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Reward probability and uncertainty are two fundamental parameters of decision making. Whereas reward probability
indicates the prospect of winning, reward uncertainty, measured as the variance of probability, indicates the degree of risk.
Several lines of evidence have suggested that the anterior cingulate cortex (ACC) plays an important role in reward
processing. What is lacking is a quantitative analysis of the encoding of reward probability and uncertainty in the human
ACC. In this study, we addressed this issue by analyzing the feedback-related negativity (FRN), an event-related potential
(ERP) component that reflects the ACC activity, in a simple gambling task in which reward probability and uncertainty were
parametrically manipulated through predicting cues. Results showed that at the outcome evaluation phase, while both win
and loss-related FRN amplitudes increased as the probability of win or loss decreased, only the win-related FRN was
modulated by reward uncertainty. This study demonstrates the rapid encoding of reward probability and uncertainty in the
human ACC and offers new insights into the functions of the ACC.
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Figure 1. lllustration of events and timing in a single trial.
doi:10.1371/journal.pone.0029633.g001
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Table 1. The win probability and uncertainty for each of the nine conditions at the cue phrase and the reward prediction error and
uncertainty prediction error associated with win and loss outcomes.

Cue phase Actual wins in the outcome phase Actual losses in the outcome phase
Cue Win FRN Positive Uncertainty FRN Negative Uncertainty FRN
number probability Uncertainty amplitude PE PE amplitude PE PE amplitude
2 0 0 —1.859 N/A N/A N/A 0 0 —1.252

3 0.125 0.438 —1.785 0.875 0.438 —2.696 0.125 0.438 —0.854

4 0.25 0.75 —2.346 0.75 0.75 —1.907 0.25 0.75 —0.743

5 0.375 0.938 —1.749 0.625 0.938 —0.807 0.375 0.938 —1.487

6 0.5 1 —1.985 0.5 1 —0.532 0.5 1 —2617

7 0.625 0.938 —1.876 0.375 0.938 —0.044 0.625 0.938 —3.27

8 0.75 0.75 —1.641 0.25 0.75 —0.743 0.75 0.75 —3.943

9 0.875 0.438 —1.667 0.125 0.438 —0.838 0.875 0.438 —4.232

10 1 0 —0.889 0 0 —1.338 N/A N/A N/A

Grand mean FRN amplitudes (uV) during the interval 275-325 ms post-cue across participants are also presented. PE = prediction error.
doi:10.1371/journal.pone.0029633.t001
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Figure 2. Grand-average ERP waveforms from channel Fz. ERPS were time locked to (A) the cue phase, (B) win outcome condition,
and (C) loss outcome condition. Please note, the outcome probability used in this figure refers to the actual outcome frequency. Thus low
probability indicates that the outcome is infrequent. For example, 25% probability in win condition refers to ‘actual win after the prediction of 25%
winning probability’, whereas 25% probability in loss condition refers to ‘actual loss after the prediction of 75% winning probability’. For clarity, only
waveforms for probabilities of 25%, 50%, 75%, and 100% are presented. The topographic map of mean FRN at 300ms in the cue, win, and loss
conditions were also shown. (D) Coding of reward probability and reward uncertainty in cue-evoked FRN, and (E) outcome-evoked FRN. The
regression lines were computed based on the regression equations for each condition.

doi:10.1371/journal.pone.0029633.g002
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Table 2. The win probability and uncertainty for each of the
nine conditions at the cue phrase.

Cue Winning FRN
number probability Uncertainty amplitude
2 0 0 —1.859
3 0.125 0.438 —1.785
4 0.25 0.75 —2.346
5 0375 0.938 —1.749
6 0.5 1 —1.985
7 0.625 0.938 —1.876
8 0.75 0.75 —1.641
9 0.875 0.438 —1.667
10 1 0 —0.889

Grand mean FRN amplitudes (uV) during the interval 250-325 ms post-cue
across participants are also presented.
doi:10.1371/journal.pone.0029633.t002
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A B
Cue Win/loss

Figure 3. Sagittal, transversal, and coronal views of dipoles.
Dipoles were superimposed on MRI-based head models for grand-
average ERP waveforms in (A) cue phase and (B) outcome (win/loss)
phase.

doi:10.1371/journal.pone.0029633.g003
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