual cue) or the 

presentation of a sound (auditory cue) occurred ipsilateral to it in all trials except for trials 

containing a neutral condition. Participants were instructed to report the orientation of the 

Gabor patch by pressing “Left” arrow button when the Gabor had counter clock-wise 

orientation or “Right” arrow button when the Gabor had clock-wise orientation and ignored 

visual or auditory cues. The response window was set to 2 seconds. Responses within the 

response window were followed by a fixation screen for 1.5 seconds and a masking period 

for 500 ms. Trials with responses slower than 2 seconds and trials where participants made 

excessive eye movements (> 2° from the fixation point) were repeated in an additional block 

at the end of the experiment. Similar to the conditioning phase, the masking window 

included the presentation of peripheral (9° visual degrees) white frames with 4°, 7° and 10° 

(visual angle) sizes. 
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Procedure 

The experiment began with a training phase including 30 trials of the orientation 

discrimination task with the Gabor presented at a tilt angle of ±45°. In the following 

threshold phase, the tilt angle of the Gabor patch was adjusted for each participant to achieve 

70% accuracy using a QUEST procedure (Watson and Pelli, 1983). After completing the 

threshold phase, participants completed the pre-conditioning phase, where we measured the 

baseline performance of the Gabor orientation discrimination, followed by the conditioning 

phase and 24 mini-blocks of interleaved conditioning and post-conditioning phases. 

The total, there were 936 trials. In the pre-conditioning phase participants completed 

216 trials (16 repetitions per reward condition 8 repetitions for neutral condition), and in 

post-conditioning 432 trials (32 repetitions per reward condition and 16 repetitions for 

neutral condition). The conditioning phase consisted of 96 trials where reward associations 

were learned. An additional 192 trials of conditioning phase were divided into 24 mini-

blocks (8 trials per block). These blocks were interleaved with blocks from the post-

conditioning phase to prevent the extinction of reward associations (hence in total 24 trials 

per condition). 

Data analysis 

The behavioral effects were assessed by measuring the reaction time (RT, correct trials 

only) and d-prime (d’). RT was measured from the onset of the target cue until the response. 

Trials with speeded responses ( < 10 ms) and RT with more than two standard deviations 

above or below the mean for each condition for each phase for each participant were 

removed (Anderson and Yantis, 2013). In total, 5.30 ± 1.04 % trials were removed across 

participants. D’ was derived from the accuracy with the formula: d’ = Z(PHit)-Z(PFA), where 

one of the tilt directions was arbitrarily treated as “target-present” as formal Signal Detection 

Theory analysis of discrimination tasks (Leo et al., 2011; Macmillan and Creelman, 1991). 

Extreme values of PHit or PFA (i.e., a probability equal to 0 or 1) were adjusted to 0.001 and 

0.999, respectively. Analysis of the post-conditioning phase was done by subtracting the pre-

conditioning phase from the post-conditioning phase to control for participants’ perceptual 

biases for different visual and auditory cues that were independent of their reward value. 

Significance was defined as p<0.05. All statistical analysis was conducted using MATLAB 

2015b. 

In total, there were three independent variables: cue modality (visual or auditory cues), 

cue value (high-value or low-value cues), and frame size (4°, 7°, and 10°). The neutral 
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condition in which the Gabor stimulus was not accompanied by a change in frames’ color or 

a sound was inspected separately to assess participants’ performance irrespective of rewards. 

3.3 Results: Experiment 1 

Effects of the size of attentional focus 

First, we examined whether the size of the attentional window (2°, 7°, and 10° visual 

degrees) produces a reliable attentional modulation before the learning of reward 

associations (pre-conditioing phase). For this the data was averaged across visual and 

auditory conditions and an ANOVA was performed with factors cue type (neutral condition, 

visual cues, auditory cues) and frame size (4°, 7° and 10°). The ANOVA showed a 

significant effect of cue type F(2,64) = 15.69, p < 0.001, ηp
2 = 0.33 and no effect of frame 

size F(2,64) = 1.45, p = 0.24 or an interaction effect F(4,128) = 0.54, p = 0.65. Following 

pairwise comparisons revealed higher visual sensitivity (mean ± s.e.m.: 4.27 ± 0.22) in no-

cue condition compared to conditions when the sound was played (mean ± s.e.m.: 3.43 ± 

0.18) (t(32) = 4.39, p < 0.001, dz = 0.76) or visual cue was displayed (mean ± s.e.m.: 3.27 ± 

0.21) (t(32) = 4.36, p < 0.001, dz = 0.76). Similar two way ANOVA with reaction times 

(RTs) as independent variable did not reveal any significant effect: cue type effect F(2,64) = 

2.19, p = 0.14, frame size F(2,64) = 0.50, p = 0.58 or their interaction F(4,128) = 0.81, p = 

0.46. There results contrast with our expectations and previous findings (Castiello and 

Umiltà, 1992), where reaction times revealed a significant main effect. We suggest that the 

lack of frame size effects could be attributed to the difference between tasks participants 

performed. In previous study by Castiello and Umiltà (1992) participants performed a 

detection task, while in our experiment participants performed an orientation discrimination 

task. Importantly, these results indicate that the auditory and visual cues acted as distractors 

and significantly interfered with the processing of the target. We next asked how reward 

value affects the impact of auditory and visual cues on the target processing. 

Reward effects under different sizes of attentional focus 

Next, we compared the effects of intra- and cross-modal reward cues under different 

levels of the attentional window. Analysis of d’ with a three-way ANOVA (Modality × 

Value × Frame size) revealed no main effect of value (F(1,32) = 1.00, p = 0.32), no main 

effect of modality (F(1,32) = 0.30, p = 0.58), and no effect of frame size (F(2,64) = 0.09, p 

= 0.91). However the analysis revealed an interaction between factors modality and value 

(F(1,35) = 4.22, p < 0.05, ηp
2 = 0.15). Following up on the observed interaction effect, we 
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conduct 2×2 ANOVAa at each frame size (4°, 7°, and 10°). This analysis revealed an 

interaction effect between modality and value when the frame size was 10° (F(1,32) = 5.34, p 

< 0.05, ηp
2 = 0.14), where a higher reward in auditory cue improved the visual sensitivity 

(mean ± s.e.m.: 1.17 ± 0.36) whereas higher reward in visual modality decreased it (mean ± 

s.e.m.: -0.01 ± 0.46). Pairwise comparisons revealed that across the pre and post-

conditioning phases, high-value auditory cue had more positive effect on visual sensitivity 

(mean ± s.e.m.: -0.31 ± 0.27) compared to a low-value auditory cue (mean ± s.e.m.: -1.48 ± 

0.29), whitch decreased the visual sensitivity after participants learned reward associations 

(t(32) = 3.28, p < 0.01, dz = 0.57). 

 

Figure 3. Experiment 1: The effects of visual and auditory reward cues on visual sensitivity (d’: hits – 

false alarms) when the focus of attention was narrow (4° visual degrees), spread (10° visual degrees), or in 

between (7° visual degrees). a) d’ during preconditioning phase showed the difference in performance when 

the target cue was presented alone (black line) compared to when it presented with a visual cue (blue, solid, 

and dashed lines) b) d’ during the post-conditioning phase show similar differences between condition without 

a visual cue (black line) and conditions with high- (solid blue line) and low-value (dashed blue line) visual 

cues. c) d’ during the pre-conditioning phase when target cue was displayed together with the auditory cue 

(red, solid and dashed lines). d) d’ during post-conditioning phase reflects a change in performance when the 

attentional window was spread (10° visual degrees) compared to a similar condition in the pre-conditioning 

phase. e) Reward effects that emerge after learning reward associations in conditioning phase (pre-conditioning 

phase subtracted from post-conditioning phase). The results showed a significant increase in visual sensitivity 

by a high-value auditory cue when the attentional was spread (10° visual degrees). 

Analysis of RTs with a three way ANOVA (Modality × Value × Frame size) revealed 

a two-way interaction effect between Modality and Value (F(1,32) = 4.75, p = 0.037, ηp
2 = 

0.13). Main effect of modality F(1,32) = 2.40, p = 0.13, frame size F(2,64) = 0.28, p = 0.74 

and value F(1,32) = 1.75, p = 0.19 did not reach significance level. Analysis of effects for 

each level of frame size revealed that the interaction effect between value and modality 
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(F(1,32) = 7.36, p = 0.011, ηp
2 = 0.19) was significant when the frame size was small (4°). At 

this frame size (4°), reward cues in visual modality sped up participants’ responses (mean ± 

s.e.m.: -32.36 ± 14.85 ms) compared to reward cues in auditory modality (mean ± s.e.m.: 

49.55 ± 28.03 ms). Additionally, planned pairwise comparisons revealed a difference 

between high- and low- value visual cues when the attention frame size was narrow (t(32) = 

2.18, p = 0.037, dz = 0.38). High value visual cues lowered the speed of responses (mean ± 

s.e.m.: -84.41 ±18.42) compared to a low value visual cue (mean ± s.e.m.: -52.05 ±19.61). 

When the frame size was 7° a main effect of modality reached significance (t(32) = 2.2, p < 

0.05, dz = 0.38). Responses to visual cues were slower (mean ± s.e.m.: -54.06 ± 15.34 ms) 

compared to auditory cues (mean ± s.e.m.: -85.55 ± 14.99 ms). 

 

Figure 4. Experiment 1: Modulation of reaction times (correct trials) by a) visual cues before conditioning, 

b) visual cues after conditioning, c) auditory cues before conditioning, d) auditory cues after conditioning. e) 

Commutative reward effects of visual and auditory on response time (post-conditioning minus pre-

conditioning). The results revealed that high-value visual cues improved response time significantly when the 

attention was focused narrowly on the target cue (4°). Auditory cues on another size decreased response time 

when the attention was narrow. 

Interim discussion 

The first experiment aimed to compare intra- and cross-modal reward effects when 

spatial attention was wide or narrow around the target cue. Results from the pre- and post-

conditioning phases showed a significant difference in visual sensitivity between different 

levels of spatial attention, where behavioral performance was higher in narrow conditions. 

However, we did not find attentional effects in the reaction times, which was reported before 

(Castiello and Umiltà, 1992). Lack of attentional effects in response time could be due to the 
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difference in the experimental task from the original study since the current experiment used 

an orientation discrimination task, while this previous study used a detection task. We use 

the main effect of the frame size as a reason to test effects of modality and value for each 

attentional window. 

