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Abstract 

Reward processing is influenced by reward magnitude, as previous EEG studies showed changes in 

amplitude of the Feedback Related Negativity (FRN) and reward positivity (RewP), or power of fronto-

medial theta (FMθ). However, it remains unclear whether these changes are driven by increased 

reward sensitivity, altered reward predictions, enhanced cognitive control, or a combination of these 

effects. To address this question, we asked 36 participants to perform a simple gambling task where 

feedback valence (reward vs. no-reward), its magnitude (small vs. large reward) and expectancy 

(expected vs. unexpected) were manipulated in a factorial design, while 64-channel EEG was recorded 

concurrently. We performed standard ERP analyses (FRN and RewP), as well as time-frequency 

decompositions (FMθ) of feedback-locked EEG data. Subjective reports showed that large rewards 

were more liked and expected than small ones. At the EEG level, increasing magnitude led to a larger 

RewP irrespective of expectancy, whereas the FRN was not influenced by this manipulation. In 

comparison, FMθ power was overall increased when reward magnitude was large, except if it was 

unexpected. These results show dissociable effects of reward magnitude on the RewP and FMθ power. 

Further, they suggest that although large reward magnitude boosts reward processing (RewP), it can 

nonetheless undermine the need for enhanced cognitive control (FMθ) in case reward is unexpected. 

We discuss these new results in terms of optimistic bias or positive mood resulting from an increased 

reward magnitude.  
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1. Introduction 

There is a long research tradition on how humans perceive, process and pursue externals 

rewards, like a delicious meal, a comforting social interaction or a simple monetary compensation. 

Because rewards are valuable sources of pleasure, its prospect motivates to seek them, with effects 

visible during the anticipation and prediction of reward (Berridge, Robinson, & Aldridge, 2009). If a 

reward is predicted but eventually not achieved (i.e., reward prediction error), this deviation is 

swiftly processed and fuels reinforcement learning (Holroyd & Coles, 2002; Schultz, 2015; Sutton & 

Barto, 1998). Reward processing is therefore not only determined by the valence of the outcome, but 

also by contextual factors, including expectations. Reward magnitude is another source of contextual 

modulation during reward processing (for a review see Sambrook & Goslin, 2015). Neuroeconomics 

studies showed that both reward probability and magnitude shape reward processing via the so-

called expected value (Glimcher, Camerer, Fehr, & Poldrack, 2009). Consider two simple gambles 

where the probability of winning is constant (e.g. 25%), but reward is either small (1 €) or large 

(10 €). In both cases, a different expected value is generated, namely 0.25 € in the small reward 

condition (25% × 1 €), and 2.5 € in the large one (25% × 10 €). Hence, the expected value translates 

the integration of probability with magnitude. As a result, reward prediction errors scale with the 

expected value, whereby if a large reward is expected but not met, the neural processing of this 

deviation is stronger than if this reward is small (Rolls, McCabe, & Redoute, 2008; Tobler, Fiorillo, & 

Schultz, 2005). However, at the electrophysiological level, discrepant results have been reported 

regarding amplitude modulation of specific ERP components as a function of reward magnitude (for 

an overview of existing EEG studies, see Table 1). Moreover, when amplitude changes were reported, 

it often remained unclear if they occurred because reward expectation, or adjustment in cognitive 

control more generally (or perhaps both), was altered by reward magnitude. 

Reward processing has been studied extensively in the past using the event related brain 

potentials (ERPs) method, and more specifically the feedback-related negativity (FRN), or 
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alternatively, the reward positivity (RewP) component. Although both ERP components share 

overlapping time-courses, they can be dissociated from each other at the electrophysiological level 

(see Gheza, Paul, & Pourtois, 2018 for a recent demonstration). In many ways, these two ERP 

components show opposite characteristics: While the FRN is a phasic negative ERP component 

peaking around 250 ms after negative feedback onset at fronto-central sites (Holroyd & Coles, 2002; 

Miltner, Braun, & Coles, 1997; Ullsperger, Fischer, Nigbur, & Endrass, 2014; Walsh & Anderson, 

2012), the RewP is a broad positive deflection elicited at fronto-central sites for reward (Holroyd, 

Pakzad-Vaezi, & Krigolson, 2008; Proudfit, 2015). Importantly the FRN’s amplitude is the largest for 

negative compared to positive outcomes, while the RewP’s amplitude is the largest for positive 

compared to negative outcomes. Moreover, both components are differently sensitive to prediction 

errors. The FRN appears to reflect negative reward prediction errors, i.e., worse-than-expected 

outcomes, e.g., unexpected no-reward feedback (Holroyd & Coles, 2002; Sambrook & Goslin, 2015; 

San Martín, 2012; Ullsperger, Danielmeier, & Jocham, 2014; Walsh & Anderson, 2012). In 

comparison, the RewP appears to reflect positive reward prediction errors, i.e., better-than-expected 

outcomes, e.g., unexpected reward feedback (Frömer, Stürmer, & Sommer, 2016; Meadows, Gable, 

Lohse, & Miller, 2016; Weinberg, Riesel, & Proudfit, 2014).  

These ERP components are obtained after a standard averaging procedure, where the time- 

and phase-locked components of the EEG signal elicited by the feedback are retained. However, the 

EEG activity which is not phase-locked to the onset of the feedback can carry relevant information 

about reward processing (Cohen, Wilmes, & van de Vijver, 2011; Fell et al., 2004; Makeig et al., 

2002). Using a time-frequency decomposition of the EEG data, the power of 4 – 8 Hz (theta) 

oscillations over frontal-medial electrodes following evaluative feedback onset has been identified as 

a reliable electrophysiological marker of surprise, ultimately triggering cognitive control (Cavanagh, 

Figueroa, Cohen, & Frank, 2012; Cavanagh, Frank, Klein, & Allen, 2010; Cavanagh & Shackman, 2015; 

Cohen, Elger, & Ranganath, 2007; Glazer, Kelley, Pornpattananangkul, Mittal, & Nusslock, 2018; Luft, 

2014; Mas-Herrero & Marco-Pallarés, 2014; Osinsky, Seeger, Mussel, & Hewig, 2016). Unlike the FRN 
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or RewP, fronto-medial theta (FMθ) power usually increases for any unexpected outcomes 

(Cavanagh et al., 2012; Hajihosseini & Holroyd, 2013; Hauser et al., 2014; Mas-Herrero & Marco-

Pallarés, 2014). Given that the detection of prediction errors is crucial for goal-adaptive behavior 

(Ullsperger, Danielmeier, et al., 2014), FMθ activity has been interpreted as reflecting the need for 

enhanced cognitive control when facing difficult, new or challenging situations (Cavanagh & Frank, 

2014; Cavanagh & Shackman, 2015). This assumption is not only supported by the observation of 

increased FMθ activity for unexpected, novel or negative outcomes, but also by co-variations seen at 

the behavioral level following conflict or error processing (Cavanagh, Cohen, & Allen, 2009; Nigbur, 

Ivanova, & Stürmer, 2011), as well as translational research on adaptive control (Narayanan, 

Cavanagh, Frank, & Laubach, 2013; Womelsdorf, Johnston, Vinck, & Everling, 2010). 

As can be seen in Table 1, previous ERP studies have observed a larger (i.e., more positive) 

RewP for rewards of large as compared to small magnitude (Hajcak, Moser, Holroyd, & Simons, 2006; 

Holroyd, Larsen, & Cohen, 2004; Meadows et al., 2016; San Martín, Manes, Hurtado, Isla, & Ibañez, 

2010), suggesting that increasing magnitude likely augmented reward processing or sensitivity, even 

though subjective ratings were usually not used to corroborate this conclusion (with the  exception 

of Kreussel et al., 2012; Luo & Qu, 2013; San Martín et al., 2010; who reported either effects of 

expectancy, pleasure or satisfaction). In comparison, a missed (large) reward or a loss of large 

magnitude seemed to decrease the FRN component (Banis & Lorist, 2012; Goyer, Woldorff, & 

Huettel, 2008; Gu et al., 2017). However, it should be noted that many studies failed to reveal any 

modulatory effect on the FRN component (Sato et al., 2005; Yeung, 2004). Moreover, very few EEG 

studies have explored changes in FMθ power as a function of reward magnitude, and similarly to the 

FRN, no clear picture emerged regarding the direction of the effect created by this variable (see Table 

1). Whereas some studies showed FMθ power increases for larger rewards (Andreou et al., 2015; 

HajiHosseini & Holroyd, 2015; Leicht et al., 2013), others failed to show any significant modulation of 

FMθ activity as a function of magnitude (Bernat, Nelson, & Baskin-Sommers, 2015; Doñamayor, 

Marco-Pallarés, Heldmann, Schoenfeld, & Münte, 2011; Sambrook & Goslin, 2016). Moreover, only 
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one of them previously explored the effect of reward magnitude in relation to feedback valence and 

expectancy, but focused on other frequency bands than FMθ (HajiHosseini, Rodríguez-Fornells, & 

Marco-Pallarés, 2012).  

