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a b s t r a c t The biased competition approach to visuo-spatial attention proposes that the selection of competing information is effected by the saliency of the stimulus as well as by an intention-based bias of attention towards behavioural goals. Wascher and Beste (2010) [32] showed that the detection of relevant information depends on its relative saliency compared to irrelevant conﬂicting stimuli. Furthermore the N1pc, N2pc and N2 of the EEG varied with the strength of the conﬂict. However, this system could also be modulated by rather global mechanisms like attentional effort. The present study investigates such modulations by testing the inﬂuence of extrinsic motivation on the selection of competing stimuli. Participants had to detect a luminance change in various conditions among others against an irrelevant orientation change. Half of the participants were motivated to maximize their performance by the announcement of a monetary reward for correct responses. Participants who were motivated had lower error rates than participants who were not motivated. The event-related lateralizations of the EEG showed no motivationrelated effect on the N1pc, which reﬂects the initial saliency driven orientation of attention towards the more salient stimulus. The subsequent N2pc was enhanced in the motivation condition. Extrinsic motivation was also accompanied by enhanced fronto-central negativities. Thus, the data provide evidence that the improvement of selection performance when participants were extrinsically motivated by announcing a reward was not due to changes in the initial saliency based processing of information but was foremost mediated by improved higher-level mechanisms. © 2011 Elsevier B.V. All rights reserved.