The analysis of intra- and cross-modal reward effects across pre- and post-conditioning 

phases revealed modulation of response times when the focus of attention was narrow and 

modulation of visual sensitivity when the focus attention was wide. These effects were 

specific for intra-modal and cross-modal conditions, where intra-modal reward cues 

improved response times when the focus of attention was narrow, while cross-modal reward 

cues improved visual sensitivity when the focus of attention was spread. These results 

indicated that attention capture by intra-and cross-modal reward cues occurs under different 

sizes of attentional focus. Intra-modal reward cues captured attention to the reward cues and 

the target (Anderson et al., 2011; Kim et al., 2021), thus facilitating reaction time when the 

focus of attention is narrow. Moreover, cross-modal reward cues enhanced visual 

sensitivities (d’) when the focus of attention is wide (10° visual degrees). However, the exact 

mechanisms of the latter effect are unclear and have not been investigated before. One 

possibility is that high reward enhances the audiovisual integration between the target and 

the task-irrelevant sounds. This way, high reward can improve the processing of target, either 

by reducing the distracting effect of the sounds or by enhancing the target representation 

directly. To examine this possibility, we conducted a second experiment where a wide focus 

of attention (frame size = 10°) at which cross-modal effects were maximum was employed 

and at the same time we manipulated the asynchrony (SOA) of the reward cues. If the 

integration between target and reward cues accounts for our effects, a dependence on the 

SOA would be expected. On the other hand, if our effects are due to an unspecific increase 

in alertness, no dependence on SOA would occur. 

3.4 Methods: Experiment 2 

 In total, 36 participants participated in the experiment. Four participants were 

removed. Three participants did not learn reward associations, and 1 participant had below 

chance level performance (<50%).  

The second experiment had the same experimental procedure as the first experiment. 

The experiment started with the training, and threshold estimation, followed by the pre-

conditioning phase, conditioning phase, and postconditioning phase, blocks of which were 

interleaved with blocks from the conditioning phase. Notably, the size of the frames at the 
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beginning of the trials was fixed to a large size (10°). This choice was motivated by two 

reasons. Firstly, our results showed an effect of high-value auditory cues that improved 

visual sensitivity when the frame size was spread. Secondly, we interpreted the lack of 

reward effects on visual sensitivity in high-value visual cue conditions due to sensory 

competition between visual target and visual reward cue. This was especially evident when 

the attention narrowed where high-value cues increased response time but not affect visual 

sensitivity. Thus, for the second experiment we tried to minimize sensory competition that 

we observe in visual high-value conditions and to replicate positive effects of auditory high-

value cues on visual sensitivity. Since there were no changes in frame size, we removed the 

masking period at the end of the trial. Importantly, we manipulated the Stimuli Onset 

Latency (SOA) between reward stimuli and the target. There were four SOAs: -150, -50, 0, 

50 ms. 

3.5 Results: Experiment 2 

 

Figure 4. Experiment 2: Modulation of the accuracy of visual orientation discrimination by a) visual cues 

before conditioning b) visual cues after conditioning, c) auditory cues before conditioning, d) auditory cues 

after conditioning. e) Commutative reward effects of visual and auditory on accuracy (post-conditioning minus 

pre-conditioning). The results revealed an interaction between visual and auditory reward effects when reward 

cues appeared together with the target (0 ms). Reward value of auditory cue improved accuracy during the 

orientation discrimination task. Reward value of visual cues instead affected accuracy negatively. These results 

indicate that previously reported reward effects in experiment 1 (see also: Vakhrushev et al., 2021) reflect the 

integration between reward and target cues. Additionally, suppression effects that were reported in intra-modal 

condition could not be explained by perceptual competition since reward effects were the same between 

synchronous condition (0 ms) and when target and reward cues were slightly separated in time (-50 ms). 

First, we measured cueing effect during pre-conditioning phase across different SOA 

levels (-150, -50, 0, 50 ms). Here reward conditions were averaged for each cue type (visual, 

auditory, neutral). A two-way ANOVA revealed a significant SOA effect F(3,93) = 3.82, p 

= 0.014, ηp
2 = 0.11. Participants were more accurate at reporting the orientation when the 
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target location was cued 150 ms before the target onset (mean ± s.e.m.: 84.16 ± 1.13) 

compared to a condition when cues appear together (mean ± s.e.m.: 82.26 ± 1.37) (t(31) = 

2.3, p = 0.028, dz = 0.41) or when cue follows the target (mean ± s.e.m.: 81.76 ± 1.48) (t(31) 

= 3.1, p = 0.004, dz = 0.55). 

Next, we tested whether reward effects depend on the allocation of spatial attention. 

For this, we measured reward effects across different SOA levels (-150, -50, 0, 50 ms) where 

pre- and post-conditioning phases were subtracted. A three-way ANOVA with factors SOA, 

modality (visual, auditory) and value (high reward, low reward) revealed an interaction 

effect between cue modality and cue value (F(1,31) = 5.56, p < 0.05, ηp
2 = 0.15). Follow up 

ANOVAs at each SOA revealed that the interaction effect between modality and value was 

significant at SOA = 0, i.e., when target and reward cues were synchronized (F(1,31) = 5.83, 

p < 0.05, ηp
2 = 0.16). At this SOA, a high value in auditory modality improved the orientation 

discrimination accuracy (mean ± s.e.m.: 0.05 ± 0.03). At the same time, high-value visual 

cues decreased the visual sensitivity (mean ± s.e.m.: -0.02 ± 0.03). The effect in individual 

modalities did not reach significance (all ps > 0.1).  

Analysis of reaction times and d’ with three-way ANOVA did not reveal any 

significant effect of modality, value, SOA, or their interaction (all ps > 0.1). 

3.6 Discussion 

The current study compared intra- and cross-modal reward effects with respect to the 

spatial (experiment 1) and temporal (experiment 2) characteristics of attentional focus. 

Results from the first experiment revealed different reward effects between intra- and cross-

modal reward cues. When the focus of attention was narrow, intra-modal reward cues sped 

up responses. This result is consistent with previous studies (Anderson et al., 2011a), where 

it has been shown that reward cues capture attention and impair response time when reward 

cue appears as a distractor and improve response time when appear as a target or in the target 

location. In our case, the capture of attention by visual reward cues (color change of frames) 

potentially also enhanced the processing of the Gabor that was adjacent but not overlapping 

with the reward cues. On another side high-value cross-modal cues improved sensory 

processing of visual targets, but only when the focus of attention was spread. Reward effects 

in the cross-modal condition are consistent with previous findings that showed enhanced 

visual sensitivity by reward-value auditory cues (Leo and Noppeney, 2014; Pooresmaeili et 

al., 2014; Vakhrushev et al., 2021). The difference between intra- and cross-modal effects 
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and their interaction with spatial attention suggests that these reward effects follow different 

modulation pathways. 

Recent studies have suggested that reward value may promote the integration of 

information across sensory modalities (Bruns et al., 2014; Cheng et al., 2020). To test 

whether such a mechanism can account for the effects we observed in experiment 1 or 

instead are due to priming of attention, in the second experiment, we controlled the temporal 

synchronization of the target and the reward cues. Here, reward cues either preceded or 

followed the target or were presented synchronously. The results replicated our results at the 

large frame size in Experiment 1 and additionally showed that cross-modal enhancement of 

visual perception maximally occurs at SOA= 0 hence suggesting that they are likely due to 

the enhanced integration of reward cues and the target. When we compared intra- and cross-

modal reward effects we found an interaction effect, where intra-modal reward cues 

impaired behavioral performance while cross-modal cues improved it. This finding 

replicates our previous results (Vakhrushev et al., 2021). 

In both experiments, task-irrelevant auditory and visual cues were found to interfere 

with the target processing compared to a neutral condition where the Gabor target was 

presented alone. This indicates that the observed behavioral advantages of intra- and cross-

modal cues primarily occur due to reduced interference of potentially distracting stimuli with 

the target. This is in line with the proposal of recent studies suggesting that motivational 

signals may overall enhance the noise resistance of the sensory (Arsenault et al., 2013; 

Goltstein et al., 2018) and sensorimotor systems (Manohar et al., 2019, 2015). We furthered 

these studies by showing that by presenting reward cues at their optimal size of attentional 

focus, i.e. narrow for intra-modal and wide for cross-modal cues, attentional filtering of 

unwanted or irrelevant information could be boosted. Additionally, when the focus of 

attention was wide and sensory representations of the target were weak, reward enhanced 

the gain of sensory representations by boosting the integration of the target and the reward 

cues, thereby allowing the privileged processing of reward cues to extend to the target. These 

two mechanisms, i.e. improving the filtering of distractors and enhancing the representation 

of targets, can conjointly underly the reward-driven modulation of perception. Future studies 

will be needed to test the unique contribution of these factors to reward effects. 

In summary, we showed that the effects of previously rewarded, task-irrelevant cues 

on visual perception depends on the focus of attention and the sensory modality of the reward 

cues and that the cross-modal and intra-modal reward cues exert their effects under different 

sizes of the attentional focus. A combination of enhancing distractor filtering or boosting 
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target representations through an increase of grouping between reward cues and target may 

account for these results. 
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Abstract 

Reward value and selective attention both enhance the representation of sensory 

stimuli at the earliest stages of processing. It is still debated whether and how reward-driven 

and attentional mechanisms interact to influence perception. Here we ask whether the 

interaction between reward value and selective attention depends on the sensory modality 

through which reward information is conveyed. Human participants first learned the reward 

value of uni-modal visual and auditory cues during a conditioning phase. Subsequently, they 

performed a change detection task on bimodal audiovisual stimuli containing a previously 

rewarded stimulus in one, both, or neither of the modalities. Importantly, participants were 

required to focus their attention on one side and only report changes that occurred on the 

attended side. Our results showed a strong modulation of visual and auditory event-related 

potentials (ERPs) by spatial attention. We found no main effect of reward value but 

importantly an interaction effect was found as the strength of attentional modulation of the 

ERPs was significantly affected by the reward value. When reward effects were inspected 

separately with respect to each modality, auditory value-driven modulation of attention was 

found to dominate the ERP effects whereas visual reward value on its own led to no effect, 

likely due to its interference with the target processing. These results inspire a two-stage 

model where first the salience of a high reward stimulus is enhanced on a local priority map 

specific to each sensory modality, and at a second stage reward value and top-down 

attentional mechanisms are integrated across sensory modalities to affect perception. 
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4.1 Introduction 

Our surrounding environment contains large amounts of information, whereas our 

brain’s processing capacity is limited. An important mechanism to face this challenge is to 

prioritize the processing of information that is relevant to our current goals and is associated 

with the most valuable outcome. However, these aspects, i.e., relevance and reward value, 

may not be always in the same direction. For instance, when waiting for our friend to pick 

us up at an intersection, we try to focus our attention on the side where our friend is most 

likely to arrive. At the same time, we may also notice the sound or sight of approaching 

vehicles that deliver takeout food, and if hungry we may be even more sensitive to these 

sources information compared to the familiar sight of our friend’s car. Due to the prevalence 

of such situations, where environmental stimuli should be processed both based on their 

relevance as well as their reward value, a large body of literature has sought to investigate 

the underlying mechanisms of selective attention, reward-driven modulation of perception 

and the interaction of the two. However, the exact nature of this interaction and its underlying 

mechanisms have remained unknown (Anderson, 2016b; Anderson et al., 2021; Carrasco, 

2011; Failing and Theeuwes, 2018; Maunsell, 2004; Pessoa, 2015). 