[Insert Table 1 about here] 

The goal of our study was to use a multi-component approach to assess changes in reward 

processing at the neurophysiological level depending on reward magnitude. More specifically, we set 

out to establish whether increasing reward magnitude led to a general boost in reward processing 

(RewP), or was also accompanied by specific changes in reward expectation (FRN/RewP, FMθ). To 

this aim, we used a simple gambling paradigm devoid of learning or risk evaluation (adapted from 

Paul & Pourtois, 2017), in which feedback valence (reward vs. no-reward), expectancy and reward 

magnitude were manipulated using a factorial design. We capitalized on state-of-the-art 

neurophysiological markers of reward processing (RewP) and reward prediction error (FRN/RewP, 

FMθ), supplemented with subjective ratings informing about how evaluative feedback was processed 

by participants along the valence and expectancy dimensions.1 Based on the literature reviewed here 

above (see also Table 1), we hypothesized that FRN and RewP could show dissociable effects during 

reward processing: the amplitude of the RewP should be enhanced for large than small rewards 

(irrespective of expectancy), whereas we did not expect to find a clear effect of magnitude on the 

FRN for no-reward outcomes (see Table 1). However, we conjectured that the FRN should translate 

signed (negative) reward prediction errors, with a larger difference between expected and 

unexpected outcome when it was no-reward than rewarding. With regard to FMθ, we surmised that 

its power should be larger for no-reward than for reward feedback, unexpected compared to 

expected feedback, and for large compared to small outcome (Cavanagh et al., 2012; Hajihosseini & 

Holroyd, 2013; Kamarajan et al., 2009; Luo & Qu, 2013; Meadows et al., 2016; Sambrook & Goslin, 

2015; Santesso, Dzyundzyak, & Segalowitz, 2011). 
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2. Method 

2.1. Participants 

Forty undergraduate students gave written informed consent and received €30 for 

participating in this study approved by the local ethics committee. They had normal or corrected to 

normal vision and no history of neurological or psychiatric disorders. They all reported to be right 

handed. Three participants had to be excluded due to technical problems during data acquisition or 

noisy data, and another one due to poor performance (i.e., less than 50% correct responses, see 

catch trials below). Hence, 36 participants (MAge = 23.6 years, SD = 2.7; 24 females) were eventually 

included in the analyses. Posthoc sensitivity analysis showed, that with a final sample size of 36, the 

study had a power (1 – β) of 0.8 to detect a large sized effect at an α-level of 0.05.  

2.2. Task 

A modification of a previously used gambling task was administered (Hajcak, Moser, Holroyd, 

& Simons, 2007; Paul & Pourtois, 2017), where participants had to select the correct door in order to 

win a monetary reward. At the beginning of each trial, participants were informed about reward 

probability with a cue (1000 ms). The cue was presented as a small circle filled up to one or two 

thirds (black/white) announcing a reward probability of 0.33 or 0.66%, respectively. Afterwards a 

horizontal array of three doors was presented. Participants chose a door by pressing with their right 

index finger the corresponding key on a response box. After a fixation dot (800 ms), this choice was 

followed by either a green plus sign (“+”) indicating a monetary reward, or red circle (“o”; 1500 ms), 

indicating no reward was obtained. Unknown to participants, feedback was only related to the 

objective reward probabilities, ending up with a preset winning of 4500 points for all subjects 

(irrespective of their choices), which was translated into a fixed €10 payoff. Importantly, a systematic 

manipulation of reward magnitude was introduced in a blockwise fashion, i.e., participants were 

informed beforehand that they could win either 5 or 45 points for choosing the correct (rewarding) 

door on every trial. Reward magnitude (being either large or small) was manipulated across blocks to 
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avoid unwanted carry over effects of changing reward magnitude across successive trials. To make 

sure participants processed evaluative feedback as a function of the prospect of either low or high 

payoff, the reward probability cue was surrounded by either a simple (small reward) or jagged (large 

reward) circle (see Figure 1). Further, the size of the feedback was also modified (becoming three 

times larger when reward magnitude was large). 

To ensure participants paid attention to the cue and the feedback, different catch trials were 

included every now and then. To assess if participants correctly processed reward probability at the 

cue level before making a choice, they were asked about their winning chance (“How many doors 

contain a prize?”), answered with the corresponding number on the keyboard. After the feedback 

was presented, they were also occasionally asked about how (un)expected the given outcome was or 

how much they (dis)liked it, answered on a visual analog scale (VAS, ranging from “not at all” to “a 

lot”). These two questions were used to assess if the manipulations of reward expectancy and 

magnitude produced significant effects at the subjective level. Each question was asked 64 times, 

and in 46 % of the trials, one (or two) questions were asked. Question regarding the cue were asked 

equally often for each magnitude and reward probability condition (16 times). Unexpected feedback 

was probed 6 times for each condition and question, while expected feedback was probed 10 times. 

All stimuli were shown against a grey background on a 21-in CRT screen (60 Hz refresh rate) and 

implemented in E-Prime (V 2.0.10, Psychology Software Tools Inc., Sharpsburg, PA).  

[insert Figure 1 about here] 

2.3. Procedure 

Participants started with instructions and six practice trials. The experiment consisted of four 

blocks of 90 trials each. Two blocks had large reward magnitude while the other two had low reward 

magnitude. Block order was counterbalanced across subjects. The two possible reward probability 

cues were presented equally often, but in random order within each block. After each block, 

participants were informed about their current winning (in points, converted to euros) and they had 
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to rate (“general ratings”) how much they expected and liked each feedback type (reward and no-

reward). These two ratings were answered using the same VAS probes for the catch trials (see here 

above). Each block was briefly interrupted after 45 trials (half of the block) for a short break. A subset 

of the sample (n=17) was also asked to provide mood ratings at this point. To this aim, these 17 

participants indicated their current mood state on four VAS probes, ranging from “neutral” to “as 

happy/pleasant/awake/lively as I can imagine”. 

2.4. Recording and Preprocessing of Electrophysiological Data 

EEG was recorded using a 64-channel Biosemi Active Two system (http://www.biosemi.com) 

according to the extended 10-20 EEG system, with two other electrodes placed at the mastoids and 

four additional electrodes to measure eye movements. EEG was sampled at 512 Hz and preprocessed 

offline with EEGLAB 13.5.4b (Delorme & Makeig, 2004) implemented in Matlab R2013b. The 

preprocessing included 0.03/35 Hz high/low pass filtering and linked-mastoid re-referencing. For 

data cleaning, the Algorithmic Preprocessing Line for EEG (APPLE; Cavanagh, Napolitano, Wu, & 

Mueen, 2017) was applied, which combines custom algorithms and functions from the open source 

toolboxes FASTER (Nolan, Whelan, & Reilly, 2010) and EEGLab to automatically identify the most 

likely independent component associated with eye blinks, to interpolate bad channels and to remove 

bad epochs. On average, 2.5 (SD = 0.7) ICA components were removed, 2.1 (SD = 1.0) channels 

interpolated and 4.1% (SD = 2.3) of epochs rejected. Epochs were extracted starting from -1000 to 

2700 ms around feedback onset, and baseline corrected to the -250 to 0 ms interval before feedback 

onset. For each subject separately, the EEG data corresponding to eight conditions (i.e., 2 Valence × 2 

Expectancy × 2 Magnitude) were extracted. To account for different signal-to-noise ratios between 

conditions, a limited (randomly sampled) number of trials of the expected conditions (originally M= 

57, SD = 1.4) was used to match the unexpected conditions for each subject individually (M= 26, SD = 

2.3). 