1. Introduction Our visual environment contains too much information for us to perceive at once. Hence, multiple objects that are simultaneously present in the visual ﬁeld compete for neural representation. The important question concerning attention research is how we selectively process information that is relevant, while ignoring information that is irrelevant in the current task. The selection of relevant visual information can be directed by a deliberate intent on the part of the observer (top-down), or it can be captured by salient events in the scene (bottom-up; for a review see [1]). Consequently, visual attention may be either voluntarily directed to particular locations or features (voluntary control), or it may be captured by salient stimuli such as the sudden appearance of a new object or a strong feature change of a perceptual object (stimulus-driven control). Most often, the deployment of attention is the result of a dynamic interplay between voluntary attentional control settings (e.g., based on prior knowledge about
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a target’s properties), the degree to which stimuli in the visual scene match these voluntary control settings and the distribution of feature saliency. The biased competition theory of attention [2] serves as a neuronal model which proposes that most of the different brain systems that represent visual information (sensory and motor; cortical and subcortical) integrate this information competitively. Multiple stimuli that are presented simultaneously in the visual ﬁeld compete for representation in the visual cortex by mutually suppressing neural responses to the competitors [3]. Thus, a gain of representation for a particular visual object will always be at the expense of other objects’ representations [4]. This process of competition is initially driven by the interrelation of the saliency of all incoming signals ([5], but see also [6]). Furthermore, competition can be controlled or biased within and across brain systems in favor of a particular object. Units matching the internal ‘template’ of an intended object will be pre-activated and will therefore gain an advantage (bias) by receiving an increased processing weight (see [7] for a review). While the initial saliency-based competition is assigned to sensory areas, the voluntary top-down-induced bias has been assigned to frontal cortical structures that impinge on those structures [8–10]. Duncan [4] proposed that attention is an emergent property of the various mechanisms (top-down or bottom-up) that converge to select an item for further processing.
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However, the top-down inﬂuence on the competition is not sufﬁciently described by the term of intention. It additionally refers to biases that are generated by the cognitive demands of the task that includes mechanisms related to memory processes or emotional and motivational behaviour [11,12]. In this context, attentional effort has been conceptualized as a motivated activation of attentional systems (top-down) in order to stabilize or recover performance according to the detection of errors and reward loss which was caused by the presence of distractors, prolonged timeon-task, changing target stimulus characteristics and stimulus presentation parameters, circadian phase shifts, stress or sickness [13]. Increases in attentional effort are motivated by the expected performance outcome; in the absence of such motivation attentional performance continues to decline or may cease altogether. Sarter et al. [13] described ‘attentional effort’ as a form of cognitive incentive that serves to optimize goal-directed behavioural and cognitive processes [14]. The recovery or stabilization of performance under challenging conditions or the enhancement of attentional processes in response to increased incentives requires mechanisms which act to optimize input processing, noise ﬁltering, and the redistribution and focusing of processing resources. Such functions have been conceptualized as being orchestrated by prefrontal and anterior cingulate regions ([15,16], see also [17,18–20]) by modulating the activity of cholinergic terminals elsewhere in the cortex via cortico-cortical (or associational) projections [13,21,22]. Depending on the quality of stimuli and task characteristics, cortical cholinergic activity reﬂects the combined effects of signal-driven and task-driven modulation of detection [23]. This cholinergic input system is directly and indirectly controlled by the mesolimbic dopaminergic (reward) systems [24]. The link between these two neuronal systems is hypothesized to mediate the motivational activation of attentional systems. Accordingly, Servan-Schreiber et al. [25] could show that a dopamine agonist can improve reaction times and accuracy. Although numerous studies have demonstrated the neural basis of the interaction between attention and motivation the functional nature of such an interaction remains unclear (but see [26]). Eventrelated potentials of the EEG (ERPs) may provide such functional insights; hitherto this method has not been applied to systematically investigate the interactive processing within an attentional network. Most ERP studies in this ﬁeld focus on the effect of attention upon sensory processing. Attention has been demonstrated to act as a gain control modifying the magnitude of sensory responses to incoming information, visible in the N1, which is generated in sensory areas [27–29]. Also stimulus driven allocation of attention may be already reﬂected in such an early ERP component [30–34]. The subsequent N2pc, which reﬂects increased negativity contralateral to relevant information in a stimulus matrix [35] is assumed to reﬂect top-down driven allocation of attention [36,37] and respectively the ﬁltering of relevant from irrelevant stimuli [38]. Recently, Wascher and Beste [32] could show how such stimulus driven and intention based attentional processes interact when competing stimuli are presented simultaneously. By means of event-related lateralization, namely the N1pc and the N2pc, the need of attentional re-allocation has been demonstrated when attention is misguided by salient distracters. This process was accompanied by a fronto-central negativity that arose whenever conﬂicting information was presented. Thus, that study demonstrates a direct interaction of sensory and supervisory structures in the attentional network. In the present study we investigated how extrinsic motivation in form of a positive incentive (reward) interacts with competitive attentional selection. In terms of the concept of attentional effort, as outlined above, it can be assumed that the cholinergic input system modulates exogenous attention (bottom-up) by enhancing the arousal state and resulting in a higher perceptual sensitivity. It is
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also thought to additionally interact with endogenous attention (top-down) by increasing the controllability of distracter stimuli. 2. Methods 2.1. Participants Twenty-six students of the Heinrich-Heine University of Düsseldorf (4 males) ranging in age between 19 and 29 years (M = 22.15, SD = 2.89) took part in this study. All participants were right-handed and had normal or corrected-to-normal vision. They were in good physical health and had no history of neurological or psychiatric disorders. Participants were recruited by announcements and were paid in form of course credits. All participants gave written informed consent prior to entering the experiment. 2.2. Stimuli and procedure The stimuli were identical to those used in the study of Wascher and Beste [32]. Two bars, presented at the left and right side from a ﬁxation cross (see Fig. 1). The bars were differentially illuminated compared to the background (30 cd/m2 ) with a Fechner contrast of 0.2 (i.e. 20 cd/m2 and 45 cd/m2 , respectively). Luminance and orientation were randomly intermixed to any possible combination for the ﬁrst frame. In each trial two frames of these stimuli were presented, one after the other. Each frame was shown for 100 ms interrupted by a short blank of 50 ms, during which only the ﬁxation cross was visible. Between the two frames either the luminance (LUM) or the orientation (ORI) of one single bar, luminance and orientation of one bar (LO-U = Luminance-Orientation Unilateral), or luminance and orientation distributed across the two bars (LO-B = Luminance-Orientation Bilateral) could change. The latter condition will also be referred to as the “conﬂict” condition, because in this condition relevant and irrelevant information are spatially separated. The subjects’ task was to detect changes in luminance and to ignore orientation changes. To indicate the luminance change they had to press one out of two buttons of a response box (RB-620, Cedrus Corporation, San Pedro, USA) with the index ﬁnger of the left or right hand at the side where the change had appeared. Trials in which only the orientation of one bar had changed were no-go trials. All participants were instructed to respond as fast as possible but not at cost of accuracy. To address the inﬂuence of a top-down modulation half of the participants got motivated by announcing a reward for every correct response. Those participants were able to earn a maximum of 10 D extra depending on how many correct responses they gave. At the end of the motivation block subjects were informed about their gain. The two groups (no-reward and reward) were matched with respect to age and sex. A total of 768 trials were presented, 192 for each condition, in a random order. The inter-trial interval was varied between 1900 and 2200 ms. Stimulus presentation and behavioural data recording was controlled by Presentation (Version 11; Neurobehavioral Systems Inc., Albany, USA). During the task all participants were seated in a comfortable armchair inside a sound attenuated and electrically shielded chamber in front of a 20 computer monitor (Mitsubishi–DiamondPro 2070SB ), that subtended 14.03 × 18.65◦ at the viewing distance of 120 cm. Ambient luminance in the testing room was 0.5–1.5 cd/m2 . All subjects performed 2 blocks of 384 trials. Each block took approximately 15 min and there was a short resting period in between the two experimental blocks. To control for the effects of motivation by the reward instruction, participants had to ﬁll in the Positive and Negative Affect Schedule (PANAS) before and after the motivation manipulation. This questionnaire was ﬁlled in by both groups to avoid effects related to the experimental course and related to the questionnaire by itself. 2.3. Data recording and analysis 2.3.1. Behavioural data Responses were recorded from the onset of the second frame. Button presses between 80 and 1500 ms after stimulus onset were taken as valid responses. Fast guesses (1500 ms) were excluded from response time and EEG analyses. Both of these kinds of errors hardly ever occurred ( .86), error rates were decreased for unilateral orientation changes (ORI) and conﬂict trials (LO-B) when participants were rewarded (LO-B: 25.7%, ORI: 28.5%) than when they were not rewarded (LO-B: 39.4%, t(24) = 2.58, p < .01, ORI: 28.5%, t(24) = 2.18, p < .05). Response times (see Fig. 2, right panel) also revealed a main effect for the Type of change, F(2,48) = 29.49, p < .001, ε = .77, with longest response times for LO-B (796 ms) compared to LOU (746 ms) and LUM (744 ms). As shown for the error rates, LO-B was the only condition that differed signiﬁcantly from the two other response conditions (p < .001). No main effect of Motivation, F < 1, and no interaction of the factors Type of change by Motivation, F(2,48) = 1.04, p = .36, was observed. Thus, no direct evidence for a speed-accuracy trade-off can be derived, although, at least numerically, participants slightly slowed down probably in order to increase accuracy when reward was given for correct responses. The results of the PANAS conﬁrmed the effectiveness of the motivation manipulation. While, the positive affect got enhanced (pre score: 18.62 vs. post score: 20.23, t(12) = −2.27, p < .043), the negative affect was signiﬁcantly reduced (pre score: 21.85 vs. post score: 17.23, t(12) = 12.00, p < .001) by the reward announcement.