Converging evidence from behavioral and neurophysiological studies has shown that 

reward value modulates sensory perception and its neuronal correlates (Baldassi and 

Simoncini, 2011; Bayer et al., 2017; Hickey et al., 2010b; Hughes et al., 2013; Leo and 

Noppeney, 2014; Pooresmaeili et al., 2014; San Martín et al., 2016; Serences, 2008). 

Similarly, selective attention affects behavioral and neural responses to sensory inputs 

(Desimone and Duncan, 1995). The similarity between reward and attention has raised the 

question of whether they can be dissociated from each other (Maunsell, 2004). Previous 

studies have provided divergent answers to this question. On one hand, the majority of past 

studies have reported a strong interaction between reward and attention (Anderson, 2013; 

Chelazzi et al., 2013; Failing and Theeuwes, 2018; Le Pelley et al., 2016; Yantis et al., 2012), 

suggesting a dependence between the two. For instance, neurophysiological studies showed 

similar effects of reward and attention on neuronal responses of area V1, and that reward 

effects are gated by attention, inspiring the idea of a ‘unified selection signal’ comprising 

both factors (Stanisor et al., 2013). Other studies showed a different form of interaction 

where the strength of attention to locations or features of stimuli was gated by reward 

(Chelazzi et al., 2014, 2013; Pessoa, 2015). These studies hence point to a bi-directional 

interaction between attention and reward, each influencing the strength of the other. This 

view is also in line with recent suggestions that reward and attention jointly influence 
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stimulus representations on an integrated priority map (Chelazzi et al., 2014; Failing and 

Theeuwes, 2018), although it is unknown how such an integration is implemented. In 

contrast to this idea, a few studies provided evidence for the independence of reward and 

attention, as reward effects were unchanged by the amount of attentional load (Baldassi and 

Simoncini, 2011) or the relevance of reward cue to the task (Garcia-Lazaro et al., 2018), and 

occurred during separate stages of processing captured by distinct ERP components (Bayer 

et al., 2017). 

Similar to the approach of the latter studies, one possible way to dissociate effects of 

reward and attention is to manipulate each factor orthogonally to the other. For instance, if 

successful detection of a target among distractors leads to the delivery of a reward, target 

features that are predictive of higher reward not only signal a better outcome (i.e., reward) 

but also engage attentional mechanisms more strongly than low reward cues. However, 

incidental reward cues that are linked to past rewarding experiences, or predict reward 

magnitude independent of the performance in a task are more likely to have less dependence 

on task-related attentional processes. Likewise, orthogonal manipulation of reward and 

attention can be achieved when reward information is signaled through a stimulus feature 

(Baldassi and Simoncini, 2011; Garcia-Lazaro et al., 2018) or sensory modality 

(Pooresmaeili et al., 2014; Vakhrushev et al., 2021) that is distinct from the task-relevant 

target. Combining these (i.e., using previously rewarded stimuli that are task-irrelevant and 

are delivered through a different sensory modality) is likely to allow the maximum 

separation between the reward-related and the attentional prioritization of stimulus 

processing. In the current study, we try to shed light on the interaction between reward and 

attention under such conditions. 

We draw on previous findings showing that reward cues from a different sensory 

modality (audition) can affect perception in vision (Pooresmaeili et al., 2014), even when 

cross-modal reward cues (auditory sounds) are irrelevant to the task at hand (i.e., visual 

orientation discrimination). Since there is evidence for the separation of attentional resources 

across sensory modalities (Alais et al., 2006; Duncan et al., 1997), these findings may 

indicate that cross-modal reward cues affect visual processing independently of visual 

attention. More recently (Vakhrushev et al., 2021), we showed that behavioral and EEG 

correlates of reward effects differ between cues that are in the same or different sensory 

modalities as the target (intra-modal and cross-modal, respectively). Whereas intra-modal 

reward cues interfered with the processing of target, cross-modal reward boosted the target 

processing. These results further support the idea that the interaction of attentional and 
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reward mechanisms may depend on the sensory modality of the reward with respect to the 

target of the task. However, in the latter study, intra-modal and cross-modal conditions not 

only differed in how reward was cued but also in whether they involved processing of a 

unimodal (only visual) or a bimodal (audiovisual) stimulus. Additionally, in these previous 

studies selective attention was not systematically manipulated, and therefore the assumed 

interaction between the sensory modality and attention could not be validated through 

comparing distinct experimental conditions engaging varying amounts of attention to 

stimuli. 

In the current study, we remedy the shortcomings mentioned above and ask whether 

the behavioral and neural effects of reward and attention occur independently from each 

other. Additionally, we ask whether a putative interaction between attention and reward 

depends on the sensory modality of reward cues. To answer these questions, we modified a 

behavioral paradigm developed by a previous study Talsma (2005) where it is possible to 

independently control both attention and reward. In this paradigm, participants performed a 

change detection task on bimodal, audiovisual stimuli. Spatial attention was manipulated in 

a block-wise manner, where in each block participants were asked to attend either to the left 

or to the right visual hemifield and report changes that occurred in the attended hemifield. 

Reward value was manipulated by associating a specific feature of visual (orientation) or 

auditory (pitch) cues with different magnitudes of monetary reward (high-value or no-value), 

resulting in stimuli where either one, both or neither of the modalities were associated with 

reward. Importantly, these features were orthogonal to the change detection task and were 

not predictive of the reward delivery as reward associations were learned in a separate 

conditioning task prior to the test phase. Concurrently with this task, EEG data was recorded 

allowing us to inspect the effects of reward and attention on visual as well as auditory event-

related potentials (ERPs). All procedures and hypotheses (referred to as H1-H7) were 

preregistered (https://osf.io/xte4v). 

We expected to find that both reward value and allocation of attention (H2) enhance 

behavioral and electrophysiological indices of sensory perception (i.e., a main effect of 

reward and attention). Additionally, we predicted that there would be no significant 

interaction between reward and attention (H3). The latter hypothesis was based on two lines 

of reasoning: firstly, by maximal orthogonalization of reward and attention we predicted that 

both factors could independently affect sensory perception. Secondly, the task imposed a 

minimum load on the attentional control as each trial only contained one stimulus and 

attention was manipulated across blocks. These characteristics were optimal for allowing 

https://osf.io/xte4v
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reward information to influence perception both on the attended as well as on the unattended 

side without a significant cost for the system, hence leading to reward modulations 

independently of attention. Additionally, we hypothesized that reward effects and their 

interaction with attention might depend on the sensory configuration of the reward cues; i.e. 

whether visual, auditory or both visual and auditory cues, are associated with reward 

(H4/5/6). Specifically, stimuli comprising high reward stimuli in both modalities were 

predicted to have a higher associative value compared to those that contained a rewarded 

and an unrewarded cue. Additionally, based on our previous findings, we also expected a 

difference between intra- and cross-modal reward effects with respect to the sensory areas 

where reward effects were inspected (H7). Therefore, we predicted the more robust 

modulations of visual ERPs to occur for configurations that contained a high-value visual 

cue, i.e., when reward cues were intra-modal, than those containing a high-value auditory 

component. Likewise, when examining auditory ERPs, it was expected that stimuli 

containing a high-value auditory component would elicit more robust responses. To provide 

a preview of our results, we found a strong effect of attention (confirming H2) and an 

interaction between reward and attention (rejecting H3) where attentional modulation of 

ERPs was stronger for high reward stimuli. 

4.2 Methods 

Participants 

Forty-two volunteers participated in the experiment (mean ± SD: 27.4 ± 5.4 years; 22 

females and 20 males). Four participants were removed from the analysis due to their low 

performance during the behavioral task (accuracy < 60%). The sample size was based on a 

previous study (Vakhrushev et al., 2021) and was set to N = 33 but to compensate for 

possible dropouts and outliers we recorded data from N = 42 participants. Subjects were 

recruited via a local database and had normal or corrected to normal vision. At the end of 

the experiment, participants received monetary compensation of 8.5 Euros/hour (maximum 

35 euros). All procedures were approved by “Universitätsmedizin Göttingen” (UMG) under 

proposal number 15/7/15. 

Procedure 

The experiment was divided into three parts: (1) practice and threshold estimation, (2) 

learning of a specific association of visual and auditory (e.g., line orientation_1: High 

Reward, line orientation_2: No Reward, and sound pitch_1: High reward, sound pitch_2: No 
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reward) cues with reward followed by the main task, (3) learning of the reversed pairings, 

where the association of visual and auditory features with reward was reversed, followed by 

the main task. This way, we ensured that the observed effects originated from the associative 

learning of reward values and were not due to the pre-existing biases towards a certain 

stimulus feature. The main task required participants to detect a transient change in the 

intensity of visual or auditory cues that occurred in 20% of trials (see below). 

Training and threshold estimation 

At the beginning of each session, participants were first familiarized with the change 

detection task through performing 160 practice trials. The practice session contained 

audiovisual stimuli with frequent changes (80% of trials); i.e. dimming of the luminance of 

visual stimuli and reduction in the sound pressure of auditory tones happening midway 

through their presentation, that participants had to detect. Participants were instructed to 

detect the change on both sides of the screen and the difficulty of the task was gradually 

increased by decreasing the intensity of the change. The experiment proceeded only after 

participants felt confident performing the task. 

During the threshold estimation phase, participants were instructed to detect the 

change in a unimodal stimulus (i.e., either visual or auditory) on both sides of the screen. 

There were five levels of change intensity, which were randomized across trails. The 

estimation of threshold was done in blocks with 90 trials separately for visual and auditory 

cues. There were three blocks of threshold estimation: estimation of change detection 

threshold for the low pitch sound, high pitch sound, and visual cues. The order of these 

blocks was randomized across participants. Responses were fed to a QUEST procedure 

(Watson and Pelli, 1983), a built-in standard package of Psychophysics toolbox-3 (Brainard, 

1997), where the smallest amount of change in stimulus intensity to achieve a certain level 

of performance was estimated. Based on the methods of a previous study, the threshold was 

set to 90% accuracy. 

Stimuli and task 

Main Task 

At the beginning of each block (180 trl) of the task, participants were instructed to 

fixate their eyes on the screen center and pay attention to only one side (either left or right, 

counterbalanced across blocks). The task was to detect target trials, i.e., trials containing a 

change, by pressing a “Space” button on a keyboard. Target trials were randomly interleaved 

with the rest of the trials and constituted 20% of all trials. Target trials were similar to 
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standard trials, except that halfway through the presentation of stimuli a transient drop of 

stimulus intensity occurred, which caused an impression of stutter (an auditory cue) or 

flicker (visual cue). 

