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Abstract 

 This study investigated neural correlates of infants’ (aged 8-9.5 months; N = 28) ability to 

predict emotional consequences following violation of mental state expectations. Infants learned 

label-object associations about novel objects within a real-world setting before completing a 

laboratory event-related potential (ERP) paradigm. During ERP recording, infants watched a 

series of video vignettes that consisted of an actress (a) being told to expect an object, (b) finding 

either the matching or mismatching object, and (c) reacting with either positive or negative 

affect. By using these discrete events, we verified that infants formed appropriate expectations 

for the events and discriminated between emotional reactions, as reflected by the Nc and P300 

components, respectively. Within this developmental time period, infants do not sufficiently 

predict emotional consequences of met expectations (i.e., when one finds the target object, one 

should be happy). Yet, Bayesian inferences indicated P300 sensitivity to emotional consequences 

following a violation of object outcome expectations. The implications for the capacity and 

ongoing development of higher-order social cognition in infancy are discussed. 

 

Keywords: infant social cognition; emotional consequences; event-related potentials (ERP); 

early word associations; emotion discrimination 
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Accurate and rapid predictions of others mental and emotional states are critical to our 

ability to understand and navigate the social world. In everyday situations, specific emotional 

responses are expected given a particular context and shaped by the person’s mental states. 

Imagine someone is waiting at a deli for their pastrami sandwich. After paying, the customer 

opens the bag only to find they have been given a salad. Understandably, they may feel confused 

or upset to have received the incorrect order. As observers of this situation, we build predictions 

of the person’s emotional state based upon the resulting outcome. For instance, we might predict 

that receiving the correct sandwich would elicit a positive emotional reaction (e.g., satisfaction, 

happiness, excitement). In contrast, when the outcome deviates from expectations (e.g., receiving 

a salad instead of a sandwich), we would likely predict that this expectancy violation might lead 

to a particular negative emotion (e.g., confusion, disappointment, anger). The integration of 

expectations and outcomes (Bach & Schenke, 2017) permit the mature observer to generate 

predictions regarding the agent’s emotional consequences (Wellman & Banerjee, 1991). These 

steps are necessary to determine whether the emotional reaction is consistent with these 

predictions (and therefore with the outcome). 

This ability to reason about emotional consequences is apparent by 3 years of age, in 

which children integrate mental state information (e.g., desire, intentions) in order to predict how 

a person will feel in a given situation (Brownell, 2013; Denham & Kochanoff, 2008; Dunn, 

Brown, & Beardsall, 1991; Wellman & Banerjee, 1991). There is some evidence that infants and 

toddlers recognize congruency between emotions and expectations based upon goals or events 

(Chiarella & Poulin-Dubois, 2013; Walle & Campos, 2014). For example, 8- and 10-month-old 

infants looked longer at an agent exhibiting negative versus positive affect in the context of goal-

attainment (Skerry & Spelke, 2014), suggesting that preverbal infants are capable of 
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discriminating congruence of emotions in the context of goal outcomes. However, in a follow-up 

experiment, the 8-month-old infants failed to discriminate between emotional reactions when the 

goal expectation was less clear. These findings raise the question of whether infants use 

outcomes to anticipate the emotional state of others. 

Although the developmental timeline supporting the understanding of emotional 

consequences is unclear, prior work indicates that infants demonstrate event expectancy for 

contexts that involve goal-oriented expectations. Within the first year of life, infants generate 

expectations for events in the world, evidenced by the ability to reason about object motion 

(Carey & Xu, 2001; Spelke, Phillips, & Woodward, 1995) and physically possible outcomes 

(Baillargeon, Spelke, & Wasserman, 1985; Wang, Baillargeon, & Paterson, 2005). Infants also 

begin to build expectations about goal-oriented actions of others during early development 

(Gergely, Nadasdy, Csibra, & Biro, 1995; Sommerville, Woodward, & Needham, 2005; 

Woodward, 1998). By 9 months of age, infants build expectations for what object an agent will 

select (Robson, Lee, Kuhlmeier, & Rutherford, 2014), including changes in object and object 

location. This evidence suggests that infants are capable of generating and updating expectations 

for outcomes in a context-dependent manner.  