3. Results



3.2. ERP data



3.1. Behavioural data



The presentation of the second stimulus display elicited an asymmetric N1 that varied across the conditions LUM, ORI, LOU and LO-B, with an enhanced contralateral negativity to the most salient stimulus of the display, F(3,72) = 97.86, p < .001, ε = .48.



The behavioural data (see Fig. 2) corroborated previous results [32]: Error rates (see Fig. 2, left panel) varied across the different
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Fig. 2. Detection performance in form of mean error rates (A) and response times (B; error bars depict the standard error of the mean). Both parameters varied with the strength of the conﬂict. In addition, error rates but not response times are modulated by the extrinsic motivation manipulation.



Whereas for the non-conﬂict trials, LUM and LO-U, the asymmetry in the N1 points to the relevant luminance change, for the conﬂict condition LO-B, the N1 shows an enhanced activation ipsilateral to the attended luminance change, i.e. contralateral to the irrelevant orientation change (see Fig. 3). For all conditions this pos-



terior asymmetry in the N1 (N1pc) differed reliably from zero, all t(12) > 3.9, all p’s < .002. However, this early asymmetry, which is thought to reﬂect a ﬁrst orientation of attention, was not modulated by motivation, F < 1. Pairwise comparisons showed that this was not the case for any condition, all t < 1, p > .6.