Every trial started with a fixation period (750 ms - 1050 ms) followed by the 

presentation of a bimodal (audio-visual) stimulus (for 108.3 ms, on a gray background), 

either on the left or right side of the screen. All stimuli were lateralized 15° relative to the 

vertical meridian and 6° below the horizontal meridian. Auditory stimuli were either a 

1050Hz or a 350Hz tone delivered through in-ear headphones and processed with HRTF 

filters to render them co-localized with the visual stimuli (Algazi et al., 2001), with a linear 

rise and fall of 10 msec and an amplitude of 75 dB. Visual stimuli were tilted square-wave 

gratings (6° visual degrees or about 5.8 × 5.8 cm), modulated between white and gray colors, 

and oriented ±45°. 

In total, trials during the test phase were divided into eight conditions with four 

attended and four unattended conditions and four different reward value configurations. The 

latter consisted of: (1) visual high-value and auditory no-value: VHSN (2) visual no-value 

and auditory high-value: VNSH (3) visual high-value and auditory high-value: VHSH (4) 

visual no-value and auditory no-value VNSN (see Figure 1). Additionally, a no-stimulus 

condition was added where no stimulus was presented and only the fixation point was 

displayed on the screen for the entire duration of the trial. This condition was added to 

eliminate the overlapping electrophysiological activity across consecutive trials (Woldorff, 

1993), as implemented by (Talsma and Woldorff, 2005). Participants completed 3600 trials 

during the main task where each of the reward conditions was repeated 400 times (200 trials 

per screen side). Of these, target trials (only on the instructed location) constituted 10% of 

all trials (i.e., 40 trials). 

 

Figure 1. Stimuli and design of the experiment. The experiment has two phases: the conditioning phase, 

where the reward value of unimodal auditory or visual cues was learned, and the main task when the previously 

rewarded auditory and visual stimuli were presented together. a) Conditioning phase contained two 

independent factors: cue modality (visual or auditory) and cue reward value (high reward or no reward). b) In 
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the main task two independent factors were manipulated: modality with high reward value (visual, auditory, 

both, none) and attention (same side or opposite side relative to the audiovisual stimulus). 

Conditioning phase 

During the conditioning phase, participants associated different tones and line 

orientations with positive or no reward outcomes (high-value or no-value, respectively). 

Similar to the main task, participants had to detect the target trials containing a change. 

However, there were a few key differences. First, all trials in the conditioning phase were 

unimodal (only visual or only auditory) and grouped in blocks of 27 trials by the modality. 

Blocks with different modalities were randomized across conditioning phase. Second, all 

trials in conditioning phase were followed by a monetary reward outcome (displayed for 500 

ms) proportional to the value of the cue presented in that trial. Participants were instructed 

to remember the reward outcome of each condition and later report it (at the end of each 

block in the conditioning phase, through a 2AFC procedure in which the high reward 

stimulus of two consecutively presented stimuli had to be reported). These rewards were 

drawn from two Poisson distributions with the mean of 40 cents and SD of 5.5 cents for 

high-reward trials (maximum reward was fixed at 50) and 0 cents for no-reward trials. Third, 

participants were instructed to report target trials (trials with a transient change) on both 

sides of the screen.  

In total, the conditioning phase had four conditions: (1) high-value visual, (2) High-

value auditory, (3) no-value visual, and (4) no-value auditory (Figure 1). These conditions 

were divided into factors modality (visual or auditory) and reward (high- or no-value). 

Similar to the main task, a no-stimulus condition was added. Participants completed 1200 

trials during the conditioning phase, where each condition was repeated 240 times (120 trials 

per screen side). 20% of all trials were targets (trials with a transient change). Finally, to 

control for the perceptual biases towards visual and auditory cues, this phase was repeated 

twice and in the second repetition the reward pairings were reversed. This was indicated to 

participants with an instruction display before the second repetition commenced. 

Apparatus 

The experiment was conducted in a darkened, sound-attenuated, and 

electromagnetically shielded chamber. Participants were seated on a chair with their heads 

fixed on a chinrest positioned 80 cm from a 22.5’ monitor (refresh rate = 120 Hz). Stimulus 

presentation was controlled by a PC under the Windows operating system equipped with 

MATLAB (version R2015b) and Psychophysics toolbox-3 (Brainard, 1997). 
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This study assessed the accuracy and reaction times (RT) of the detection of target 

stimuli (containing a transient change). Eye movements were recorded with an Eyelink 1000 

eye tracker system (SR Research, Ontario, Canada) in a desktop mount configuration, 

recording the right eye at a sampling rate of 1000 Hz. The electrophysiological (EEG) data 

was continuously recorded from 64 electrodes with an actiChamp system and referenced to 

the A2 electrode. The recording was done with BrainVision software (BrainVision Recorder 

1.23.0001 Brain Products GmbH, Gilching, Germany; actiCap, Brain Products GmbH, 

Gilching, Germany). The signal was digitized at 1000 Hz and amplified with a gain of 

10,000. All electrode/skin impedances were kept below 10kΩ. 

Transformations 

Behavioral data 

Reaction times (RTs) of correctly detected target stimuli and their accuracy were 

computed separately for each condition at each phase of the experiment. 

ERP analysis 

EEG data was imported and processed offline using EEGLAB (Delorme and Makeig, 

2004), an open-source toolbox running under the MATLAB environment. Raw data of each 

participant was band-pass filtered with 0.1 Hz as the high-pass cutoff and 40 Hz as the low-

pass cutoff frequencies. An automatic bad channel detection algorithm was applied using 

EEGLAB’s pop_rejchan method (threshold = 5, method = kurtosis). All trials detected 

online as a keypress or fixation breaks (eye position to the fixation point > 9°) were removed 

from the analysis. After this, epochs were extracted using a stimulus-locked window of 3000 

ms (1000 to 2000 ms). The remaining data were subjected to an Independent Component 

Analysis (ICA) algorithm (Delorme and Makeig, 2004). Eye-blinks and eye-movements 

artifacts were automatically identified and corrected using an ICA-based automatic method, 

implemented in the ADJUST plugin of EEGLAB (Mognon et al., 1994). Bad channels were 

interpolated by using the default spherical interpolation method. Data were re-referenced 

offline to the average reference. Finally, stimulus-locked epochs were extracted using a 

window of 1100 ms (-100 to 1000 ms), and baseline corrected using the pre-stimulus time 

interval (-100 to 0 ms). The stimulus-locked epochs were extracted using a window of 2200 

ms (-1000 to 1200 ms), and baseline corrected using the pre-stimulus time interval (-100 to 

0 ms). 

Our ERP analysis was focused only on standard trials, i.e., trials without a change, as 

done previously (Talsma and Woldorff, 2005). Visual ERPs were measured in occipital 
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electrodes (PO7/8 O1/2) for P1 (70-170 ms) and N1 (180-250 ms) components. P300 (350-

600 ms) responses were measured over Pz, and CNV (contingent negative variation) 

component (650-1000 ms) over central electrodes (Fz, Cz, Pz) (P300 and CNV as done in 

Pfabigan et al. (2014). Auditory N1 component was measured at Fz electrode and within the 

same time window as visual ERPs. Analysis of visual P1 and N1 and auditory N1 

components was based on the average within 60 ms window around the respective peak of 

each component measured across participants for each condition. Before the ERP analysis, 

we removed overlapping ERP activity from adjacent trials by subtracting a waveform of a 

no-cue condition from a waveform of each condition with an audiovisual cue, as Talsma et 

al. (2005) implemented. In this chapter we will only focus on P1 component measured in 

occipital electrodes and auditory N1 measured in Fz. 

 

Figure 2. The sequence of trial events. Participants were instructed to detect occasional targets by pressing a 

“space bar button”. Targets were trials with a change in intensity of auditory and/or visual stimuli midway 

through their presentation. The change made an impression of a stutter (auditory condition) or a flicker (visual 

condition). Both visual (±45° tilt) and auditory stimuli (350Hz and 1050Hz) were presented laterally (15°) and 

below the fixation point (6°). a) The experiment started with a conditioning phase in which reward associations 

were learned. b) In the main task, visual and auditory cues always appeared together: unilaterally and 

synchronously. At the beginning of every block with the main task, participants were instructed to pay attention 

only to the one side of the screen and ignore target trials on the other side (in the demonstration above 

participants were instructed to only report changes on the left side). 

Analysis 

Behavioral data 

Statistical analyses were done separately for the conditioning phase and the main task. 

In the conditioning phase, a two-way repeated-measures analysis of variance analysis 

(ANOVA) of RTs was done with factors modality (visual or auditory) and value (high-value 

cue or no-value cue). 

In the main task, all cues were bimodal, where individual sounds and visual cues were 

either associated with high-value or no-value (VHSH – visual cue has high-value and sound 
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has high-value; VHSN – visual cue has high-value and sound has no-value; VNSH – visual 

cue has no-value and sound has high-value; VNSN – visual cue has no-value and sound has 

no-value). Here a two-way ANOVA was used with the factor auditory reward value (high 

or no) and visual reward value (high or no). Significant main or interaction effects were 

subsequently inspected using planned pairwise comparisons. 

EEG data during the main task 

Firstly, to test whether we replicate the reported effects of a previous study that had 

inspired our paradigm (Talsma and Woldorff, 2005), ERP responses to the attended and 

unattended stimuli across all conditions were compared (Figure 4). Subsequently, we 

conducted multiple repeated-measured ANOVA (rmANOVA) to test different aspects of the 

effects of attention and reward on visual P1 and auditory N1 components. 

A rmANOVA comprising factors attention (attended or unattended) and value (high- 

or no-value) was done on the data of conditions in which both visual and auditory cues of 

bimodal stimuli had the same value; i.e., either high- or no-value (VHSH and VNSN). Here, 

a main effect of reward would confirm hypothesis 1, a main effect of attention would confirm 

hypothesis 2, the absence of interaction effects would confirm hypothesis 3 of our pre-

registered plan (Figure 5). 

Having established an effect of attention in previous two analyses, we next subtracted 

the ERPs of attended and unattended conditions and tested the effect of reward value 

separately in each modality (Figure 6). To this end, a two-way rmANOVA with factors 

value in visual modality (high-value or no-value), value in auditory modality (high-value or 

no-value) was done separately on visual P1 and auditory N1 components (hypothesis 4-6).  

Finally, to test whether the effect of value in visual or auditory modalities differs 

between different regions of interest (ROI), we conducted a three-way rmANOVA with 

factors ROI (two levels: visual (PO7, O1, O2, PO8) or frontal region (Fz)), value in visual 

modality (high-value or no-value), value in auditory modality (high-value or no-value). 