Very little is known about the neural correlates supporting infants’ capacity to generate 

predictions of emotional consequences. Prior working utilizing electrophysiology provide 

evidence that infants form expectations and detect emotions (Grossmann, Striano, & Friederici, 

2007; Striano, Reid, & Hoehl, 2006), as reflected by several event-related potential (ERP) 

components. The N400 is a negative-going waveform across centro-parietal electrodes between 

400 and 650 ms that is thought to reflect encoding of semantic information for both language 

(Kutas & Hillyard, 1980a; 1980b) and action states (Gunter & Bach, 2004; Wu & Coulson, 
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2005) and is known to reliably discriminate between matching and mismatching information as 

early as 9-months of age (Parise & Csibra, 2012). The negative central (Nc) component, 

occurring approximately 300-500 ms after stimulus onset across frontocentral electrodes is more 

sensitive to anticipated outcomes (i.e., matching conditions) versus unanticipated outcomes in 

infants age 7 and 9 months (Reid et al., 2009). 

Relatedly, three key ERP components: N290, P400, and Nc (Csibra, Kushnerenko, & 

Grossmann, 2008; Halit, de Haan, & Johnson, 2003) have been implicated in infants’ recognition 

of others’ emotional states. Over posterior lateral electrodes, the negative N290 (~140-380 ms 

post-onset) is implicated in infant discrimination of negative expressions (i.e., angry and fearful 

faces) (Kobiella, Grossmann, Reid, & Striano, 2008), while the positive P400 (~250-450 ms 

post-onset) is known to discriminate emotions in infants by 7 months (De Haan, Johnson, & 

Halit, 2003; Leppänen, Moulson, Vogel-Farley, & Nelson, 2007). The infant Nc, as described 

above, is also sensitive to emotional facial expressions (Nelson & De Haan, 1996) as well as 

emotional prosody (Grossmann, Striano, & Friederici, 2005).  

In the current study, we examine the neural correlates of infants’ ability to understand 

appropriate emotional consequences by measuring these social ERP components. Behavioral 

evidence suggests that the capacity for understanding emotional consequences is present by 

toddlerhood (Wellman & Banerjee, 1991) and evident in incremental improvement between 8 

and 10 months of age (Skerry & Spelke, 2014). We designed a task that revealed information 

incrementally in order to analyze discrete neural correlates of perceptual and cognitive system. 

Critically, this approach assesses whether infants’ appropriately distinguish each event and 

generate an understanding of emotional consequences. Specifically, we were able to verify 

whether infants (1) form appropriate expectations for events, (2) discriminate the difference in 
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emotional reactions, and (3) understand the emotional consequences of whether expectations are 

met or violated. 

We pursued this question in the context of an object-labeling paradigm. First, given 

behavioral evidence that infants have the capacity to form expectations for label-object 

associations between 6-9 months of age (Bergelson & Swingley, 2012; Shukla, White, & Aslin, 

2011), we hypothesized that ERP components sensitive to the perception of semantic congruence 

(e.g., N400, Nc) would discriminate between matching and mismatching conditions (i.e., 

conditions in which objects matched their learned labels versus conditions in which they did 

not). Second, we anticipated that infants would discriminate between positive and negative 

emotions as evidenced by the N290, P400, and Nc components (Csibra et al., 2008; Halit et al., 

2003).  

Lastly, infants’ ability to understand the emotional consequences of whether expectations 

are met or violated has not been tested in infancy using neuroimaging or electrophysiology, 

which in part motivated this current study. We reasoned that if infants successfully formed 

expectations for label-object associations and discriminated emotions then infant neural 

responses (N290, P400, Nc, N400) might also be influenced by the emotional consequences of 

whether expectations are met or violated. In other words, do infants discriminate between 

congruent (i.e., happy with matching object; confused by the mismatching object) and 

incongruent (i.e., confused by the matching object; happy with the mismatching object) 

reactions? By 8 to 10 months, infants demonstrate behaviors that suggest the ability to prediction 

emotional consequences following goal completion (Skerry & Spelke, 2014); thus we predicted 

that 8-9.5 month infants would successfully generate expectations for emotional consequences.  

Method and Materials 
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Participants. Typically developing, healthy infants (N= 29, 15 female) from a larger 

longitudinal study completed this testing battery. One infant was excluded due to poor data 

quality. The remaining 28 infants were between 7 months and 27 days and 9 months and 20 days 

of age (M = 8.83 months, SD = .53). The local ethical review board approved all research 

procedures in compliance with recognized standards, and parental informed consent was 

obtained during the first visit.  