Fig. 3. Posterior (PO7/PO8) event-related lateralizations (ERLs) of the EEG separately for each type of change. The increase of negativity contralateral to a unilateral transient (LUM, ORI, LO-U) is plotted upward. For ERLs of the central conﬂict condition (LO-B) negativity contralateral to the target stimulus is plotted upward. Point-wise effects of motivation are indicated by the bars on the bottom of each graph (p < 01). In the time window of the N1 ERLs indicate the capture of attention toward the more salient element. Subsequent asymmetries in the N2 range (N2pc) were enhanced in the conﬂict condition LO-B when the initial orientation of attention did not point toward the target element. This N2pc was increased for the motivated group.
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Fig. 4. Event-related potentials derived from electrode site FCz, referred to linked mastoids. Point-wise effects of motivation are indicated by the bars on the bottom of each graph (p < 01). For all conditions, extrinsic motivation goes along with an increased frontal negativity which starts immediately after the presentation of the change (and possibly even before), whereas an effect in the N2 range appears to be selective for the increased ability to resolve the conﬂict (LO-B).



N1 was followed by a second asymmetric negative component. A phasic N2 was visible contralateral to the position of the attended luminance change. For all conditions except in no-go trials with unilateral orientation changes (ORI) this N2pc differed reliably from zero, all t(12) > 2.7, all p’s < .02. Moreover, indicated by pairwise comparisons this N2pc response was additionally magniﬁed for the reward group (LUM: t(24) = 2.08, p < .04; LO-U: t(24) = 2.07, p < .04; LO-B: t(24) = 2.12, p < .04). Across all conditions, increased fronto-central negativity was observed for the rewarded group in the time range of the N1 (measured between 140 and 190 ms, F(1,24) = 14.99, p < .01, see also Fig. 4). In a later time window, 270–320 ms, this enhanced negativity for the motivated group was still evident for the conﬂict condition (LO-B), t(24) = 2.79, p < .01 but not for any other condition (all t-values < 1 and all p’s > .8). 4. Discussion The present study investigated the inﬂuence of extrinsic motivation on competitive attentional selection. Participants had to detect the changes in luminance of a bar shown on a display where it could be accompanied by a change in orientation of the same or of another bar located at the contralateral side of ﬁxation. In this particular task, bottom-up driven attentional allocation, engagement of the anterior control system and re-allocation has been reported to be speciﬁcally measurable by means of separate ERP components [32]. The behavioural results show that even though a luminance change was the only task relevant feature of the stimuli, its detection was strongly impaired by the irrelevant orientation change if both were spatially separated (conﬂict) or when there was a change in orientation only. Both types of errors were markedly reduced in participants who were rewarded. At least numerically (but not sta-