10 
 

A review of previous studies revealed that, depending on the ERP of interest (either the FRN 

or the RewP) different quantification methods have often been used (see Table 1). Similarly, in a 

previous study (Gheza, Paul, et al., 2018), we found that a peak-to-peak measurement was able to 

capture the short-lived negative deflection after no-reward (i.e., N200), resembling the FRN, while a 

mean amplitude measurement was better suited to capture the large positivity following rewards, 

and hence resembling the RewP. Therefore, depending on the ERP component of interest (either FRN 

or RewP), these two quantification methods can reveal different results. For the sake of consistency 

and transparency, we used and reported them both, to assess  possible changes of either the FRN (to 

no-reward) or the RewP (to reward) to valence, expectancy and magnitude. The FRN component is 

usually defined as the difference between the largest peak in the time window of the negative 

component (N2) and its base, i.e., the peak of the preceding positivity (P2; e.g. Bellebaum, Polezzi, & 

Daum, 2010; Gu et al., 2011; Zottoli & Grose-Fifer, 2012, see Table 1). This peak-to-peak method has 

been shown to be more adequate to capture subtle amplitude modulations of the FRN by 

expectancy, compared to a more conservative mean-amplitude approach (see also Gheza, Paul, et 

al., 2018). Therefore, the FRN component was quantified at FCz as the difference between the most 

negative peak (within 150 - 300 ms, i.e., N200) and the preceding positive peak (i.e., P200). The 

amplitude difference between these two consecutive peaks resulted in a negative value, reflecting 

the FRN, and being typically larger for unexpected no-reward than reward. These peaks were 

selected manually, separately for each subject and condition. Nevertheless, a close review of existing 

studies exploring the effects of reward magnitude on the FRN/RewP component (see Table 1) 

suggests that the ERP component under scrutiny was more often the RewP (as opposed to FRN), and 

was usually quantified as a mean activity computed within a predefined time window (around 200-

300 ms postfeedback onset). This approach has often been put forward to score the RewP 

component in the existing literature (e.g. Foti, Weinberg, Bernat, & Proudfit, 2015; Frömer et al., 

2016; Meadows et al., 2016). This in turn provides a measure of the RewP rather than the FRN per se 

(for a similiar approach see Gheza, Paul, et al., 2018). Therefore, we also performed a mean 
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amplitude measurement around the peak (230-280 ms post feedback onset at electrode FCz). This 

time window was selected based on the maximum of the difference between no-reward and reward 

feedback across all conditions (i.e., 255 ms), and was identical to our previous study (Paul & Pourtois, 

2017). Importantly, although the use of difference scores between reward and no-reward feedback 

has been recommended in the past (Krigolson, 2018; Luck & Gaspelin, 2017), we refrained from using 

this approach here. This choice was motivated by our previous study (Gheza, Paul, et al., 2018) and 

other independent results (see Fouragnan, Retzler, Mullinger, & Philiastides, 2015) showing that 

partly nonoverlapping neural networks underpin the processing of reward and no-reward feedback. 

The time frequency analysis was done using EEGLAB built-in std_ersps function (2.4 to 9 

cycles, 0.8 to 10 Hz, 60 log-spaced frequencies, 400 time points per epoch). The time interval from -

500 to -200 ms before feedback onset was used for baseline correction. The mean FMθ activity (4 - 8 

Hz) was extracted in the 200-400 ms interval following feedback onset at FCz. This electrode position 

was chosen based on the local maximum (mean power values) of the difference between no-reward 

and reward feedback (see Figure 3), as well as on previous EEG studies using the same site and data 

analysis (Gheza, Paul, et al., 2018; Paul & Pourtois, 2017).2  

2.5. Subjective Ratings 

Ratings on the VAS regarding the feedback liking/expectancy, as well as the mood ratings, 

were transformed into percentage scores, arbitrarily setting the extreme end (“not at all”) to 0 and 

the other one (“a lot”) to 100.  

2.5.1. Catch trials. Accuracy for the reward probability cue, i.e., the percentage of correct 

responses, was computed for each reward probability and reward magnitude separately. For the VAS 

ratings obtained for the feedback, mean answers were computed separately for each of the eight 

possible conditions (2 Valence × 2 Expectancy × 2 Magnitude). 

2.5.2. General Ratings. For each of the two VAS probes, i.e., for expectancy or liking, the 

mean answers were computed separately for each of the four possible conditions (2 Valence × 2 
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Magnitude). Mood ratings (asked within each block) were averaged separately for each item but 

across the corresponding magnitude blocks. 

2.6. Statistical analysis  

For all analyses, the significance alpha cutoff was set to 0.05. Data analysis was carried out in 

JASP (0.8.2., Jasp Team 2017). The main and interaction effects were reported first, followed by 

posthoc tests computed on the estimated marginal means of the dependent variables and their 

standard errors as implemented in SPSS’ EMMEANS syntax (22, IBM statistics) whenever applicable. 

Materials, data and analysis scripts, are publicly available on the Open Science Framework 

(https://osf.io/gwhp6/). 

2.6.1. Catch trials. Accuracy was analyzed using a 2×2 repeated measures ANOVA with the 

within-subject factors Reward Probability (low/high) and feedback Magnitude (small/large). For the 

feedback, the data obtained for each scale, i.e., liking or expectancy, were submitted to a 2×2×2 

repeated measures ANOVA with the within-subject factors feedback Valence (reward/no-reward), 

Expectancy (expected/unexpected) and Magnitude (small/large). 

2.6.2. General ratings. For each scale separately, i.e., for liking or expectancy, a 2×2 repeated 

measures ANOVA was performed, with the within-subject factor feedback Magnitude and Valence. 

For each of the four affective dimensions, mood levels were compared between small and large 

reward magnitude conditions using paired t tests. To control for multiple comparisons, a Bonferroni 

correction (0.0125) was applied.  

2.6.3. EEG components. The extracted FRN amplitudes (peak-to-peak analysis), RewP 

amplitudes (mean amplitude measurement) and FMθ power values were analyzed using separate 

2×2×2 repeated measures ANOVAs, with the within-subject factors feedback Valence, Expectancy 

and Magnitude. 

 

https://osf.io/gwhp6/
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3. Results 

3.1. Catch trials 

3.1.1. Cue-level. The accuracy was very high (M = 95-97%, SD = 4) and did not yield significant 

main or interaction effects, all Fs ≤ 2.8, ps ≥ .10, ²s ≤ .074.  

3.1.2. Feedback level. For expectancy (see Figure 2A), the ANOVA revealed significant main 

effects of Expectancy, F(1,35) = 43.4, p < .001, ² = .55, and Valence, F(1,35) = 24.0, p < .001, ² = .41. 

Additionally, the interaction between feedback Valence and Magnitude was significant, F(1,35) = 17.2, 

p < .001, ² = .33. Other effects were not significant, all Fs ≤ 64.2, ps ≥ .34, ²s ≤ .027. Reward was 

more expected than no-reward (p < .001) and expected feedback was more expected than 

unexpected feedback (p < .001). The significant interaction showed that while reward feedback was 

more expected in the large compared to the small reward blocks (p = .003), the opposite was true for 

no-reward feedback (p = .021) see Figure 2A and Table 2. 

[Insert Figure 2 about here] 

For liking (see Figure 2B), the ANOVA revealed a significant main effect of Valence, F(1,35) = 

213, p < .001, ² = .86) and a significant interaction between Expectancy and Valence, F(1,35) = 5.13, p 

= .030, ² = .13), as well as between Magnitude and Valence, F(1,35) = 14.98, p < .001, ² = .30. No 

other interactions or main effects reached significance, all Fs ≤ 2.75, ps ≥ .11, ²s ≤ .072. Reward was 

more liked than no-reward (p < .001). The interaction between expectancy and valence was 

explained by a drop in liking unexpected no-reward compared to expected no-reward feedback 

(p = .015), without such a change for reward (p = .25). Moreover, the other significant interaction 

showed that reward feedback was liked more for large compared to small magnitude feedback 

(p = .002), while the opposite was seen for no-reward feedback (p = .004). 

[Insert Table 2 about here] 
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3.2. General Ratings 

3.2.1. Feedback. For expectancy ratings, the ANOVA revealed a significant interaction 

between Valence and Magnitude, F(1,35) = 5.91, p = .020, ² = .15. No other main effects were 

significant, all Fs ≤ 1.67, ps ≥ .21, ²s ≤ .05. Posthoc tests showed that while no-reward feedback was 

rated as equally (un)expected for both magnitudes (p = .27, MSmall = 51.4%, SD = 23.9, MLarge = 47.2%, 

SD = 21.5), reward feedback was more expected in the large compared to the small reward blocks (p 

= .002, MSmall = 45.6%, SD = 21.0, MLarge = 54.6%, SD = 21.7). 

For the liking ratings, the ANOVA revealed significant main effects of Valence, F(1,35) = 316, p < 

.001, ² = .90) and Magnitude, F(1,35)= 6.69, p = .014, ² = .24. More importantly, the interaction 

between Valence and Magnitude was significant as well, F(1,35) = 11.2, p = .002, ² = .240. Posthoc 

tests revealed more liking for reward over no-reward feedback (p < .001), as well as for large than 

small feedback (p = .014). However, this was only the case for reward feedback (p < .001, MSmall = 

82.3%, SD = 14.6, MLarge = 87.2%, SD = 13.6), without any significant modulation of liking for 

no-reward depending on magnitude (p = .10, MSmall = 12.6%, SD = 12.5, MLarge = 10.6%, SD = 13.6). 

3.2.2. Mood Ratings. Significantly higher ratings of happiness, t(15) = 2.87, p = .012, d = 0.72, 

and pleasantness, t(15) =3.11, p = .007, d = 0.78, were found for large (MHappy = 40.6%, SD = 28.6, 

MPleasant = 38.9%, SD = 26.5) compared to small reward magnitude blocks (MHappy = 34.6%, SD = 26.51, 

MPleasant = 32.9%, SD = 26.0). Arousal did not differ between these two conditions, t(15) ≤ 1.65, p ≥ .12, 

d ≤ 0.41 (MAwake Small = 41.5%, SD = 25.4, MAwake Large = 43.9%, SD = 27.1; MLively Small = 30.5%, SD = 16.9, 

MLively Large = 34.1%, SD = 21.0). 