Object stimuli. All infants received two three-dimensional wooden shapes with nontoxic 

washable paint and were sized appropriately for infants that were previously unknown to the 

infant. Infants were randomly placed into one of 16 object counterbalance orders (see SI Table 

1), such that across infant’s objects would vary in multiple dimensions (color, shape, name). 

Nonce bisyllable names with stable and rapid rise times and that varied only in the first 

consonant were used to equate on auditory profile. Half of the infants were trained to the names 

“bigu” and “gigu”; the remaining infants were trained to the names “bugi” and “gugi”.  

Interactive home training. Using a procedure similar to Molfese, Morse, and Peters 

(1990), parents implemented home training procedures to teach their infant the object-name 

association. Parents were instructed to complete training sessions twice a day for 10 minutes 

each day for each item. During training, parents encouraged infants to manipulate the object 

(e.g., hold it, float it in water) while speaking the object name. Each day parents logged the time 

of day, amount of time spent training, and any comments regarding their infant’s behavior or 

feedback on training. There were no requirements regarding the number of times parents had to 

name the label. Parents were instructed to stop training when the infant was no longer engaged 

(i.e., distracted, loss of interest in objects). Parents recorded training sessions using an audio 

recorder. Subsequently, research assistants reviewed audio recordings to evaluate fidelity of 
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training. One final training session with the infants was completed during a warm-up play period 

before the ERP testing.  

Experimental Stimuli. Vignettes were presented using EPrime 2.0 software (Psychology 

Software Tools, Inc., Pittsburgh, PA). Infants watched video vignettes of an actress inquiring 

about closed boxes that subsequently opened to reveal a learned object (Figure 1). The paradigm 

is designed with the assumption that (a) the actress knows the object identities, (b) the objects are 

located in the box, and (c) when told to expect a target object, one should look down towards a 

box to reveal or retrieve the object. For descriptive purposes, we describe the sequences for an 

infant placed in counterbalance order 1 (see SI Table 2) by which the infant learned that a “bigu” 

is an oval yellow object and that a “gigu” is a rectangular green object. The vignettes contained a 

sequence of steps that were each 1 second in duration. (1) The videos began with the actress 

facing the camera with a neutral expression, asking “What is it?” (2) A voice off-screen replied 

by saying, “It’s a bigu” with a neutral tone (Event 1). In this way, the off-screen voice set the 

context for understanding which target object the actress expected to be in the box. (3) The 

actress looked to the left box when the target was “bigu” and to the right box when the target was 

“gigu”. This decision was meant to implicitly build working memory based upon the first 

syllable (i.e., “b” objects are kept in the left box; “g” objects are kept in the right box).  (4) The 

box opened to reveal the object (Event 2), which either matched the target (e.g., “bigu”, the 

beveled yellow object) or the non-target object (e.g., “gigu”, the rectangular green object). The 

actress remained still with a neutral face. (5) The actress reacted to the object with either a 

positive or negative expression (Event 3) while repeating the target name. In the positive 

condition, she smiled, raised her eyebrows, and exclaimed the target name with excitement (e.g., 

“Bigu!”). In the negative condition, she frowned, furrowed her brow, and as a question repeated 
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the target name (e.g., “Bigu?”). 

In order to increase the number of trials while reducing the overall test time, Event 3 

(emotion + naming) was repeated to generate 8 epochs of Event 3 per vignette (i.e., Event 1 à 

Event 2 à Event 3 x 8 times). Interstimulus intervals was at least 1 second, but did not advance 

until the infant was attentive and when EEG data collection was free of movement artifact. Thus, 

eight 12-second vignettes were created (see SI Table 2), varying on three levels: (1) the target 

object identity (Event 1, “bigu” or “gigu”); (2) whether the object revealed in the box matched is 

mismatched the target (Event 2, match or mismatch); (3) and the emotional content of the 

actress’s reaction (Event 3, positive or negative). 

Infants observed four trials of each of the eight vignettes, such that there were equal 

numbers of match/mismatch, positive/negative, and congruent/incongruent comparisons for each 

target label and subsequently for each box. This generated 32 possible epochs for Event 2 

(match/mismatch) comparisons (16 per condition) and 256 possible epochs for Event 3 

comparisons (64 per condition) (positive or negative emotion). The task was 8 to 12 minutes in 

length. 