tistically), this increase in accuracy was accompanied by a slight increase in response times. Since motivation was a between subject factor, it is hard to decide whether this reﬂects a shift of the response criterion (i.e. speed accuracy trade-off) or an increase in availability of stimulus information. However, correlating response times and accuracy across participants in a post test, no interrelation between response times and accuracy was found for this task. This indicates that response criteria play a minor role. This saliency-based (bottom-up driven) processing of incoming information, as it is reﬂected by posterior asymmetries in the N1 range, was not affected by extrinsic motivation. Across all conditions this initial component was comparable for rewarded and non-rewarded subjects. On a ﬁrst sight this ﬁnding might be at odds with other studies that report substantial inﬂuence of attention upon early visual structures [44,45]. However, despite the fact that processing in this task can be modulated by changing the sensitivity to particular features involved via passive stimulation [46], the detection of a change needs the comparison of features across frames. Thus, higher order processing is essential to resolve the task and the gating mechanism can contribute only when information is fed back to those areas [47]. Consequently, motivation-related alterations in the ERL were observed in the time range of the N2pc, not earlier. The N2pc, that has been proposed to reﬂect ﬁltering of irrelevant information and/or selection of relevant targets [33,34,36], increased in amplitude when a reward was prospected. This effect was visible across all conditions. When considering those conditions in which most errors were committed, improved accessibility of required information might account for this effect in the best way. While in the conﬂict trials both increased processing of the target and better suppression of distracters [48] could explain the effect, an improved performance for single orientation changes does not directly ﬁt into
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this framework. With respect to the biased competition approach intention driven re-allocation of attention should be necessary only when the initial selection was insufﬁcient to accomplish the task. Accordingly, the N2pc was largest for conﬂict trials in which the asymmetry in the time range of the N1 did not point towards the target element. However, one has to be careful with the interpretation of this second asymmetry in the EEG, since its latency appears quite late for spatial processing in such a simple display. Whereas the N2pc is often observed with a peak latency around 250 ms after stimulus-onset the parieto-occipital negativity of the current study appeared slightly later in time (between 300 and 400 ms after stimulus-onset). This later time window is sometimes already associated with the sustained posterior contralateral negativity (SPCN) of the ERPs, which reﬂects visual short term memory (VSTM) processing. Compared to the component reported in the current study the SPCN is, as indicated by its name, a sustained and long-lasting negativity which persists for the duration of a retention interval or engages VSTM as an intermediate processing buffer [49–52]. Thus, parieto-occipital negativities in the present study can be assigned to the N2pc which is assumed to reﬂect the processing of the stimuli in the display via re-entrant loops in order to identify the spatial locations and the features of the relevant stimulus. This process was improved by the extrinsic motivation. Although no explicit N2pc was observed for those trials in which no task relevant stimulus (nogo trials = ORI) was presented, a motivation-related modulation of the event-related asymmetries in the time range of the N2pc was visible. This alteration refers to an increased allocation of attention at the location where no change was presented. This way, when a reward was given participants might have avoided illusionary perception; that is to say, the impression there might have been a luminance change. Extrinsic motivation additionally led to enhanced fronto-central negativities. The increase of fronto-central activity indicates that greater cognitive control has been applied to obtain all relevant information from the competitive display. Two phases have to be distinguished. Initially, already in the N1 range, an increase in excitability is visible across all conditions, indicating a general preparedness for enhanced processing when participants were motivated. This ﬁrst fronto-central activity might have had an unspeciﬁc impact on posterior perceptual areas via feedback projections. Studies in humans and macaque monkeys have demonstrated that those control signals are mediated and maintained within circumscribed networks of the parietal and frontal cortex (e.g. [53–58]). These areas control attentional selection and inﬂuence sensory processing and perception via feedback projections [2,59], as demonstrated by micro-stimulation studies [60–62] and by simultaneous recordings in sensory and source areas [63]. In the context of those feedback projections, the neuromodulator acetylcholine (Ach), originating in the basal forebrain (e.g. [22,64,65]), is likely to contribute to attention. Although cholinergic modulation of cortical processes can be signal driven, it can equally be top-down driven [23,66]. Top-down-driven modulation of the corticopetal cholinergic system is under the control of ‘executive’ areas in the prefrontal cortex, thereby inﬂuencing their own ACh levels, those in parietal [21] and sensory cortical regions. This form of top-down control enhances the cognitive modulation of the detection processes [21]. Within this framework the ascending cholinergic system can be conceptualized as part of the top-down control system emanating within the prefrontal cortex through which control is exerted over processing resources in the parietal attention system and in sensory cortices [23]. This cholinergic input system is controlled by the mesolimbic dopaminergic system, which is substantial for the processing of motivation. The data propose a second more speciﬁc mechanism. The motivationrelated increase in amplitude in the time range of an N2-proper was restricted to the conﬂict trials. Thus, increased ability to recruit
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controlling instances to resolve a perceptual conﬂict might be an outcome of the mechanisms outlined above. In summary, we replicated the ﬁndings of Wascher and Beste [32] that the processing of competitive stimuli is initially based on the saliency of the target compared to the saliency of a distracter (see also [5]), reﬂected in a parieto-occipital N1. While this initial processing step is not affected by increased motivation, subsequent intention driven stages are, reﬂected in the N2pc. This change of efﬁciency in sensory areas was accompanied by an increase of activity measured over fronto-central areas. The observed data pattern can be discussed within the framework of an attentional network in which the anterior cortex is capable of changing the signal processing properties of sensory areas via cholinergic neurons originating in the basal forebrain and innervating all cortical areas and participating in the gating of cortical information processing. This cholinergic system is closely related to the dopaminergic reward system, which explains the massive impact of extrinsic motivation upon the processing of competitive stimuli. Thus, our results support the concept of attentional effort and its foundation in the associational cholinergic system that connects frontal executive structures with rather sensory-related areas. However, the lack of an effect upon early components of the EEG cannot rule out a DA/ACh inﬂuence but suggests that extrinsic motivation does not speciﬁcally impact the processing of particular feature changes already in early stages of processing.
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