3.3. EEG components 

3.3.1. FRN (Peak-to-peak). The ANOVA revealed a significant main effect of Valence, F(1,35) = 

33.8, p < .001, ² = .49. Moreover, the interactions between Expectancy and Valence, F(1,35) = 6.69, p 

= .014, ² = .16, as well as between Valence and Magnitude, F(1,35) = 4.35, p = .044, ² = .11 were both 

significant. No other effect reached significance, all Fs ≤ 0.32, ps ≥ .58, ²s ≤ .009. The FRN 
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component was larger for no-reward compared to reward feedback (p < .001). Consistent with its 

sensitivity to reward prediction errors, this difference was larger for unexpected compared to 

expected feedback (p = .014), as well as for large compared to small rewards (p = .044). However, a 

closer look at the waveforms (see Figure 3A and Table 2) suggested that these effects were mostly 

driven by a systematic modulation of the reward feedback, as opposed to the no-reward one. 

Posthoc comparisons confirmed this assumption. For reward feedback, the FRN’s amplitude was 

more positive after unexpected compared to expected feedback (p = .016); while for no-reward 

feedback, the component’s amplitude was slightly more negative after unexpected compared to 

expected feedback, although this difference was not significant (p = .23). A similar dissociation was 

found for magnitude, albeit remaining nonsignificant, as the FRN’s amplitude was slightly more 

positive for large compared to small rewards (p = .10), while it seemed to be more negative for large 

compared to small no-reward feedback (p = .14). 

[Insert Figure 3 about here] 

3.3.2. RewP/FRN (Mean). This dissociation between the FRN and RewP was further 

corroborated when we scored these ERP components using a more stringent mean amplitude 

measurement (see Figures 3A and 3C and Table 2). The ANOVA revealed significant main effects of 

Valence, F(1,35) = 69.78, p < .001, ² = .67, Magnitude, F(1,35) = 9.02, p = .005, ² = .21, and Expectancy, 

F(1,35) = 7.54, p = .009, ² = .18. The interaction between Valence and Magnitude was significant too, 

F(1,35) = 4.18, p = .048, ² = .018. No other effects reached significance, all Fs ≤ 1.15, ps ≥ .29, ²s ≤ 

.032. The RewP was larger, i.e., more positive, for reward compared to no-reward (p < .001), for 

unexpected compared to expected feedback (p = .002) and for large compared to small magnitude (p 

< .001). This latter difference was clearly more pronounced for reward feedback (p = .001), compared 

to no-reward feedback (p = .11). 

3.3.3. FMθ Power. The ANOVA revealed significant main effects of Valence, F(1,35)= 21.36, p < 

.001, ² = .38, Expectancy, F(1,35) = 5.75, p = .022, ² = .14, and Magnitude, F(1,35)= 12.0, p = .001, ² = 
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.26. Interestingly, unlike the FRN/RewP, these main effects were qualified by significant interaction 

effects with Expectancy. This analysis showed significant two-way interactions between Expectancy 

and Valence, F(1,35) = 5.06, p = .031, ² = .13, as well as between Expectancy and Magnitude, F(1,35) = 

4.99, p = .032, ² = .13. Importantly, the three-way interaction was also significant, F(1,35) = 5.09, p = 

.030, ² = .13. The interaction between Valence and Magnitude was not significant, F(1,35) = 2.76, p = 

.089, ² = .081. FMθ activity was substantially larger for no-reward compared to reward feedback (p 

< .001), for large compared to small magnitude (p = .001), and unexpected compared to expected 

feedback (p = .004). To follow up the significant three-way interaction, we ran two separate ANOVAs 

for each Magnitude level. When small rewards were at stake, main effects of feedback Valence, F(1,35) 

= 7.43, p = .010, ² = .18, and Expectancy, F(1,35) = 11.95, p = .001, ² = .25 were significant, without a 

significant interaction effect between them, F(1,35) = 0.098, p = .76, ² = .003. FMθ activity was larger 

for no-reward compared to reward feedback (p < .001) and for unexpected compared to expected 

feedback, irrespective of feedback valence (no-reward: p = .002; reward: p = 0.023). A different 

picture emerged for the ANOVA on large magnitude trials. There was a significant main effect of 

Valence, F(1,35) = 28.99, p < .001, ² = .45, but not of Expectancy, F(1,35) = 0.32, p = .58, ² = .009. 

Importantly, the interaction between feedback Valence and Expectancy was significant too, F(1,35) = 

7.61, p = .009, ² = .18. No-reward led to increased FMθ activity compared to reward (p < .001). 

Although FMθ activity was larger for unexpected compared to expected large no-reward feedback (p 

= .033), this difference was actually absent for large reward feedback, i.e., FMθ activity did not differ 

between unexpected and expected large reward (p = .16; see Figures 4 and 3E and Table 2). When 

comparing all levels of the two factors (expectancy and magnitude) against each other, results 

showed that FMθ activity was consistently larger for unexpected compared to expected outcomes (p 

≤ .033), with the notable exception of large rewards (p = .16). Moreover, FMθ activity increased for 

large compared to small outcomes (p ≤ .007), except when reward was unexpected (p = .57). 

[Insert Figure 4 about here] 
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4. Discussion 

Previous EEG studies showed that reward magnitude influences reward processing, yet with 

different effects found for the FRN and RewP component (see Table 1). Moreover, it remains unclear 

whether these changes actually translated increased reward processing per se, altered reward 

predictions, or a combination of both. To address this question, we recorded 64-channel EEG in 36 

participants who carried out a gambling task, where the valence, expectancy and magnitude of the 

outcome were manipulated using a factorial design. Importantly, we used a multi-component 

approach enabling to assess possible changes in reward processing at different neurophysiological 

levels depending on these three factors. Accordingly, we could clarify whether reward magnitude 

mostly influences reward processing (RewP) or reward predictions (FRN/RewP, FMθ). 

Subjective ratings showed that participants were sensitive to feedback valence and 

expectancy. Moreover, they were also influenced by reward magnitude: Large rewards led to an 

increase in the liking and expectancy of the feedback compared to small rewards. At the EEG level, 

reward magnitude showed dissociable effects for the FRN, RewP and FMθ activity. More specifically, 

irrespective of expectancy, the RewP amplitude for reward outcome was increased for large 

compared to small rewards, suggesting that large magnitude increased reward processing. 

Intriguingly, no similar effect was found at the FRN level when no-reward was considered, confirming 

that magnitude influenced reward processing selectively. Further, reward magnitude also boosted 

FMθ activity, except for unexpected large rewards. Hence, large magnitude probably led to a 

complex change in motivation or affect (see here below), besides the general gain in reward 

processing or pleasure. Here after we discuss the possible implications of these new results. 

When scored using a peak-to-peak measurement, the FRN/RewP component showed a larger 

difference between no-reward and reward when the outcome was unexpected compared to 

expected, in agreement with the tenets of reinforcement learning (Chase, Swainson, Durham, 

Benham, & Cools, 2011; Hajcak et al., 2006; Holroyd & Coles, 2002). However, this interaction effect 
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between valence and expectancy was not influenced by reward magnitude. Instead, reward 

magnitude influenced the RewP component (measured as a mean activity) and the processing of 

reward selectively, which was larger overall (i.e., more positive) for large compared to small rewards, 

as previously reported (Meadows et al., 2016; San Martín et al., 2010; see also Table 1). Given this 

dissociation, it appears parsimonious to conclude that large rewards were associated with an 

increased reward processing, occurring irrespective of the expectancy of the outcome however.  

Interestingly, effects of reward magnitude were clearly different when considering FMθ 

activity compared to these ERP components. As expected, FMθ power increased for no-reward, 

unexpected outcome, and large magnitude feedback (Andreou et al., 2015; Cavanagh et al., 2012; 

HajiHosseini & Holroyd, 2015; Leicht et al., 2013). Moreover, FMθ activity, similar to the RewP, was 

influenced by expectancy, and captured prediction errors. However, in the large magnitude 

condition, FMθ did not discriminate between expected and unexpected rewards, while it still did for 

no-rewards. Further, control analyses (see supplementary materials section) confirmed that these 

results were specific to induced FMθ activity, and could not be explained by the mere superposition 

of the ERP effects. As the posthoc tests indicated, this three-way interaction was driven by the 

response to (unexpected) large rewards: FMθ power captured (unsigned) prediction errors for all 

conditions but large reward. Given this specific pattern, we therefore concluded that large reward 

interfered with the standard expectancy coding reflected by FMθ power. Moreover, FMθ power was 

consistently larger for high compared to low magnitude, with the notable exception of unexpected 

reward. This last result therefore suggests that at the FMθ level, unexpected large reward was not 

processed as such (Cavanagh et al., 2012; Gheza, De Raedt, Baeken, & Pourtois, 2018; Hajihosseini & 

Holroyd, 2013). Tentatively, we suggest that this lack of FMθ power increase when large reward was 

unexpected could reflect indirectly an optimistic bias (Kress & Aue, 2017; Sharot, 2011; Weinstein, 

1980), according to which participants tended to overestimate reward probability. This 

interpretation, albeit speculative, is in line with the subjective ratings, confirming that large rewards 

were more expected than no-reward (Sharot, Korn, & Dolan, 2011; Windschitl, Smith, Rose, & Krizan, 
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2010). Given this optimistic bias, it is conceivable that unexpected large rewards were actually 

perceived as relatively expected or certain, thereby blurring the differential FMθ increase as a 

function of (un)expectancy in this condition. Presumably, the normal increase at the FMθ level was 

attenuated because participants did not perceive this outcome as unexpected and/or challenging.  