EEG procedures and post-processing. ERPs were recorded from a high-density 128-

electrode silver/silver chloride net and Net Station 4.4.2 software (Electrical Geodesic Inc.; 

Eugene, OR). Electrode impedances were reduced before each test and remained under 60 

kOhms throughout testing (Ferree, Luu, Russell, & Tucker, 2001). Gain settings were 10K. EEG 

signals were recorded unfiltered and referenced to the vertex. Speakers were positioned over the 

midline of the infant’s head and 1-meter from PZ at 75 dB SPL(A) as measured at the infant’s 

ear. Infants sat comfortably on a parent’s lap. A behavioral assistant redirected the infant’s 

attention back towards the screen between vignettes. A computer assistant promoted the next 
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vignette once the infant was attentive and visually fixed on the screen and was responsible for 

indicating whether the infant attended to each steps during the vignette. The majority of infants 

(n = 25) completed the full experiment; four infants completed 75% of the experiment. 

The recorded EEG signals were filtered offline using a high-pass filter of 0.1 Hz and a 

low-pass filter of 30 Hz. For attended events, ERPs were segmented with 100 ms baseline period 

prior to the stimulus onset. For Event 2, ERPs were time-locked to the visual onset of the object 

(i.e., the box opening) and extended 600 ms post-onset. For Event 3, ERPs were time-locked to 

the visual onset of the actress’s emotional reaction (i.e., the first indication of emotion) and 

extended 900 ms post-onset.  

Following segmentation, automatic artifact detection was conducted to discard segments 

identify as: containing an eye blink (voltage at frontal electrodes exceeding 150 µV) or an eye 

movement (lateral eye channels exceeding 50 µV) implemented in Net Station 4.4.2; and 

segments containing more than 20 bad channels (identified as poor impedances during 

acquisition). Data from bad channels was discarded and replaced via an average interpolation 

method. The signal was re-referenced from the vertex (Cz) to an average reference, and baseline 

corrected. At the single-trial level, additional data cleaning was implemented to remove trials 

with amplitudes greater than 30 µV and less than -30 µV. One infant was removed from analyses 

due to poor data quality. The remaining 28 infants had at least 8 epochs per condition with an 

average of 13 Event 2 epochs per condition (SD = 1.4) and 19 Event 3 epochs per condition (SD 

= 6.7). Lastly, data was averaged within infant across condition to generate waveforms for 

verifying ERP components via grand-average waveforms and for illustrative purposes.  

ERP analytics. ERP components were targeted for events 2 and 3 based upon prior 

literature and time windows were confirmed via visual inspection of grand-average waveforms 
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(see SI Table 3). In response to the visual onset of the object (Event 2), we identified an early 

negative component between 150 and 450 ms resembling the frontal Nc identified previously 

(Reid et al., 2009) and a N400 across centro-parietal electrodes between 350 and 600 ms (Parise 

& Csibra, 2012).  

In response to emotional expression (Event 3), we targeted posterior lateral components 

N290 (200-450 ms) and the P400 (540-650 ms) (De Haan, Pascalis, & Johnson, 2002; Vogel, 

Monesson, & Scott, 2012), as well as the Nc (Grossmann et al., 2007; Grossmann, Striano, & 

Friederici, 2006; Vogel et al., 2012; Webb, Long, & Nelson, 2005). Upon visual inspection, the 

Nc was more prominent across frontocentral electrodes and later in time compared to the Nc 

elicited by Event 2. The frontal P300 was abstracted from 300-550 ms and the frontocentral Nc 

from 400 to 700 ms. 

For all components, peak amplitude was extracted from single trials using Net Station 

4.4.2. A series of multilevel mixed models (MLM) were estimated separately for each event and 

component using SAS 9.4 (SAS Institute; Cary, NC) using restricted maximum likelihood and 

Satterthwaite denominator degrees of freedom. Multilevel analyses extended basic univariate 

modeling (e.g., ANOVA) by exploring alternative variance-covariance structures and permitting 

random effects. Preliminary analyses indicated that there were no significant effects involving 

hemisphere, thus it was not included in the models. All models included a random intercept for 

each individual infant.  

Results 

Expectation for label-object associations. Figure 2 illustrates the grand-average ERP 

waveforms and results for the frontal Nc and centro-parietal N400 elicited by Event 2 (object 

reveal). MLM models were conducted on both components with object outcome (2: match, 
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mismatch) as a within-subject factor. Observed means and standard errors are reported in Table 

1. There was a significant effect of object outcome for the Nc, F(1,139) = 5.57, p = .020, such 

that the negative Nc response was larger for the match condition (M = -12.18 µV, SE = 1.01) 

relative to the mismatch condition (M = -9.21 µV, SE = 1.13). There was no significant effect of 

object outcome for the N400, F(1,83.4)= .72, p = .40. These results confirm that infants build 

expectations for label-object associations. Greater negative Nc amplitude has been interpreted as 

reflecting an increased allocation of attentional resources (Courchesne, Ganz, & Norcia, 1981; 

Grossmann et al., 2007; Reynolds & Richards, 2005), and these results are consistent with prior 

work indicating that infants are sensitive to matching (Reid et al., 2009).  