Since P1 and N1 components have an opposite amplitude polarity, their absolute values were 

included in this analysis. Here, our focus was on testing whether an interaction existed 

between value in each modality and the ROI, testing a prediction (hypothesis 7) that reward 

value from each modality will have the strongest effect in its respective specialized modality, 

i.e., intra-modally. 
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4.3 Results 

Behavioral results 

We first verified that during the conditioning phase, visual and auditory reward cues 

modulated response times (RTs) indicating that participants had learned the value 

associations. An ANOVA with factors value (high- or no-value cue) and modality (visual or 

auditory) revealed a main effect of modality F(1,37) = 13.9, p < 0.001, ηp
2 = 0.27 and a main 

effect of value F(1,37) = 12, p < 0.001, ηp
2 = 0.25, as well as an interaction effect F(1,37) = 

5, p = 0.031, ηp
2 = 0.12. Participants were faster at detecting the change in the visual cues 

(mean ± s.e.m.: 486.06 ± 6.49) compared to the change in the auditory cue (mean ± s.e.m.: 

506.41 ± 6.08). Similarly, participants were faster at detecting the change in high-value cues 

(mean ± s.e.m.: 490.97 ± 5.94) compared to the change in no-value cues (mean ± s.e.m.: 

501.49 ± 5.79). A follow-up pairwise comparison revealed that these reward effects were 

strongest for auditory cues (t(37) = -3.25, p < 0.005, Cohen’s D (dz) = 0.53), where response 

to a high-value auditory cue (mean ± s.e.m.: 497.25 ± 6.40) was much faster than to a no-

value auditory cue (mean ± s.e.m.: 515.56 ± 6.99). The difference between high- and no-

value visual cues did not reach significance (t(38) = -0.83, p = 0.41). Nevertheless, the direct 

assessment of reward associations during and after conditioning phase indicated that 

participants successfully learned reward values of both visual and auditory cues. All 

participants, when offered to choose a cue with more money, selected high-value cues. 

Behavioral results from the main task are shown in Figure 3. In behavioral analysis, 

our interest lay in how previously rewarding visual and auditory cues affected response 

times. A two-way rm ANOVA with the factor visual reward value (2 levels) and auditory 

reward value (2 levels) revealed a main effects of auditory reward value F(1,37) = 5.36, p 

< 0.05, ηp
2 = 0.127. Response time to high-value auditory cues was faster (mean ± s.e.m.: 

484.99 ± 7.23) compared to no-value auditory cues (mean ± s.e.m.: 492.46 ± 8.40). We found 

no value effect in visual modality (p = 0.15). Follow-up pairwise comparisons revealed that 

the reward effect in auditory cues originated from two differences. One difference was 

between the condition with high-value cue in both modalities (VHSH) and the condition 

with high-value only in vision, i.e., VHSN (t(37) = 2.28, p < 0.05, dz = 0.37). The second 

difference was between a condition with high-value only in auditory modality and a 

condition with high-value only in vision; i.e. VNSH and VHSN (t(37) = 2.99, p < 0.005, dz 

= 0.49). Both in VHSH (mean ± s.e.m.: 485.47±6.93) and VNSH (mean ± s.e.m.: 

484.50±7.73) conditions, participants responded faster than VHSN (mean ± s.e.m.: 494.14 

± 8.65). 
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Therefore, in the main task, we found faster responses to stimuli that contained a high-

value auditory cue compared to conditions that contained a low-value auditory cue. This 

difference was strongest when comparing VNSH and VHSH against VHSN condition, as 

the latter had the most prolonged response times. Together, the analysis of behavioral data 

in conditioning and main task indicate a strong influence of reward value cued through the 

auditory modality on the target detection. 

 

Figure 3. Reaction times during the main task. Reaction times are only shown for correctly detected 

trials. Four stimulus configurations consisted of conditions with high reward value in both modalities (VHSH), 

only in visual modality (VHSN), only in auditory modality (VNSH), or in neither of the modalities (VNSN). 
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 VNSN VHSN VNSH VNSN 

Response Time 

(RT) 
490.79±8.28 494.14±8.65 484.50±7.73 485.47±6.93 

Visual P1 

amplitude 

(attended 

condition) 

3.07±0.25 3.15±0.25 3.13±0.24 3.15±0.24 

Visual P1 

amplitude 

(unattended 

condition) 

2.61±0.23 2.70±0.22 2.61±0.23 2.50±0.23 

Auditory N1 

amplitude 

(attended 

condition) 

-2.07±0.18 -2.13±0.18 -2.14±0.17 -2.20±0.19 

Auditory N1 

amplitude 

(unattended 

condition) 

-1.93±0.17 -1.98±0.15 -1.89±0.16 -1.82±0.17 

Table 1. Overview of behavioral and electrophysiological indices measured in each stimulus condition. 

Electrophysiological markers of attention and reward value 

Attentional modulation of ERP responses 

We first tested whether attentional modulation effects reported by Talsma et al. (2005) 

are replicated in our paradigm, as shown in Figure 4. A one-way ANOVA on visual P1 

component (PO7, O1, O2, PO8) revealed a main effect of attention (F(1,37) = 64.34, p < 

0.001, ηp
2 = 0.635). Attended conditions increased the amplitude P1 component (mean ± SD: 

3.12 ± 0.24) compared to unattended conditions (mean ± SD: 2.60 ± 0.22). A similar effect 

was found in auditory N1 component measure at Fz (F(1,37) = 15.53, p < 0.001, ηp
2 = 0.296), 

where attended cues increased the ERP amplitude of N1 component (mean ± SD: -2.13 ± 

0.17) compared to unattended cues (mean ± SD: -1.90 ± 0.15). These results replicate 

previous findings (Talsma and Woldorff, 2005) and indicate that our experimental design 

modulated the allocation of spatial attention successfully. 
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Figure 4. Attentional modulation of ERPs. a) ERP waves produced by attended and unattended audiovisual 

cues that were recorded over occipital electrodes (PO7, O1, O2, PO8) or b) frontal electrodes (Fz). 

Interaction between attention and reward and modulation of ERP responses 

Visual P1 component 

Next, we examined the attentional and reward effects in conditions in which both 

modalities had either high- or no-value (VHSN and VNSN). Figure 5a,c shows ERP waves 

in occipital region (PO7,O1,O2,PO8) of high- and no-value conditions when they were 

attended or unattended. Here an analysis of P1 component revealed a main effect of attention 

(F(1,37) = 47.1, p < 0.001, ηp
2 = 0.56), no main effect of reward value (F(1,37)  = 0.03, p = 

0.86) and an interaction effect between attention and reward value (F(1,37) = 4.99, p = 

0.032, ηp
2 = 0.12). As mentioned above, attended cues evoked higher amplitude of P1 

component (mean ± s.e.m.: 3.11 ± 0.24), compared to unattended cues (mean ± s.e.m.: 2.56 

± 0.23). The interaction effect was due to the interdependence of attention and reward 

effects. Firstly, the difference between attended and unattended conditions was larger when 

cues had high-value (mean ± s.e.m.: 0.64 ± 0.09) compared to no-value (mean ± s.e.m.: 0.46 

± 0.09). Secondly, the difference between high- and no-value conditions was in different 

directions depending on whether they were attended (mean ± s.e.m.: 0.08 ± 0.10) or 

unattended (mean ± s.e.m.: -0.11 ± 0.09). However, follow-up pairwise comparisons 

revealed that only the difference between attention conditions was significant: the attended 

high-value stimulus (mean ± s.e.m.: 3.15 ± 0.24) evoked a significantly (t(37) = 6.9, p < 

0.001, dz = 1.12) higher P1 amplitude compared to the unattended high-value stimulus (mean 

± s.e.m.: 2.50 ± 0.23). Similarly the attended no-value stimulus evoked significantly (t(37) 

= 5.2, p < 0.001, dz = 0.85) higher P1 amplitudes (mean ± s.e.m.: 3.07 ± 0.25) compared to 

the unattended no-value stimulus (mean ± s.e.m.: 2.61 ± 0.23). 
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Figure 5. Modulation of ERPs by attention and reward factors. ERP waves measured over occipital (a) or 

frontal (b) regions for conditions that either had high reward value in both modalities (VHSH) or no reward 

values in both modalities (VNSN) and were either presented on the attended (Att) or unattended (Unatt) side. 

c) Same as a) depicting the average visual P1 amplitudes. d) Same as b) depicting auditory N1 amplitudes. 

Auditory N1 component 

Similar to the P1 component, an analysis of N1 component (Figure 5b, d) measured 

in frontal region (Fz) revealed a main effect of attention (F(1,37) = 9.2, p < 0.005, ηp
2 = 0.2), 

no effect of reward value (F(1,37) = 0.01, p = 0.91), and an interaction effect between 

attention and reward value (F(1,37) = 6.10, p < 0.05, ηp
2 = 0.142). Attended cues evoked a 

more negative N1 peak (mean ± s.e.m.: -2.13 ± 0.18) compared to unattended cues (mean ± 

s.e.m.: -1.87±0.16). An interaction between attention and reward indicates that high-value 

cues resulted in a larger difference in N1 amplitude between attended and unattended 

conditions (mean ± s.e.m.: -0.38 ± 0.09) compared to no-value cues (mean ± s.e.m.: -0.14 ± 

0.10). On another side, high-value cues enhanced the amplitude of the N1 peak (mean ± 

s.e.m.: -0.13 ± 0.08) when they were attended and suppressed it when they were unattended 

(mean ± s.e.m.: 0.11 ± 0.11). Follow-up pairwise comparisons revealed that attended high-

value cues (t(37) = 4.1, p < 0.001, dz = 0.66) evoked higher N1 amplitudes (mean ± s.e.m.: 

-2.20 ± 0.19) compared to unattended high-value cues (mean ± s.e.m.: -1.82 ± 0.17). 

Notably, the difference between attended and unattended no-value cues did not reach 

significance (p = 0.188). 
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Together, the results obtained in P1 and N1 components showed a main effect of 

attention and interaction between attention and reward. A stronger attentional modulation 

for high-value stimuli demonstrates that stimulus value influences the allocation of attention. 

Different directions of reward modulations dependent on attention indicate that attention 

influences the processing of reward information, but the difference between individual 

reward conditions was non-significant.  

Dependence of the reward-driven modulation of attention on the sensory 

modality of reward cues 

We have so far shown a strong effect of attention on ERP components that is 

influenced by stimulus reward. We next asked whether this effect depends on the specific 

configuration of stimuli; i.e., the modality through which reward value is cued (Figure 6). 

To this end, the ERPs of attended and unattended conditions were subtracted from each other 

and entered into an ANOVA with factors visual reward value and auditory reward value. 