Strikingly, the current findings for FMθ also mirror the results obtained in a previous study 

where positive mood was elicited and compared to neutral mood (Paul & Pourtois, 2017). Similarly to 

the use of a large reward magnitude, positive mood was associated with a blunted discrimination at 

the FMθ level between expected and unexpected reward (Paul & Pourtois, 2017). Hence, positive 

mood and reward magnitude appear to produce each comparable modulations of FMθ during 

reward processing. In this earlier study, we interpreted these results as reflecting an optimistic bias 

created by positive mood, leading to an overestimation of the likelihood of positive events (Eldar, 

Rutledge, Dolan, & Niv, 2016; Loewenstein & Lerner, 2003; Mayer, Gaschke, Braverman, & Evans, 

1992). Moreover, positive mood can be conceptualized in terms of changes in approach motivation 

(see Cacioppo & Gardner, 1999; Lang, Bradley, & Cuthbert, 1998). Approach motivation is usually 

evoked by rewards (Kim, 2013; Novak & Foti, 2015; Simon et al., 2010; Threadgill & Gable, 2016), and 

is generally manipulated by rewards of different magnitude (Avlar et al., 2015; Meadows et al., 

2016). Hence, it seems plausible to assume that the affective or motivational state of the participants 

was actually altered by the reward magnitude manipulation used in the current study, and this 

change influenced reward processing in a mood-congruent manner (Paul & Pourtois, 2017). This 

interpretation is also supported indirectly by the results obtained for delta activity and the P300 ERP 

component (see supplementary materials), showing both an amplitude increase when a large reward 

was at stake, irrespective of valence. Because these two neurophysiological components have 

previously been related to the processing of the motivational significance of the evaluative feedback 

(Bernat et al., 2015; Glazer et al., 2018; Wu & Zhou, 2009), it seems therefore plausible to assume a 

general gain in the motivational significance of the feedback, besides reward processing per se, when 

reward magnitude was large. Moreover, mood ratings collected in a subsample of 17 participants 
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confirmed that participants experienced more happiness and pleasantness in large compared to 

small reward blocks. Hence, it is possible that the observed changes seen here eventually stemmed 

from an affective or motivational state created by the use of a large reward magnitude.  

Importantly, Cavanagh & Frank (2014) proposed that FMθ activity is not only evoked by 

unexpected or challenging events, but is closely related to cognitive control more generally. 

According to this framework, the current results can be interpreted as reflecting a lack to leverage 

cognitive control’s level when the reward was large but unexpected. This weakening of cognitive 

control at the FMθ level by reward magnitude accords well with earlier models available in the 

literature, which assume that positive affect and approach motivation can tip the balance in favor of 

using updating and reactive control flexibly over a stable and robust maintenance of the task set 

(Chiew & Braver, 2014; Goschke & Bolte, 2014). In this framework, the absence of FMθ power 

increase for unexpected reward, when a large magnitude was used specifically, would therefore 

reflect a dynamic change in the motivational state of the participants, who did not treat this outcome 

as necessarily challenging, and thus requiring a swift increase in cognitive control. Whether this 

change in cognitive control with large magnitude (FMθ) was independent of, caused by or was even a 

prerequisite for the boost in reward processing (RewP) could not be established with the current 

design. To address this question, additional EEG studies are needed to explore further the actual 

interplay between these separate neurophysiological signals during reward processing.  

Some limitations warrant comment. First, some subjective ratings for the feedback did not 

perfectly align with FMθ results. Nevertheless, given how these ratings were administered, it is likely 

that objective reward probability rather than subjective perception contributed to increase this 

discrepancy (Windschitl et al., 2010). Presumably, using more appropriate measures of subjective 

predictions could reveal more comparable results with FMθ. Second, the size of the feedback 

stimulus was different for the two reward magnitude conditions, being larger for large compared to 

small feedback. Given that size or visual salience has been shown to influence FRN/RewP´s 
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amplitudes previously (Pfabigan, Sailer, & Lamm, 2015), we cannot rule out the possibility that some 

of the effects observed (e.g., main effect of magnitude on the RewP) were partly explained by this 

low-level factor. However, since FMθ power was modulated by the three factors in an interactive 

fashion, it appears unlikely that size only was responsible for the systematic change in feedback 

processing seen across the different conditions. An uncontrolled variation of the feedback’s size 

cannot explain the lack of FMθ power change for unexpected compared to expected large reward 

feedback seen in this study, because in both cases, the size of the feedback was identical. Third, 

reward magnitude was manipulated using a block design, and as such, uncontrolled changes in the 

affective or motivational state of the participants may have occurred and even obscured the effect of 

reward magnitude on these neurophysiological results. Therefore, it appears important to consider 

possible changes in the affective or motivational state of the participants, besides reward magnitude 

only, when interpreting these new results. However, we opted for a block design to avoid carry-over 

effects of changing reward magnitude across successive trials. It appears important to assess 

whether similar effects (especially for FMθ and RewP) could be replicated, when reward magnitude 

is manipulated at the single trial level. Last, it would be extremely valuable in future EEG studies to 

assess whether similar RewP/FRN and FMθ results could be obtained, when loss instead of reward 

would be used as incentive. This change would promote loss-avoidance motivation and likely 

influence in turn the expression of these electrophysiological manifestations. 

To sum up, the present findings show that reward magnitude produces dissociable effects 

during reward processing at the EEG level, which likely inform about complex and dynamic changes 

in the motivational state of the participants. Increasing reward magnitude led to a boost in reward 

processing at the RewP level, occurring irrespective of expectancy though. This change was confined 

to reward, and did not alter no-reward and the FRN. Intriguingly, this boost in reward processing as a 

function of increasing magnitude was accompanied by a transient decrease in cognitive control 

(FMθ), as if magnitude actually blurred the processing of expectancy during reward processing. We 
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suggest that either an optimistic bias or increase in positive mood can account for these flexible 

changes in reward processing at the EEG level as a function of reward magnitude.   



23 
 

5. References 

Andreou, C., Kleinert, J., Steinmann, S., Fuger, U., Leicht, G., & Mulert, C. (2015). Oscillatory 

responses to reward processing in borderline personality disorder. The World Journal of 

Biological Psychiatry, 16(8), 575–586. https://doi.org/10.3109/15622975.2015.1054880 

Avlar, B., Kahn, J. B., Jensen, G., Kandel, E. R., Simpson, E. H., & Balsam, P. D. (2015). Improving 

temporal cognition by enhancing motivation. Behavioral Neuroscience, 129(5), 576–588. 

https://doi.org/10.1037/bne0000083 

Banis, S., & Lorist, M. M. (2012). Acute noise stress impairs feedback processing. Biological 

Psychology, 91(2), 163–171. https://doi.org/10.1016/j.biopsycho.2012.06.009 

Bellebaum, C., Polezzi, D., & Daum, I. (2010). It is less than you expected: The feedback-related 

negativity reflects violations of reward magnitude expectations. Neuropsychologia, 48(11), 

3343–3350. https://doi.org/10.1016/j.neuropsychologia.2010.07.023 

Bernat, E. M., Nelson, L. D., & Baskin-Sommers, A. R. (2015). Time-frequency theta and delta 

measures index separable components of feedback processing in a gambling task. 