 Discrimination of positive and negative emotions. Figure 3 illustrates the grand-

average ERP waveforms and results for the posterior lateral N290 and P400, frontal P300, and 

frontocentral Nc elicited by Event 3. MLM models were conducted on all components with 

emotion (2: positive, negative) as a within-subject factor. Observed means and standard errors 

for the emotion discrimination are reported in Table 2. There were no significant effects of 

emotion for the N290 or P400 overall (F(1,188) = .1, p = .75; F(1,187) = .15, p = .70; 

respectively), or in either hemisphere, t’s < .75, p’s > .45.  There was also no significant 

differences for the Nc, F(1,107) = .19, p = .67. 

There was a significant effect of emotion for the P300, F(1,294) = 4.24, p = .040, such 

that the positive P300 response was larger (more positive) for the negative condition (M = 11.51 

µV, SE = .74) relative to the positive condition (M = 9.90 µV, SE = .64).  

In summary, although the targeted components (N290, P400, Nc) were present 

morphologically, only the P300 differentiated positive and negative emotions.  Greater P300 

amplitude is associated with emotional stimuli and thought to reflect the automatic capture of 
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attention (Hajcak, MacNamara, & Olvet, 2010), suggesting that infants allocate more cognitive 

resources to positive expressions.  

Discrimination of whether emotional consequences are met or violated. Our final 

analysis tested whether infants would discriminate between congruent (i.e., happy with matching 

object; confused by the mismatching object) and incongruent (i.e., confused by the matching 

object; happy with the mismatching object) emotional reactions. We conducted MLM models on 

all components observed in response to Event 3, the phase in which all elements (object outcome 

and emotional expression emotion) are established. Grand-average waveforms are illustrated in 

Figure 4. Observed means and standard errors for the object-emotion interaction are reported in 

Table 2. 

None of the MLM models revealed a significant effect of congruence of emotion for a 

given object outcome for the N290, P300, Nc, or N400 components (F(1,188) = .03, p = .887; 

F(1,187) = 2.36, p = .13; F(1,107) = .37, p = .54; F(1,294) = .64, p = .42, respectively). These 

results suggest that 8-9.5 month old infants do not differentiate between congruent and 

incongruent emotional reactions based upon whether expectations were met or violated.  

Bayesian analysis. To verify these null results, a Bayesian analysis was conducted to 

estimate parameters using the package brms() (Buerkner, 2016) in R (version 3.3.1). The 

Bayesian parameter estimation approach permits an opportunity to make inferences and improve 

the understanding of the general MLM parameters by quantifying the joint probability 

distribution (Hoijtink, Klugkist, & Boelen, 2008; Kruschke, 2010). In this approach, the model 

iteratively draws from observed data to update the probability distribution, such that the final 

solution known as the posterior distribution reflects the information before encountering the data 

(i.e., the prior) and the data itself (i.e., the likelihood) (Dyjas, Grasman, Wetzels, Van Der Maas, 
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& Wagenmakers, 2012). In the context of this study, we generated probability distributions from 

a range of candidate values (e.g., amplitudes) to compute the relative credibility of the posterior 

distribution. Posterior distributions that include the null value (i.e., 0 µV) within the highest 

density region (similar to a confidence interval) are considered to have confirmed the null 

hypothesis. Bayesian MLMs for each component (N290, P300, Nc, and N400) were generated 

with fixed effects for congruence of emotion, object outcome, and the subsequent interaction, as 

well as a random intercept for each infant (see Supplemental Materials for full modeling details). 

All models converged successfully (see coefficient traceplots in SI Figure 1), and full results of 

the Bayesian MLM model are provided in SI Table 4. None of the components were significantly 

influenced by emotional congruence as a main effect, aligned with the maximum likelihood 

MLM analyses (see SI Figure 2).  