Analysis of visual P1 component revealed no main effect of visual reward value 

(F(1,37) = 0.88, p = 0.35) and a trend for a main effect of auditory reward value (F(1,37) = 

3.49, p = 0.07). No interaction effect was found between these factors (F(1,37) = 0.67, p = 

0.42). 

Analysis of auditory N1 component showed a main effect of auditory reward value 

(F(1,37) = 5.64, p = 0.023, ηp
2= 0.13) as the presence of high-value auditory cues increased 

the N1 amplitude (mean ± s.e.m.: -0.32 ± 0.05 µV) compared to conditions that contained a 

no-value auditory cue (mean ± s.e.m.: -0.14 ± 0.08 µV). The main effect of visual reward 

value (F(1,37) = 0.94, p = 0.34) and the interaction of visual and auditory reward value were 

not significant (F(1,37) = 0.57, p = 0.45). 

Inspection of individual stimulus configuration (see Table 1 and Figure 6) reveals that 

both P1 and N1 had the highest amplitude when visual and auditory cues were associated 

with high-value (VHSH), followed by high-value only in auditory modality (VNSH, see also 

Table 1) whereas other configurations (VHSN and VNSH) elicited lower amplitudes. 

Pairwise comparisons on auditory N1 where a main effect of auditory reward value was 

found showed that VHSH elicited significantly higher N1 amplitude (mean ± s.e.m.: -0.38 ± 

0.09 µV) compared to both VHSN (Δ = 0.24, t(37) = 2.47, p = 0.018, dz = 0.4) and VNSH 

(Δ = 0.23, t(37) = 2.23, p = 0.032, dz = 0.36). Other pairwise comparisons did not reach 

significance level (all ps > 0.1). 

Finally, to test whether the influence of auditory and visual reward value depended on 

the region of interest (ROI), we conducted an ANOVA on the absolute values of visual P1 
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and auditory N1 components. This analysis revealed a main effect of ROI (F(1,37) = 21.9, p 

< 0.001, ηp
2 = 0.37) as expected, and a main effect of auditory reward value (F(1,37) = 6.12, 

p < 0.05, ηp
2 = 0.14). Importantly, no interaction was found between the auditory or visual 

reward value and ROI, indicating that auditory reward value enhanced sensory processing 

both intra-modally (i.e., in Fz) as well as cross-modally (in occipital ROI). 

 

Figure 6. Modulation of attention by reward value of auditory and visual modalities. a) The difference 

wave between attended and unattended reward conditions (high reward in vision: VHSN, in auditory: VNSH, 

in both: VHSH, or in neither: VNSN modality) measured in occipital electrodes (PO7, O1, O2, PO8). b) Same 

as (a) for Fz electrode. 

4.4 Discussion 

The current study examined the interaction between spatial attention and reward value 

when visual, auditory, or both modalities were associated with high reward. During the 

associative learning phase, both visual and auditory cues sped up the target detection, with 

a stronger effect in auditory modality. During the main task, we found a strong effect of 

attention on early event-related responses of occipital and frontal areas (visual P1 and 

auditory N1 components, respectively), thus replicating a previous study that inspired our 

design (Talsma and Woldorff, 2005). We did not find a main effect of reward value, but 

importantly a significant interaction was found as attentional modulation of P1 and N1 

responses were stronger when both modalities had high value compared to no value. These 

findings suggest that reward value modulates the strength of attentional filtering. However, 

when visual and auditory reward effects were compared separately, a more robust reward 
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modulation of attention was found for the latter, thus reflecting the dominant role of auditory 

reward signals in the guidance of attention. Finally, our results also revealed that attentional 

modulation of the ERPs was more robust when both compared to only one of the unimodal 

components of an audiovisual stimulus were associated with reward. Hence, in the context 

of our paradigm stimuli with high value, especially in auditory domain, guide the attentional 

resources towards the attended location and withdraw them from the unattended location. 

A host of previous studies have demonstrated that reward biases selective attention 

towards stimuli previously associated with a positive outcome, an effect observed for shapes 

(Della Libera and Chelazzi, 2009, 2006), faces (Raymond and O’Brien, 2009), orientations 

(Kiss et al., 2009), and semantic information in Stroop tasks (Krebs et al., 2010). However, 

it is not always possible to determine the degree to which the observed behavioral or neural 

modulations are due to attention, reward, or both (Maunsell, 2004). Often reward-associated 

stimuli appear as the target of the task or contain target-related information, hence 

inadvertently engaging attention. More recent studies showed that even when reward stimuli 

are task-irrelevant (Garcia-Lazaro et al., 2018) or are delivered through a different sensory 

modality (Pooresmaeili et al. 2014) target processing is influenced by the reward 

information, suggesting independence of reward and attentional mechanisms. Specifically, 

a lack of influence of attentional load on reward effects (Baldassi and Simoncini, 2011) and 

temporally distinct ERP modulations for reward and attention (Bayer et al., 2017) supported 

the idea that selective attention and reward can influence perception independently. Here, 

we tried to resolve this ambiguity but while we had predicted an independence of attention 

and reward, we found evidence to the contrary. In contrast to previous studies that showed a 

clear separation between effects of reward and attention, our results show that reward effects 

on early perception occur exclusively through the modulation of attention. We note several 

major differences between the latter studies and ours. Firstly, Baldassi et al. (2011) employed 

a weak manipulation of attention, i.e. by performing a secondary task at fixation, compared 

to ours where attention was strictly controlled. The form of attentional manipulation by 

Baldassi and Simoncini may have allowed a boost of reward effects through attention, 

despite the conclusion of the study (Baldassi and Simoncini, 2011). Secondly, in both 

Baldassi et al. (2011) and Bayer et al. (2017) reward cues were predictive of the delivery of 

reward during the main task, whereas reward cues in our task were previously associated 

with reward value and did not lead to rewards anymore. Reward predicting incentives can 

overall exert stronger effects on perception as better perceptual performance is constantly 

reinforced by the delivery of reward. This however does not allow to study the pure role of 
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the associative value independent of any task-related feedback or continuous reward 

reinforcement. However, in light of these studies and the fact that the reward effects on their 

own were weak in our paradigm, we surmise that independent effects of attention and reward 

can only be observed under conditions where reward can exert its maximal influence on 

perception without any assistance from attentional mechanisms. In other contexts, such as 

ours where rewards are learned prior to the task and are not further reinforced, associative 

value of stimuli may affect perception primarily through modulating attention. 

An important novel aspect of the current study is to investigate effects of visual and 

auditory cues that were previously associated with high monetary reward outcomes. 

Previous studies on value-driven mechanisms have been mostly focused on reward effects 

in the visual modality (for review see: Failing and Theeuwes, 2018), although reward effects 

have also been reported in other sensory modalities (Goltstein et al., 2013; Pleger et al., 

2008; Rutkowski and Weinberger, 2005; Shuler and Bear, 2006; Stanisor et al., 2013; Weil 

et al., 2010). This leaves a question of the extent to which value-driven mechanisms reflect 

a general principle of information processing across sensory modalities. A few recent studies 

approached this question by testing cross-modal reward modulations (Anderson, 2016a; 

Pooresmaeili et al., 2014; Sanz et al., 2018), testing the competition of reward and attention 

in other sensory modalities (Anderson et al., 2011b; Asutay and Västfjäll, 2016; Baines et 

al., 2011; Bourgeois et al., 2016; Chelazzi et al., 2014; Failing et al., 2015; Kim et al., 2021; 

Qin et al., 2021; Tankelevitch et al., 2020; Yantis et al., 2012), and comparing intra- and 

cross-modal reward modulation directly (Anderson, 2016a; Bean et al., 2021; Bruns et al., 

2014; Cheng et al., 2020; Kang et al., 2017; Pooresmaeili et al., 2014; Vakhrushev et al., 

2021). The emerging picture from these studies is that value-driven mechanisms reflect a 

general information processing principle that operates across modalities. 

One important principle across sensory modalities is that when distractors or task-

irrelevant features are associated with high reward they may potentially interfere with the 

processing of the target (for review see: Anderson et al., 2021). In line with this, recent 

studies (Vakhrushev et al., 2021) showed a suppression of visual sensitivity when the task-

irrelevant reward cue was in the visual modality (i.e., intra-modally), but surprisingly visual 

sensitivity was enhanced when reward was cued through the auditory modality (e.g., 

Pooresmaeili et al., 2014; Vakhrushev et al., 2021). Hence, reward information exerted 

different effects on sensory processing dependent on whether it was cued intra- or cross-

modally suggesting that modality-specific attentional resources might contribute to value-

driven effects. Interestingly, although we used a different task and explicitly controlled the 
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amount of spatial attention towards reward cues, our results are in line with the interpretation 

provided by (Vakhrushev et al., 2021). We found almost no effect of visual reward value in 

the main task when reward was only cued through vision (i.e., VHSN), but instead there was 

a dominance of auditory reward value. This was despite the fact that reward value of both 

modalities was successfully learned and influenced behavior during the conditioning. 

Notably, although visual high-value cues on their own (i.e., in VHSN configuration) led to 

almost indistinguishable ERPs relative to a no-value condition (VNSN), joint presence of 

high value in both modalities (i.e., VHSH) enhanced the ERPs, especially in case of N1, 

above and beyond both VNSN and VNSH conditions, indicating that congruent reward in 

both sensory modalities strengthens reward-driven modulation of attention. These two 

findings reveal two important stages of reward-driven modulation of sensory processing. 

The first stage occurs locally within each sensory modality. At this stage, reward information 

competes with attention in order to gain priority in sensory processing (Anderson et al., 2021, 

2011a; Failing and Theeuwes, 2018). As reward information conveyed through vision could 

potentially compete with the change detection task, for instance by withdrawing resources 

from a relevant feature (luminance) and allocating them to an irrelevant feature (line 

orientation), the putative local competition of reward and attention can lead to a reduction 

of reward effects. However, the local competition can be overturned by rewards in another 

sensory modality, suggesting that at a second stage, the reward information integrates across 

different sensory modalities (Bruns et al., 2014; Cheng et al., 2020; Wise, 2004) resulting in 

an additive effect of reward of two sensory modalities and general improvement of sensory 

representations, as found when comparing VHSH against VHSN and VNSH conditions. 

Future studies will be needed to test the validity of this proposal. 

We note that the lack of reward effects in visual modality could reflect two potential 

causes: (1) As mentioned above, these results may indicate a potential interference of reward 

information in visual modality with the specificity of the change detection task. 