Psychophysiology, 52(5), 626–637. https://doi.org/10.1111/psyp.12390 

Berridge, K. C., Robinson, T. E., & Aldridge, J. W. (2009). Dissecting components of reward: ‘liking’, 

‘wanting’, and learning. Current Opinion in Pharmacology, 9(1), 65–73. 

https://doi.org/10.1016/j.coph.2008.12.014 

Cacioppo, J. T., & Gardner, W. L. (1999). Emotion. Annual Review of Psychology, 50(1), 191–214. 

https://doi.org/10.1146/annurev.psych.50.1.191 

Cavanagh, J. F., Cohen, M. X., & Allen, J. J. B. (2009). Prelude to and Resolution of an Error: EEG Phase 

Synchrony Reveals Cognitive Control Dynamics during Action Monitoring. Journal of 

Neuroscience, 29(1), 98–105. https://doi.org/10.1523/JNEUROSCI.4137-08.2009 



24 
 

Cavanagh, J. F., Figueroa, C. M., Cohen, M. X., & Frank, M. J. (2012). Frontal Theta Reflects 

Uncertainty and Unexpectedness during Exploration and Exploitation. Cerebral Cortex, 22(11), 

2575–2586. https://doi.org/10.1093/cercor/bhr332 

Cavanagh, J. F., & Frank, M. J. (2014). Frontal theta as a mechanism for cognitive control. Trends in 

Cognitive Sciences, 18(8), 414–421. https://doi.org/10.1016/j.tics.2014.04.012 

Cavanagh, J. F., Frank, M. J., Klein, T. J., & Allen, J. J. B. (2010). Frontal theta links prediction errors to 

behavioral adaptation in reinforcement learning. NeuroImage, 49(4), 3198–3209. 

https://doi.org/10.1016/j.neuroimage.2009.11.080 

Cavanagh, J. F., Napolitano, A., Wu, C., & Mueen, A. (2017). The Patient Repository for EEG Data + 

Computational Tools (PRED+CT). Frontiers in Neuroinformatics, 11(67), 1–9. 

https://doi.org/10.3389/fninf.2017.00067 

Cavanagh, J. F., & Shackman, A. J. (2015). Frontal midline theta reflects anxiety and cognitive control: 

Meta-analytic evidence. Journal of Physiology-Paris, 109(1–3), 3–15. 

https://doi.org/10.1016/j.jphysparis.2014.04.003 

Chase, H. W., Swainson, R., Durham, L., Benham, L., & Cools, R. (2011). Feedback-related Negativity 

Codes Prediction Error but Not Behavioral Adjustment during Probabilistic Reversal Learning. 

Journal of Cognitive Neuroscience, 23(4), 936–946. https://doi.org/10.1162/jocn.2010.21456 

Chiew, K. S., & Braver, T. S. (2014). Dissociable influences of reward motivation and positive emotion 

on cognitive control. Cognitive, Affective, & Behavioral Neuroscience, 14(2), 509–529. 

https://doi.org/10.3758/s13415-014-0280-0 

Cohen, M. X., Elger, C. E., & Ranganath, C. (2007). Reward expectation modulates feedback-related 

negativity and EEG spectra. NeuroImage, 35(2), 968–978. 

https://doi.org/10.1016/j.neuroimage.2006.11.056 

Cohen, M. X., Wilmes, K. A., & van de Vijver, I. (2011). Cortical electrophysiological network dynamics 



25 
 

of feedback learning. Trends in Cognitive Sciences, 15(12), 558–566. 

https://doi.org/10.1016/j.tics.2011.10.004 

Delorme, A., & Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of single-trial EEG 

dynamics including independent component analysis. Journal of Neuroscience Methods, 134(1), 

9–21. https://doi.org/10.1016/j.jneumeth.2003.10.009 

Doñamayor, N., Marco-Pallarés, J., Heldmann, M., Schoenfeld, M. A., & Münte, T. F. (2011). Temporal 

dynamics of reward processing revealed by magnetoencephalography. Human Brain Mapping, 

32(12), 2228–2240. https://doi.org/10.1002/hbm.21184 

Doñamayor, N., Schoenfeld, M. A., & Münte, T. F. (2012). Magneto- and electroencephalographic 

manifestations of reward anticipation and delivery. NeuroImage, 62(1), 17–29. 

https://doi.org/10.1016/j.neuroimage.2012.04.038 

Eldar, E., Rutledge, R. B., Dolan, R. J., & Niv, Y. (2016). Mood as Representation of Momentum. Trends 

in Cognitive Sciences, 20(1), 15–24. https://doi.org/10.1016/j.tics.2015.07.010 

Fell, J., Dietl, T., Grunwald, T., Kurthen, M., Klaver, P., Trautner, P., … Fernández, G. (2004). Neural 

Bases of Cognitive ERPs: More than Phase Reset. Journal of Cognitive Neuroscience, 16(9), 

1595–1604. https://doi.org/10.1162/0898929042568514 

Foti, D., Weinberg, A., Bernat, E. M., & Proudfit, G. H. (2015). Anterior cingulate activity to monetary 

loss and basal ganglia activity to monetary gain uniquely contribute to the feedback negativity. 

Clinical Neurophysiology, 126(7), 1338–1347. https://doi.org/10.1016/j.clinph.2014.08.025 

Fouragnan, E., Retzler, C., Mullinger, K., & Philiastides, M. G. (2015). Two spatiotemporally distinct 

value systems shape reward-based learning in the human brain. Nature Communications, 6(1), 

8107. https://doi.org/10.1038/ncomms9107 

Frömer, R., Stürmer, B., & Sommer, W. (2016). The better, the bigger: The effect of graded positive 

performance feedback on the reward positivity. Biological Psychology, 114, 61–68. 



26 
 

https://doi.org/10.1016/j.biopsycho.2015.12.011 

Gheza, D., De Raedt, R., Baeken, C., & Pourtois, G. (2018). Integration of reward with cost 

anticipation during performance monitoring revealed by ERPs and EEG spectral perturbations. 

NeuroImage, 173, 153–164. https://doi.org/10.1016/j.neuroimage.2018.02.049 

Gheza, D., Paul, K., & Pourtois, G. (2018). Dissociable effects of reward and expectancy during 

evaluative feedback processing revealed by topographic ERP mapping analysis. International 

Journal of Psychophysiology, 132, 213–225. https://doi.org/10.1016/j.ijpsycho.2017.11.013 

Glazer, J. E., Kelley, N. J., Pornpattananangkul, N., Mittal, V. A., & Nusslock, R. (2018). Beyond the 

FRN: Broadening the time-course of EEG and ERP components implicated in reward processing. 

International Journal of Psychophysiology, 132(2), 184–202. 

https://doi.org/10.1016/j.ijpsycho.2018.02.002 

Glimcher, P. W., Camerer, C. F., Fehr, E., & Poldrack, R. A. (Eds.). (2009). Neuroeconomics. Decision 

Making and the Brain. London: Academic Press. 

Goschke, T., & Bolte, A. (2014). Emotional modulation of control dilemmas: The role of positive 

affect, reward, and dopamine in cognitive stability and flexibility. Neuropsychologia, 62, 403–

423. https://doi.org/10.1016/j.neuropsychologia.2014.07.015 

Goyer, J. P., Woldorff, M. G., & Huettel, S. A. (2008). Rapid Electrophysiological Brain Responses are 

Influenced by Both Valence and Magnitude of Monetary Rewards. Journal of Cognitive 

Neuroscience, 20(11), 2058–2069. https://doi.org/10.1162/jocn.2008.20134 

Gu, R., Feng, X., Broster, L. S., Yuan, L., Xu, P., & Luo, Y. (2017). Valence and magnitude ambiguity in 

feedback processing. Brain and Behavior, 7(5), e00672. https://doi.org/10.1002/brb3.672 

Gu, R., Lei, Z., Broster, L., Wu, T., Jiang, Y., & Luo, Y. (2011). Beyond valence and magnitude: A flexible 

evaluative coding system in the brain. Neuropsychologia, 49(14), 3891–3897. 

https://doi.org/10.1016/j.neuropsychologia.2011.10.006 



27 
 

Hajcak, G., Moser, J. S., Holroyd, C. B., & Simons, R. F. (2006). The feedback-related negativity reflects 

the binary evaluation of good versus bad outcomes. Biological Psychology, 71(2), 148–154. 

https://doi.org/10.1016/j.biopsycho.2005.04.001 

Hajcak, G., Moser, J. S., Holroyd, C. B., & Simons, R. F. (2007). It’s worse than you thought: The 

feedback negativity and violations of reward prediction in gambling tasks. Psychophysiology, 

44(6), 905–912. https://doi.org/10.1111/j.1469-8986.2007.00567.x 

Hajihosseini, A., & Holroyd, C. B. (2013). Frontal midline theta and N200 amplitude reflect 

complementary information about expectancy and outcome evaluation. Psychophysiology, 

50(6), 550–562. https://doi.org/10.1111/psyp.12040 

HajiHosseini, A., & Holroyd, C. B. (2015). Reward feedback stimuli elicit high-beta EEG oscillations in 

human dorsolateral prefrontal cortex. Scientific Reports, 5(1), 13021. 

https://doi.org/10.1038/srep13021 

HajiHosseini, A., Rodríguez-Fornells, A., & Marco-Pallarés, J. (2012). The role of beta-gamma 

oscillations in unexpected rewards processing. NeuroImage, 60(3), 1678–1685. 

https://doi.org/10.1016/j.neuroimage.2012.01.125 

Hauser, T. U., Iannaccone, R., Stämpfli, P., Drechsler, R., Brandeis, D., Walitza, S., & Brem, S. (2014). 