The Bayesian model for the P300 component indicated an interaction between emotional 

congruence and object outcome in the object mismatch condition (see posterior distributions, 

Figure 5). As illustrated in Figure 6, when an object does not match expectations and the actress 

expresses a negative expression (i.e., confused to see the non-target), the Bayesian approach 

predicts a larger P300, compared to when the object does not match and the actress expresses a 

positive expression (i.e., happy to see the non-target). Taken together with previous findings, 

these results may highlight an increased allocation of attention to negative expressions as 

reflected by the larger P300 (Hajcak et al., 2010) in the specific context in which the object 

expectations are also violated. 

Discussion  

Our study investigated whether infants age 8-9.5 months demonstrate the ability to 

integrate expectations and outcomes to predict emotional consequences. We evaluated distinct 
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stages of processing within-subject and verified that infants responded differentially at several 

stages of the vignette. Our neural findings offer additional evidence that lower-level social 

cognitive processes (e.g., object expectancy and emotion discrimination) are present within the 

8-10 month developmental period. Consistent with prior work, the results confirm that infants (1) 

build expectations for object outcomes as evidenced by the frontal Nc component in response to 

a matching object and verbal label; and (2) discriminate between positive and negative emotion 

reactions as evidenced by the frontal P300 component. We had hypothesized that infants would 

understand the emotional consequences of whether expectations are met or violated, based on 

behavioral evidence of higher-level social cognition processes (e.g., belief representation) after 9 

months of age (Luo, 2011; Onishi & Baillargeon, 2005; Song & Baillargeon, 2007). However, 

our general MLM results did not support this hypothesis – there was no evidence signifying that 

for a given outcome, infants predicted a particular emotional consequence.  

Expectations for label-object associations. Infants did learn the nonce label-object 

associations over a brief real-world exposure, previously demonstrated behaviorally at 6 months 

of age (Bergelson & Swingley, 2012; Shukla et al., 2011). We extended this work by 

demonstrating that this training was sufficient for infants to form expectations about the 

appearance of that object after a verbal label within a laboratory experiment. Thus, learning was 

generalized to a new context and environment. The frontal Nc component has previously been 

identified as being sensitive to anticipated outcomes in infants age 7 and 9 months of age (Reid 

et al., 2009). More broadly, the Nc is often implicated during attention reorientation to salient 

stimuli (Richards, 2003; Richards, Reynolds, & Courage, 2010; Webb et al., 2005). Along those 

lines, it may be the case that expected outcomes or goal-fulfillment is more salient that violated 

expectations for infants in this age range.  
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Contrary to our hypothesis, the N400 component was not sensitive to whether the 

outcome matched expectations. One possibility is that infants are responding to an association 

between the label and object (evidenced by the Nc) without a deeper semantic understanding of 

the word. Although the presence of the N400 has been noted before the vocabulary spurt (at 

approximately 12-13 months) (Friedrich & Friederici, 2006; Mills, Conboy, & Paton, 2005), it is 

more reliably observed once infants are capable of semantic priming after 14 months of age 

(Friedrich & Friederici, 2005; Wu & Coulson, 2005). Another possible explanation is that the 

N400 is constrained by long-term memory capacity that is not yet available. For instance, in one 

word association study of 6-month-olds, the N400 was observed in 6 month olds during 

laboratory word training, but not the subsequent memory test the following day (Friedrich & 

Friederici, 2011). Regardless, the lack of the N400 suggests that despite the infants’ ability to 

associate labels with objects, there may be limitations on extracting deeper semantic meaning 

from the outcome. 

Discrimination of positive from negative emotions. The frontal P300 component 

discriminated between emotional expressions (Event 3) with greater amplitude for negative 

compared to positive emotions. Contrary to our hypotheses, none of the predicted ERP 

components implicated in emotional discrimination (i.e., N290, P400, Nc) differed between 

emotion conditions. This is not entirely surprising considering that our stimuli were dynamic and 

multimodal; the majority of ERP work in the emotion discrimination of infants of this age has 

utilized visual static stimuli (de Haan & Nelson, 1998; Field et al., 1983; Friederici, 2005; Parise 

& Csibra, 2012; Peltola, Leppänen, Palokangas, & Hietanen, 2008). Dynamic stimuli may distort 

the critical configural low-level information that elicits the classic face-specific components 

(Whalen et al., 1998). 