Alternatively, (2) participants may have actually relied more strongly on the auditory 

modality when detecting a change, hence processing auditory reward values better than 

visual reward values. The second cause is less likely to account for our results since during 

the conditioning phase, reward effects were present in both modalities, and participants 

managed to detect changes in visual stimuli in more than 80% of all trials. Based on a 

significant prolongation of response times in VHSN configuration compared to both VNSH 

and VHSH, as well as lack of any difference between evoked responses to VNSN and 

VHSH, we surmise that the first scenario, i.e., modality-specific limitations induced by 
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competition between attentional and reward signals; resulted in dampening of reward effects 

in visual modality. Nevertheless, both scenarios point to the fact that our effects may depend 

on the specific change detection task that was employed and future studies will be needed to 

test their generalizability to other contexts.  

Finally, in our experiment, participants learned the reward value of each sensory 

modality separately and then were exposed to bimodal stimuli containing the same or 

different reward values in two modalities. The pattern of results observed here may be due 

to this training protocol, as auditory and visual cues were never paired during the learning. 

Alternatively, learning the associatve value of a bimodal stimulus may promote integrating 

sensory features and reward values more strongly across sensory modalities and thereby lead 

to reward modulations that have less dependence on modality-specific mechanisms. Future 

studies will be needed to examine the role of learning protocols in how reward signals from 

different sensory modalities interact. 

Conclusion 

In summary, we found that the allocation of spatial attention towards audiovisual 

stimuli is guided by the associative reward value of auditory and visual modalities. In the 

context of the task employed here, value-driven modulation of attention was more robust in 

auditory modality, with the maximum effect observed when both visual and auditory 

components of an audiovisual stimulus were associated with high value. These results inspire 

a two-stage model in which reward information is first represented separately in each sensory 

modality and is subsequently integrated across modalities. The integration of reward value 

boosts the combined associative value of a bimodal stimulus and at the same time enhances 

the attentional selection of the task-relevant information. 
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Chapter 5: General discussion 

5.1 Summary of the results 

The goal of the present PhD project was to gain insight into the underlying mechanisms 

of reward-driven modulation of sensory perception. Specifically, the project aimed to 

determine how intra- and cross-modal reward cues influence early sensory processing 

(Objective 1) and whether effects of these intra- and cross-modal reward cues interact with 

selective attention (Objective 2). To pursue these aims, three studies were conducted: in 

Study 1, visual and auditory cues were first associated with high- and low-value monetary 

reward outcomes, and later, during the post-conditioning phase, effects of reward cues were 

compared across modality conditions. During the post-conditioning phase, participants 

performed a visual orientation discrimination task in the presence of task-irrelevant visual 

(intra-modal) and auditory (cross-modal) reward cues. During the conditioning phase, when 

reward cues were the target of the task, reward value in both modalities enhanced the 

amplitude of the P300 component over posterior electrodes. The analysis of latency of the 

N1 peak over posterior electrodes revealed that high-value cues sped up the peak onset in 

visual condition. In contrast, during the post-conditioning phase, when reward cues were 

irrelevant to the task, the analysis of behavioral results revealed an interaction between the 

modality of the reward cue and its value. Cross-modal reward cues enhanced visual 

sensitivity, whereas intra-modal reward cues tended to suppress it. An analysis of P1 and N1 

peak amplitudes over the posterior electrodes revealed a similar interaction pattern as shown 

in behavioral results. Intra-modal reward cues emerged earlier and resulted in a suppression 

of the P1 peak amplitude (90-120 ms). Cross-modal high reward cues instead led to an 

enhanced positivity emerging later starting at the N1 window (180-250 ms), suggesting that 

intra- and cross-modal reward modulations elicit different effects on visual sensory 

processing. Taken together, the results demonstrated value-driven modulation at multiple 

stages during visual sensory processing: intra-modally, where competition between value, 

salience, and goal-directed signals resulted in the interference between them occurring very 

early (90-120 ms) (Anderson, 2013; Anderson et al., 2021; Awh et al., 2012), and cross-

modally, when reward signals from other modalities impacted the later processing of sensory 

signals presumably through feedback signals from multimodal areas (Anderson, 2016a; 

Pooresmaeili et al., 2014). At a post-perceptual stage coinciding with P300 window, 

anticipation of the reward delivery in the conditioning phase led to similar reward 
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modulations in both modalities, suggesting that at this stage reward effects occur 

independent of the sensory properties of reward cues (Goldstein et al., 2006; Luque et al., 

2017, 2015; Pornpattananangkul and Nusslock, 2015; Yeung and Sanfey, 2004). Yet, it was 

unclear whether the differential reward effects were due to differences in how visual and 

auditory reward cues integrate with the target or in how they affect attentional mechanisms.  

Study 2 tried to pit these possibilities, attentional versus object integration accounts, 

against each other and compared behavioral effects of intra- and cross-modal reward cues in 

terms of the spatiotemporal characteristics of reward modulations. Specifically, Study 2 

focused only on behavioral indices while manipulating the focus of spatial attention 

(experiment 1) and the temporal (experiment 2) arrangement between reward and target 

cues. The focus of attention was changed by narrowing or widening it with small, medium, 

and large frames that appeared at the beginning of each trial (Castiello and Umiltà, 1992). 

Similar to Study 1, we found a difference between intra- and cross-modal reward 

modulations: intra-modal reward cues sped up responses, but only when the attention 

focused narrowly on the target. Cross-modal reward cues, on the other hand, improved visual 

sensitivity, but only when attentional focus was wide. Experiment 2 tested reward effects at 

a wide focus of attention and manipulated only the asynchrony between reward cues and the 

target. If reported effects in Study 1 resulted from how rewards are integrated with the target, 

reward modulations were expected to be largest at asynchrony = 0, i.e., when reward cues 

and the target were synchronized and hence grouped with each other. Additionally, if 

perceptual competition played a significant role in suppression effects showed in intra-modal 

condition, preceding reward cues should enhance the processing of visual targets similarly 

to cross-modal reward cues. The results revealed reward effects both for intra- and cross-

modal conditions only when reward and target cues were synchronized, suggesting that the 

differential effects of intra-modal and cross-modal cues is related to how they are integrated 

with the target. As we also found a dependence of reward effects on the size of attentional 

focus these results suggest that a combination of attentional priming and a change in 

grouping/integration account for our effects in Study 1 and Study 2. 

To directly assess the interaction of reward and attention, Study 3 specifically 

manipulated the allocation of spatial attention towards reward cues from both modalities 

(Objective 2). The experimental task was slightly different from study 1 and study 2. Here, 

conditioning and post-conditioning phases used a similar change detection task. A change 

was a brief interruption of the peripheral bimodal audio-visual cue during its presentation. 

During the post-conditioning phase, participants were instructed to report the change only 
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on the attended side (Talsma and Woldorff, 2005) and ignore cues on the unattended side. 

Importantly, here we tried to make the stimulus conditions as similar as possible to each 

other in terms of their sensory properties, thus using bimodal audiovisual stimuli across 

reward conditions. There were four conditions, two of which were bimodal cues with both 

modalities associated with either high- or no-rewards, and the other two were bimodal cues 

with only one modality associated with high reward and the other associated with no reward. 

To compare effects across reward conditions when these cues were attended and unattended, 

the study relied on electrophysiological measurements, where only cues without a change 

were analyzed. The results revealed an interaction between reward and attention. 

Specifically, reward modulated the intensity of attentional modulation. High-value visual 

and auditory cues produced higher P1 and N1 amplitudes when they were attended and lower 

P1 and N1 amplitudes when unattended, compared to no-value cues. Since reward cues 

modulated ERP components only through attention, the following analysis focused on the 

reward effects on attention. When reward effects across visual and auditory modalities were 

compared directly, an interaction effect was found corresponding to a stronger modulation 

of attention by auditory rewards. Although associating only the visual modality with reward 

led to no significant modulation of attention compared to no-reward condition, reward 

signals in both modalities enhanced responses above and beyond modulations elicited by 

rewards in either of the modalities. This result once again supports the idea that reward 

modulation occurs at multiple stages during sensory processing and can be boosted by 

combining reward-driven effects across modalities. In the following section, the results of 

these three studies will be discussed in a more general context.  

5.2 Intra- and cross-modal reward effects on behavioral and 

electrophysiological indices 

Overall, this dissertation provides evidence that both intra- and cross-modal reward 

cues could modulate behavioral and electrophysiological indices even when they are 

irrelevant to the task and do not deliver reward outcomes (Studies 1, 2, and 3). These results 

are consistent with one that was reported in the literature, where similar reward effects were 

reported separately for intra- (Anderson, 2013; for review see: Anderson et al., 2021; Della 

Libera and Chelazzi, 2006; Hickey et al., 2010b; Kim et al., 2021; Yantis et al., 2012) and 

cross-modal (Anderson, 2016a; Pooresmaeili et al., 2014) reward cues. However, in the 

present dissertation, intra- and cross-modal reward effects were compared directly, which 

was not yet reported in the past literature.  
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A comparison of reward effects across intra- and cross-modal reward conditions 

revealed a differential pattern of reward-related modulation. Specifically, cross-modal 

reward cues (Study 1, 2, Study 3) improved behavioral measures of visual sensitivity for 

high-value compared to low-value cross-modal cues and led to a later enhancement of the 

ERP amplitudes starting at the N1 window. These results are in line with the previous 

behavioral and neurophysiological studies that report positive effects of cross-modal high-

value cues on behavior and neuronal responses (Bean et al., 2021; Bruns et al., 2014; Leo 

and Noppeney, 2014; Pooresmaeili et al., 2014).  

We observed a different pattern of results for intra-modal rewards in Study 1 and Study 

2 whereas they were expected to have similar effects to cross-modal rewards that enhanced 

behavioral and electrophysiological indices. This expectation was based on previous 

findings (Stanisor et al., 2013) where reward boosted processing of stimuli that belonged to 

the same object (Duncan, 1984; Pooresmaeili and Roelfsema, 2014). Therefore Study 1 and 

Study 2 positioned the target and reward cues in close proximity or even overlapping with 

each other. Contrary to this prediction, intra-modal reward cues interfered with the sensory 

processing of visual target, which resulted in the decrease of visual sensitivity and 

suppression of early ERP responses (90-120 ms) by a high- compared to low-value cues. 

Despite this, literature has support for the interference effects. Previously it has been shown 

that when a visual reward cue appears as a distractor, it impairs behavioral responses towards 

the target cue, a mechanism is also known as value-driven attentional capture (Anderson et 

al., 2013, for review see: 2021, 2011a; Chang and Egeth, 2021; Cheng et al., 2020; Hickey 

et al., 2009; Itthipuripat et al., 2019; Pearson et al., 2020; Tankelevitch et al., 2019). 