The feedback-related negativity (FRN) revisited: New insights into the localization, meaning and 

network organization. NeuroImage, 84, 159–168. 

https://doi.org/10.1016/j.neuroimage.2013.08.028 

Holroyd, C. B., & Coles, M. G. H. (2002). The neural basis of human error processing: Reinforcement 

learning, dopamine, and the error-related negativity. Psychological Review, 109(4), 679–709. 

https://doi.org/10.1037/0033-295X.109.4.679 

Holroyd, C. B., Larsen, J. T., & Cohen, J. D. (2004). Context dependence of the event-related brain 

potential associated with reward and punishment. Psychophysiology, 41(2), 245–253. 



28 
 

https://doi.org/10.1111/j.1469-8986.2004.00152.x 

Holroyd, C. B., Pakzad-Vaezi, K. L., & Krigolson, O. E. (2008). The feedback correct-related positivity: 

Sensitivity of the event-related brain potential to unexpected positive feedback. 

Psychophysiology, 45(5), 688–697. https://doi.org/10.1111/j.1469-8986.2008.00668.x 

Janssen, D. J. C., Poljac, E., & Bekkering, H. (2016). Binary sensitivity of theta activity for gain and loss 

when monitoring parametric prediction errors. Social Cognitive and Affective Neuroscience, 

11(8), 1280–1289. https://doi.org/10.1093/scan/nsw033 

Kamarajan, C., Porjesz, B., Rangaswamy, M., Tang, Y., Chorlian, D., Padmanabhapillai, A., … Manz, N. 

(2009). Brain signatures of monetary loss and gain: Outcome-related potentials in a single 

outcome gambling task. Behavioural Brain Research, 197(1), 62–76. 

https://doi.org/10.1016/j.bbr.2008.08.011 

Kim, S. (2013). Neuroscientific Model of Motivational Process. Frontiers in Psychology, 4(98), 1–12. 

https://doi.org/10.3389/fpsyg.2013.00098 

Kress, L., & Aue, T. (2017). The link between optimism bias and attention bias: A neurocognitive 

perspective. Neuroscience & Biobehavioral Reviews, 80, 688–702. 

https://doi.org/10.1016/j.neubiorev.2017.07.016 

Kreussel, L., Hewig, J., Kretschmer, N., Hecht, H., Coles, M. G. H., & Miltner, W. H. R. (2012). The 

influence of the magnitude, probability, and valence of potential wins and losses on the 

amplitude of the feedback negativity. Psychophysiology, 49(2), 207–219. 

https://doi.org/10.1111/j.1469-8986.2011.01291.x 

Krigolson, O. E. (2018). Event-related brain potentials and the study of reward processing: 

Methodological considerations. International Journal of Psychophysiology, 132(November 

2017), 175–183. https://doi.org/10.1016/j.ijpsycho.2017.11.007 

Lang, P. J., Bradley, M. M., & Cuthbert, B. N. (1998). Emotion, motivation, and anxiety: brain 



29 
 

mechanisms and psychophysiology. Biological Psychiatry, 44(12), 1248–1263. 

https://doi.org/10.1016/S0006-3223(98)00275-3 

Leicht, G., Troschütz, S., Andreou, C., Karamatskos, E., Ertl, M., Naber, D., & Mulert, C. (2013). 

Relationship between Oscillatory Neuronal Activity during Reward Processing and Trait 

Impulsivity and Sensation Seeking. PLoS ONE, 8(12), e83414. 

https://doi.org/10.1371/journal.pone.0083414 

Loewenstein, G., & Lerner, J. S. (2003). Role of affect in decision making. In R. J. Davidson, K. R. 

Scherer, & H. H. Goldsmith (Eds.), Handbook of Affective Science (pp. 619–642). Oxford 

University Press. 

Luck, S. J., & Gaspelin, N. (2017). How to get statistically significant effects in any ERP experiment 

(and why you shouldn’t). Psychophysiology, 54(1), 146–157. 

https://doi.org/10.1111/psyp.12639 

Luft, C. D. B. (2014). Learning from feedback: The neural mechanisms of feedback processing 

facilitating better performance. Behavioural Brain Research, 261, 356–368. 

https://doi.org/10.1016/j.bbr.2013.12.043 

Luo, Q., & Qu, C. (2013). Comparison Enhances Size Sensitivity: Neural Correlates of Outcome 

Magnitude Processing. PLoS ONE, 8(8), e71186. https://doi.org/10.1371/journal.pone.0071186 

Makeig, S., Westerfield, M., Jung, T.-P., Enghoff, S., Townsend, J., Courchesne, E., & Sejnowski, T. J. 

(2002). Dynamic Brain Sources of Visual Evoked Responses. Science, 295(5555), 690–694. 

https://doi.org/10.1126/science.1066168 

Marco-Pallares, J., Cucurell, D., Cunillera, T., García, R., Andrés-Pueyo, A., Münte, T. F., & Rodríguez-

Fornells, A. (2008). Human oscillatory activity associated to reward processing in a gambling 

task. Neuropsychologia, 46(1), 241–248. 

https://doi.org/10.1016/j.neuropsychologia.2007.07.016 



30 
 

Mas-Herrero, E., & Marco-Pallarés, J. (2014). Frontal Theta Oscillatory Activity Is a Common 

Mechanism for the Computation of Unexpected Outcomes and Learning Rate. Journal of 

Cognitive Neuroscience, 26(3), 447–458. https://doi.org/10.1162/jocn_a_00516 

Mayer, J. D., Gaschke, Y. N., Braverman, D. L., & Evans, T. W. (1992). Mood-congruent judgment is a 

general effect. Journal of Personality and Social Psychology, 63(1), 119–132. 

https://doi.org/10.1037/0022-3514.63.1.119 

Meadows, C. C., Gable, P. A., Lohse, K. R., & Miller, M. W. (2016). The effects of reward magnitude on 

reward processing: An averaged and single trial event-related potential study. Biological 

Psychology, 118, 154–160. https://doi.org/10.1016/j.biopsycho.2016.06.002 

Miltner, W. H. R., Braun, C. H., & Coles, M. G. H. (1997). Event-Related Brain Potentials Following 

Incorrect Feedback in a Time-Estimation Task: Evidence for a “Generic” Neural System for Error 

Detection. Journal of Cognitive Neuroscience, 9(6), 788–798. 

https://doi.org/10.1162/jocn.1997.9.6.788 

Narayanan, N. S., Cavanagh, J. F., Frank, M. J., & Laubach, M. (2013). Common medial frontal 

mechanisms of adaptive control in humans and rodents. Nature Neuroscience, 16(12), 1888–

1895. https://doi.org/10.1038/nn.3549 

Nigbur, R., Ivanova, G., & Stürmer, B. (2011). Theta power as a marker for cognitive interference. 

Clinical Neurophysiology, 122(11), 2185–2194. https://doi.org/10.1016/j.clinph.2011.03.030 

Nolan, H., Whelan, R., & Reilly, R. B. (2010). FASTER: Fully Automated Statistical Thresholding for EEG 

artifact Rejection. Journal of Neuroscience Methods, 192(1), 152–162. 

https://doi.org/10.1016/j.jneumeth.2010.07.015 

Novak, K. D., & Foti, D. (2015). Teasing apart the anticipatory and consummatory processing of 

monetary incentives: An event-related potential study of reward dynamics. Psychophysiology, 

52(11), 1470–1482. https://doi.org/10.1111/psyp.12504 



31 
 

Osinsky, R., Seeger, J., Mussel, P., & Hewig, J. (2016). Face-induced expectancies influence neural 

mechanisms of performance monitoring. Cognitive, Affective, & Behavioral Neuroscience, 16(2), 

261–275. https://doi.org/10.3758/s13415-015-0387-y 

Padrón, I., Fernández-Rey, J., Acuña, C., & Pardo-Vazquez, J. L. (2016). Representing the 

consequences of our actions trial by trial: Complex and flexible encoding of feedback valence 

and magnitude. Neuroscience, 333, 264–276. 

https://doi.org/10.1016/j.neuroscience.2016.07.025 

Paul, K., & Pourtois, G. (2017). Mood congruent tuning of reward expectation in positive mood: 

evidence from FRN and theta modulations. Social Cognitive and Affective Neuroscience, 12(5), 

765–774. https://doi.org/10.1093/scan/nsx010 

Pfabigan, D. M., Sailer, U., & Lamm, C. (2015). Size does matter! Perceptual stimulus properties affect 

event-related potentials during feedback processing. Psychophysiology, 52(9), 1238–1247. 

https://doi.org/10.1111/psyp.12458 

Proudfit, G. H. (2015). The reward positivity: From basic research on reward to a biomarker for 

depression. Psychophysiology, 52(4), 449–459. https://doi.org/10.1111/psyp.12370 

Rolls, E. T., McCabe, C., & Redoute, J. (2008). Expected Value, Reward Outcome, and Temporal 

Difference Error Representations in a Probabilistic Decision Task. Cerebral Cortex, 18(3), 652–