INFANT ERP CORRELATES OF EMOTIONAL CONSEQUENCES  Hudac 17 

 

Additionally, it is important to note that infants discriminated between a clear, canonical 

emotional signal (i.e., happiness) and a more subtle emotion (i.e., confusion), which has not 

previously been evaluated at this age with electrophysiology. Confusion is a complex expression 

signifying a lack of comprehension regarding action or events in the world (Rozin & Cohen, 

2003), and is important in assessing belief understanding. The dynamic nature of the emotion in 

the current study may have provided a scaffold for infants’ discrimination of the proximal 

emotional expressions of happiness and confusion (also see Gepner, Deruelle, & Grynfeltt, 

2001).  

Emotional Outcome Expectation. The absence of discrimination between congruent 

and incongruent events indicates that the link between expectations, outcomes, and others’ 

emotional reactions is not observed within this developmental period via electrophysiological 

measurement. While there is behavioral evidence that 8-month-old infants detect a negative 

emotional reaction to be incongruent with goal-fulfillment, it may be that the goal must be 

clearly defined (e.g., Skerry & Spelke, 2014).  

In the current study, it is possible that the infant did not expect the emotional outcomes in 

the vignettes. That is, the object–label match (or mismatch) was differentiated (Nc) and the 

emotional expression of the actress was processed (P300), but in the final phase (Event 3), the 

preceding match / mismatch (Event 2) did not contribute any additional significance to the 

emotional expression. It is possible infants could not maintain information in memory even with 

the repeated target label in event 3. Alternatively, it is possible that the neural correlates are more 

sensitive to the perception of the emotional expression, rather than the prediction of an 

emotional consequence.  
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In order to better understand the null findings, we evaluated our data using Bayesian 

inferences and parameter estimation (Kruschke, 2011). In this way, we tested the credibility of 

the posterior distribution to verify the null results of the MLM approach. The Bayesian approach 

in large part supported our initial finding that the neural correlates were not sensitive to 

emotional consequences. However, the model did indicate a unique sensitivity to emotional 

consequences for the P300 component. Specifically, the largest response was predicted in the 

congruent emotion (i.e., negative) object-label violation. One possibility is that this condition 

involves a violation of object expectancy and a negative expression, which may prove to be a 

more complex situation for infants to encode. An alternative interpretation is that the negative 

emotion is stronger than the response to the violation of the expected emotional consequence. 8- 

and 10-month-old infants in the Skerry and Spelke study (2014) looked longer at negative 

expressions following successful goal completion, which may support the hypothesis that the 

P300 effect is driven more by the negative expression than the emotion consequence.  

Implications of infant limitations on belief reasoning in infancy. Most theoretical 

accounts suggest that the integration of expectations, outcomes, and the subsequent emotional 

consequences are prerequisites for higher-order social information processing, such as mental 

state representation. On the one hand, several explanations describe separable affective (i.e., 

recognizing feelings of others) and cognitive (i.e., inferences regarding mental states such as 

desires, beliefs, or intentions) subcomponents (Brothers & Ring, 1992; Phillips, Channon, 

Tunstall, Hedenstrom, & Lyons, 2008). These systems are supported by adult neuroimaging 

studies that implicate distinct networks of brain regions that dissociate these subcomponents 

(Bodden et al., 2013; Shamay-Tsoory & Aharon-Peretz, 2007). These dual-system accounts 

necessitate a mechanism by which social cognition subcomponents are integrated, potentially 
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subserved by other neural systems (e.g., executive functions, causality detection) (Van 

Overwalle, 2009). Other authors suggest that the integration of social information is a precursor 

for higher-order social cognition (Baron-Cohen, Golan, & Ashwin, 2009; C. D. Frith & Frith, 

2006; Mitchell & Phillips, 2015). For one, Apperly and Butterfill (2009) proposed a model that 

involves multiple subsystems responsible for rapid encoding of information (e.g., detection of 

goals, desires, or beliefs). The authors suggest that the integration of this social information 

supports the efficiency and flexibility necessary to represent mental states, as a cognitively 

demanding process.  

Our findings suggest that at least one aspect of this integration processing stage is 

insufficient for infants age 8-9.5 months old and raises a question of when in development 

infants are capable of predicting emotional consequences of met or failed expectations or other 

representations of mental states. It is clear that by age 3 years toddlers recognize when another 

person’s emotional reactions are inconsistent with the context (Hepach, Vaish, & Tomasello, 

2013). In fact, 3-year-olds will spontaneously exhibit suspense in anticipation of an agent 

discovering their belief is false, but only in conditions in which the agent possessed a specific 

expectation that was inconsistent with reality (Moll, Kane, & McGowan, 2015). Recent work by 

Scott (2017) suggests that by 20 months of age, infants anticipate that an actress should respond 

with surprise when she discovers she holds a false belief. Across a series of experiments, Skerry 

and Spelke (2014) examined whether 8- and 10-month old infants build expectations for 

emotional reactions based upon goal success (e.g., happiness) or failure (e.g., disappointment). 