However, despite being at the same location, the intra-modal reward cue, i.e. a color, 

captured attention to a feature different from the one that was relevant to the task, i.e. 

orientation, hence interfering with target processing. Study 2 tested whether the perceptual 

arrangement of the reward cues and the target could account for these differences. The results 

showed that intra-modal high-value cues facilitated response times only when the reward 

cue was allocated narrowly with the target cue. The results showed that competition between 

features could not fully explain suppression effects in Study 1. Instead, intra-modal and 

cross-modal reward cues each can exert facilitatory effects if they are presented at the 

optimal spatial arrangement relative to the target. Study 3 further tried to improve some of 

the shortcomings of Study 1 and 2 by employing bimodal stimuli and additionally by making 

the reward cues less incongruent with the goal-directed requirements of the task. However, 

the results revealed again a difference between reward effects cued through visual modality 
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compared to auditory modality. Importantly, this mechanism was evident only when visual 

intra-modal reward cues competed for sensory processing, either with goal-directed visual 

(Study 1 and Study 2) or auditory (Study 3) cues. This may suggest that the reduction of 

neuronal responses by reward may be a general characteristic of reward-related modulations 

occurring due to direct dopaminergic inputs to the visual cortex (Arsenault et al., 2013) or 

value-driven attentional gain control mechanisms (Shapcott et al., 2020) that adjust signal to 

noise ratio of neuronal responses. However, auditory reward effects seem to engage different 

mechanisms, likely due to the engagement of multimodal areas such as the Superior 

Temporal Cortex (Pooresmaeili et al., 2014).  

Additional insight can be gained by comparing our ERP results against the previous 

literature. Specifically, study 1 and Study 3 compared electrophysiological indices of intra- 

and cross-modal reward modulations. Previous findings have reported early reward-driven 

modulations separately for auditory (Anderson, 2016a; Asutay and Västfjäll, 2016; Kim et 

al., 2021; Pooresmaeili et al., 2014; Wikman et al., 2019) and especially for visual modalities 

(Bayer et al., 2017; Hickey et al., 2010b; Luque et al., 2017). For example, it has been shown 

that that visual reward cues affect C1, P1, and N1 ERP components that are related to early 

sensory processing P1 (Bachman et al., 2020; Baines et al., 2011; Bayer et al., 2017; 

Hammerschmidt et al., 2018; Hickey et al., 2010b; Luque et al., 2017) and ERP components 

related to late reward evaluation P300 and LPC (Bayer et al., 2017; Hughes et al., 2013; J. 

Liu et al., 2020; Novak and Foti, 2015; Rossi et al., 2017). Here, for the first time we 

investigated the ERP signature of reward signaled through either visual or auditory 

modalities and showed important difference in the timing (Study 1) and amplitude (Study 3) 

of neuronal responses elicited by each sensory modality. Follow-up studies are necessary to 

understand mechanisms behind the differential effects of intra- and cross-modal rewards that 

were observed here. 

5.3 Interaction of reward effects with selective attention 

An interaction between reward and attentional mechanisms has been debated for a long 

time (Della Libera and Chelazzi, 2009, 2006; Kim et al., 2021; Maunsell, 2004; for review 

see: Pessoa, 2015). In line with this, Study 1 showed interaction effects between value and 

modality, where intra-modal high-value cues suppressed visual sensitivity and the peak of 

P1 component. On another side, cross-modal reward cues exert opposite effects 

(Pooresmaeili et al., 2014). This study raised several questions about the role of attention, 

specifically whether intra-modal reward effects could be explained with modulation of 
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attention (Maunsell, 2004; Pessoa, 2015) and what is the role of modality-specific attentional 

resources for intra- and cross-modal reward modulation (Driver and Noesselt, 2008; Duncan 

et al., 1997). The following Study 2 explored these questions by modulating spatial 

(experiment 1) and temporal (experiment 2) priming of attention. Experiment 1 showed an 

interaction between attention and intra- and cross-modal reward modulation, showing that 

modality-specific attentional resources interact with reward modulation. However, 

experiment 2 revealed cross-modal reward effects only when cues were synchronized. 

Hence, measured reward effects depended on cross-modal integration (Bean et al., 2021; 

Bruns, 2019) and did not affect the strength of the attentional priming. Study 3 compared 

intra- and cross-modal reward effects with attention directly. We showed an interaction 

between attention and reward effects, where reward cues modulated ERP components by 

enhancing attentional control (Kang et al., 2017; Padmala and Pessoa, 2010; Pearson et al., 

2020; Pessoa and Engelmann, 2010; Pool et al., 2014). Similar to previous findings in Study 

1 and Study 2, we also found an interaction between sensory modality and reward value, as 

visual rewards, unlike auditory reward, did not modulate attention on their own. However, 

when both cues of the audiovisual stimulus had high reward, robust reward modulations 

were found. These two findings reveal two important stages of reward-driven modulation of 

sensory processing. The first stage occurs locally within each sensory modality. At this 

stage, reward information competes with attention to prioritize sensory processing 

(Anderson et al., 2021, 2011a; Failing and Theeuwes, 2018). As reward information 

conveyed through vision could potentially compete with the change detection task, for 

instance by withdrawing resources from a relevant feature (luminance) and allocating them 

to an irrelevant feature (line orientation), the putative local competition of reward and 

attention can lead to a reduction of reward effects. However, the local competition can be 

overturned by rewards in another sensory modality, suggesting that at a second stage, the 

reward information integrates across different sensory modalities (Bruns et al., 2014; Cheng 

et al., 2020; Wise, 2004), resulting in additive reward effects between visual and auditory 

sensory modalities and general improvement of sensory representations.  

5.4 Embedding intra- and cross-modal reward effects in cognitive 

models of perception  

In general, our results suggested that intra- and cross-modal reward modulations occur 

at different stages of sensory information processing where the first stage (intra-modal) and 

second stage (downstream effects from other sensory modalities) rely on different perceptual 
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mechanisms. The suggested two-stage model is an extension of  current models of reward-

driven modulation of perception (Anderson et al., 2021; for review see: Failing and 

Theeuwes, 2018; Pessoa, 2015) and specifically is related to the ‘priority map’ model 

explained in the introduction (Bisley, 2011; Wolfe, 2021; Zelinsky and Bisley, 2015). The 

key extensions to this model provided by the current thesis are as follows. Previous studies 

primarily related the reward effects to the priority map using visual tasks and especially 

visual search tasks (Failing and Theeuwes, 2018; Wolfe, 2021). In these tasks, at any given 

time, an observer first evaluates location values across currently available visual locations 

and then makes a saccade to a location with the highest importance, salience, or importance 

(Awh et al., 2012; Itti and Koch, 2001). Using such paradigms, it was suggested that value-

driven attention similar to mechanisms of stimulus-driven attention and goal-driven 

attention, appears as an independent mechanism that competes for processing resources 

when the observer chooses the next target location (Anderson, 2016b, 2013; Anderson et al., 

2021; Awh et al., 2012). Recent studies supported this model by showing similar competition 

effects when reward effects were measured in other modalities (Kim et al., 2021) and even 

cross-modally (Anderson, 2016a). Despite this, some studies contradicted this model and 

showed generally positive reward effects when these effects were measured cross-modally 

(Bean et al., 2021; Bruns et al., 2014; Cheng et al., 2020; Kang et al., 2018; Leo and 

Noppeney, 2014; Pooresmaeili et al., 2014). To understand these divergent effects the 

current study compared cross-modal and intra-modal effects directly. 

Our results not only extend the priority map model to the domain of auditory/cross-

modal reward value, but also provide important insights on how the architecture of such a 

model should be revised to accommodate reward modulations. Specifically, we showed that 

reward effects emerge in multiple stages of information processing. At the first stage, as 

depicted with the ‘priority map’ model, reward signals compete for processing resources 

thus impairing performance when task-irrelevant. This competition occurs in the early 

sensory areas (Arsenault et al., 2013; Bao et al., 2001; Hickey et al., 2010b; Hollerman and 

Schultz, 1998; Schacht et al., 2012; Serences, 2008) before down-stream effects take place. 

At the second stage, reward signals are sent directly across sensory modalities, thus 

bypassing the competition between different sensory signals since the processing of these 

reward signals relies on the modality-specific attentional resources. This conclusion was 

based on systematic results that emerged when reward effects were compared between cross-

modal and intra-modal conditions. A distinct characteristic of the second stage is that the 

processing of reward signals does not interfere or compete with processing of salient task-
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related targets, resulting in enhancement of target sensory representation. The pathway of 

this modulatory effect was suggested to go through STS (superior temporal sulcus) 

(Pooresmaeili et al., 2014) and reflect the enhancement of cross-modal integration (Bean et 

al., 2021; Bruns et al., 2014; Cheng et al., 2020) by inducing early sensory plasticity in 

modalities that share reward-related object (Hollerman and Schultz, 1998). This shows that 

value-driven plasticity in visual perception can be induced not only by signals from the visual 

modality but also cross-modally. Embedding cross-modal rewards in visual tasks is a 

promising tool to assist vision, especially in the face of visual impairments, through boosting 

cross-modal advantages conferred by another intact sensory modality. Further studies are 

needed to understand specific characteristics of this mechanism. 

5.5 Final conclusions and future perspectives 

The aim of the present PhD project was to understand underlying mechanisms of 

reward-driven modulation of sensory perception and its interaction with attention. In three 

studies we identified the behavioral and neural signatures of reward effects signaled from 

the visual or auditory modality. We found that task-irrelevant valuable signals impair 

performance in a goal-directed task when reward is in the same sensory modality. However, 

when reward signals do not share sensory modality with the goal-directed task, they exert 

positive effect on behavioral and neuronal indices. These behavioral effects corresponded to 

a difference in timing of the reward-driven ERP modulations elicited by intra- and cross-

modal reward cues, with the latter occurring later. Additionally, we also identified the ERP 

correlates of reward-driven modulation of spatial attention and their dependence on the 

sensory modality. These findings inspired a two-stage model of reward processing and its 

interaction with attention that can further the existing cognitive models such as a priority 

map model. Future empirical and computational studies will be needed to test the validity of 

this proposal.  

We showed that value-driven plasticity in visual perception can be induced not only 

by signals from the visual modality but also cross-modally. Enhancement of plasticity by 

reward signals, especially when they were delivered cross-modally, appears as a potent 

perceptual mechanism and a promising tool to assist vision, especially in the face of visual 

impairments. With this in mind, current findings are highly relevant for clinical applications, 

specifically for the patients with deficits in one of the sensory modalities (Dundon et al., 

2015; Làdavas et al., 2020; Maier et al., 2019). For example, by pairing visual stimuli with 

auditory cues, people with visual field deficits may perform better. If reward delivery could 
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facilitate this process even more, it could be an important step in developing rehabilitation 

training, through boosting cross-modal advantages conferred by another intact sensory 

modality. Further studies are needed to examine the feasibility of using cross-modal rewards 

in clinical settings. Furthermore, more profound understanding of the underlying 

mechanisms of intra- and cross-modal reward modulations can be gained by using recording 

techniques that have higher spatial and temporal resolution which can further assist the future 

clinical applications. 
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