663. https://doi.org/10.1093/cercor/bhm097 

Sambrook, T. D., & Goslin, J. (2015). A neural reward prediction error revealed by a meta-analysis of 

ERPs using great grand averages. Psychological Bulletin, 141(1), 213–235. 

https://doi.org/10.1037/bul0000006 

Sambrook, T. D., & Goslin, J. (2016). Principal components analysis of reward prediction errors in a 

reinforcement learning task. NeuroImage, 124, 276–286. 

https://doi.org/10.1016/j.neuroimage.2015.07.032 



32 
 

San Martín, R. (2012). Event-related potential studies of outcome processing and feedback-guided 

learning. Frontiers in Human Neuroscience, 6, 1–17. https://doi.org/10.3389/fnhum.2012.00304 

San Martín, R., Manes, F., Hurtado, E., Isla, P., & Ibañez, A. (2010). Size and probability of rewards 

modulate the feedback error-related negativity associated with wins but not losses in a 

monetarily rewarded gambling task. NeuroImage, 51(3), 1194–1204. 

https://doi.org/10.1016/j.neuroimage.2010.03.031 

Santesso, D. L., Dzyundzyak, A., & Segalowitz, S. J. (2011). Age, sex and individual differences in 

punishment sensitivity: Factors influencing the feedback-related negativity. Psychophysiology, 

48(11), 1481–1489. https://doi.org/10.1111/j.1469-8986.2011.01229.x 

Sato, A., Yasuda, A., Ohira, H., Miyawaki, K., Nishikawa, M., Kumano, H., & Kuboki, T. (2005). Effects 

of value and reward magnitude on feedback negativity and P300. NeuroReport, 16(4), 407–411. 

https://doi.org/10.1097/00001756-200503150-00020 

Schultz, W. (2015). Neuronal Reward and Decision Signals: From Theories to Data. Physiological 

Reviews, 95(3), 853–951. https://doi.org/10.1152/physrev.00023.2014 

Sharot, T. (2011). The optimism bias. Current Biology, 21(23), R941–R945. 

https://doi.org/10.1016/j.cub.2011.10.030 

Sharot, T., Korn, C. W., & Dolan, R. J. (2011). How unrealistic optimism is maintained in the face of 

reality. Nature Neuroscience, 14(11), 1475–1479. https://doi.org/10.1038/nn.2949 

Simon, J. J., Walther, S., Fiebach, C. J., Friederich, H.-C., Stippich, C., Weisbrod, M., & Kaiser, S. (2010). 

Neural reward processing is modulated by approach- and avoidance-related personality traits. 

NeuroImage, 49(2), 1868–1874. https://doi.org/10.1016/j.neuroimage.2009.09.016 

Sutton, R. S., & Barto, A. G. (1998). Reinforcement Learning: An Introduction. IEEE Transactions on 

Neural Networks, 9(5), 1054–1054. https://doi.org/10.1109/TNN.1998.712192 



33 
 

Threadgill, A. H., & Gable, P. A. (2016). Approach-motivated pregoal states enhance the reward 

positivity. Psychophysiology, 53(5), 733–738. https://doi.org/10.1111/psyp.12611 

Tobler, P. N., Fiorillo, C. D., & Schultz, W. (2005). Adaptive Coding of Reward Value by Dopamine 

Neurons. Science, 307(5715), 1642–1645. https://doi.org/10.1126/science.1105370 

Ullsperger, M., Danielmeier, C., & Jocham, G. (2014). Neurophysiology of Performance Monitoring 

and Adaptive Behavior. Physiological Reviews, 94(1), 35–79. 

https://doi.org/10.1152/physrev.00041.2012 

Ullsperger, M., Fischer, A. G., Nigbur, R., & Endrass, T. (2014). Neural mechanisms and temporal 

dynamics of performance monitoring. Trends in Cognitive Sciences, 18(5), 259–267. 

https://doi.org/10.1016/j.tics.2014.02.009 

Walsh, M. M., & Anderson, J. R. (2012). Learning from experience: Event-related potential correlates 

of reward processing, neural adaptation, and behavioral choice. Neuroscience & Biobehavioral 

Reviews, 36(8), 1870–1884. https://doi.org/10.1016/j.neubiorev.2012.05.008 

Weinberg, A., Riesel, A., & Proudfit, G. H. (2014). Show me the Money: The impact of actual rewards 

and losses on the feedback negativity. Brain and Cognition, 87(1), 134–139. 

https://doi.org/10.1016/j.bandc.2014.03.015 

Weinstein, N. D. (1980). Unrealistic optimism about future life events. Journal of Personality and 

Social Psychology, 39(5), 806–820. https://doi.org/10.1037/0022-3514.39.5.806 

Windschitl, P. D., Smith, A. R., Rose, J. P., & Krizan, Z. (2010). The desirability bias in predictions: 

Going optimistic without leaving realism. Organizational Behavior and Human Decision 

Processes, 111(1), 33–47. https://doi.org/10.1016/j.obhdp.2009.08.003 

Womelsdorf, T., Johnston, K., Vinck, M., & Everling, S. (2010). Theta-activity in anterior cingulate 

cortex predicts task rules and their adjustments following errors. Proceedings of the National 

Academy of Sciences, 107(11), 5248–5253. https://doi.org/10.1073/pnas.0906194107 



34 
 

Wu, Y., & Zhou, X. (2009). The P300 and reward valence, magnitude, and expectancy in outcome 

evaluation. Brain Research, 1286, 114–122. https://doi.org/10.1016/j.brainres.2009.06.032 

Yeung, N. (2004). Independent Coding of Reward Magnitude and Valence in the Human Brain. 

Journal of Neuroscience, 24(28), 6258–6264. https://doi.org/10.1523/JNEUROSCI.4537-03.2004 

Zottoli, T. M., & Grose-Fifer, J. (2012). The feedback-related negativity (FRN) in adolescents. 

Psychophysiology, 49(3), 413–420. https://doi.org/10.1111/j.1469-8986.2011.01312.x 

  



35 
 

6. Author Notes 

Katharina Paul is supported by a PhD mandate [11U9216N] granted from the Research 

Foundation – Flanders (FWO). This work is supported by a research grant (number 3G024716) from 

the FWO (Research Foundation - Flanders) awarded to Gilles Pourtois. Eliana Vassena is supported by 

the Marie Sklodowska-Curie action with a standard IF-EF fellowship, within the H2020 framework 

(H2020-MSCA-IF2015, Grant number 705630).  

  



36 
 

7. Figure Captions 

Figure 1. Overview of the trial structure. At the beginning of each trial, participants were 

informed about the actual reward probability (black or white part of the circle, 33 or 66%). After they 

chose one door, they received either reward or no-reward feedback. Additionally, in some trials, 

participants had to report, using a specific scale (see methods), the objective reward probabilities 

and/or the expectancy or liking of the given feedback. 

 

 

 

Figure 2. Subjective ratings of feedback (catch trials), separately for expectancy and liking. 
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Figure 3. ERP Results. (A) Grand average ERP waveforms at electrode FCz. Time point 0 

corresponds to feedback onset and negativity is plotted upwards. (B) Horizontal topographical map 

of the FRN component (computed as the difference wave between no-reward and reward feedback 

during the 230–380 ms post feedback onset interval), confirming a predominant fronto-central scalp 

distribution for it. (C-E) Mean amplitudes/power, separately for each condition (± standard error of 

the mean). (C) Overview of the mean amplitudes of the RewP/FRN component, defined as the mean 

between 230 and 280 ms after feedback onset at FCz. (D) Peak-to-peak FRN amplitudes at FCz, 

quantified as the difference between the N2 and the preceding P2. (E) Mean FMθ power at electrode 

FCz. 
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Figure 4. FMθ Power results at electrode FCz. (A) FMθ power was larger for unexpected than 

expected feedback, especially for no-reward feedback. By comparison, for reward feedback, if 

reward magnitude was large (second row), this differences vanished, as confirmed by a significant 

three-way interaction. (B) Horizontal topographical maps of FMθ power (difference between no-

reward and reward feedback) computed during the 200-400 ms post feedback onset interval, 

separately for large and small rewards, confirming a predominant fronto-central scalp distribution for 

this specific oscillation. 
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8. Footnotes 

1 Besides the FRN/RewP and FMθ, reward magnitude can also influence the P300 component 

and delta power (1-4 Hz) at posterior leads, although these neurophysiological effects are usually less 

related to reward prediction errors, but to the salience of the outcome instead. For the sake of 

completeness, we also analyzed these complementary electrophysiological markers of performance 

monitoring in this study, but present these results in the supplementary materials section. 

2 To ensure that the results reported for the FMθ activity (total power) were not influenced 

by the superimposed FRN/RewP component (evoked activity), we also performed additional analyses 

where we subtracted the evoked component from the total power to reveal the selective 

contribution of induced effects to this mean FMθ activity; see Supplementary Materials for details 

and results. 

 

                                                           

 

 