They found that the younger infants only partially succeeded in predicting emotional 

consequences, dependent on the context and clarity of the goal-directed action. Taken together 

with our findings, the developmental period between 8-10 months of age may be a critical 
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developmental window during which the prerequisite skills become more operational in support 

of generating predictions for emotional consequences. 

More broadly, theses results contain implications for the emergence and ongoing 

development of belief reasoning abilities between infancy and childhood. From the present 

study, infants should possess the ability to distinguish between expected and unexpected (e.g., 

match versus mismatch) outcomes but may have limited resources to understand unexpected 

emotional consequences for particular outcomes. Compared to representation of object 

expectancy (Spelke et al., 1995; Stahl & Feigenson, 2015) and goal achievement (Gergely et al., 

1995; Sommerville et al., 2005; Woodward, 1998), far less is known about the emergence of 

complex belief understanding skills related to mental state expectations during the first year of 

life. Comparisons should reflect belief representation per se, rather than infants’ sensitivity to 

object expectancy violations, more broadly. Within the context of our findings, we would predict 

infants’ looking time due to violation of object expectations (e.g., Kovács, Téglás, & Endress, 

2010) to correspond with the Nc that differentiated between object—label match (or mismatch), 

but that neural correlates are insufficient at 8 to 9.5 months-old to predict emotional 

consequences or build belief representations.  

Conclusion. In sum, our study confirmed that infants’ age 8-9.5 months possess the 

abilities to build expectations for particular outcomes and discriminate positive and negative 

emotions. Although these results clarified the neural correlates at this basic level, infants do not 

fully integrate this essential social information to predict appropriate emotional consequences. It 

is still unclear how much infants understand and reason about emotional consequences following 

expected and unexpected events. Thus, the current findings suggest that there are some limits on 

higher-order social information abstraction and integration in late infancy.   
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Table 1. Characterization of Event 2 (Outcome) ERP components. Means and standard error 
(SE) are presented in microvolts.  
Component Region Match Mismatch p-value 
Nc Frontal -12.19 (1.01) -9.21 (1.13) 0.02 
N400 Centro-parietal -6.26 (1.4) -7.22 (1.57) 0.40 
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Table 2. Characterization of Event 3 (Emotion x Congruence) ERP components. 
Means and standard error (SE) are presented in microvolts. 

 Emotion Discrimination Object-Emotion Interaction 
Negative Positive p-value Congruent Incongruent p-value 

N290 -10.58 (1.65) -10.17 (1.76) 0.73 -10.5 (1.63) -10.25 (1.78) 0.87 
P300 11.54 (1.78) 9.89 (1.57) 0.03 11.08 (1.79) 10.35 (1.56) 0.13 
fc-NC 2.38 (1.15) 1.85 (1.16) 0.65 1.77 (1.37) 2.46 (0.94) 0.54 
P400  6.77 (1.93) 6.18 (1.79) 0.68 7.42 (1.98) 5.54 (1.74) 0.42 
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Figure legends 

Figure 1. Paradigm structure for event-related potentials (ERP) task. This example 

illustrates the paradigm structure for an infant from counterbalance order 1 who learned 

that a “bigu” is a beveled oval object and that a “gigu” is a rectangular green object. 

Panel A: The vignette began with the actress inquiring, “What is it?” Panel B: During 

Event 1 (target announced), a voice off-screen responded “It’s a bigu” and the actress 

shifted her gaze. Panel C: During Event 2 (object outcome event), the object was 

revealed to either match or mismatch the expected target. Panel D: During Event 3 

(outcome—emotion event), the actress subsequent responded with either a positive or 

negative affect, repeating the target name as an exclamation or question, respectively. 

Panel E: This schematic demonstrates the timing of the ERP vignettes, highlighting that 

Event 3 was repeated 8 times. Each time-step represents 1 second of the 12 second 

vignette. 

Figure 2. Response to object outcome (Event 2). Panel A: Grand-averaged waveforms 

(-100 baseline to 600 ms post-outcome reveal) are presented to illustrate the Nc across 

frontal (top row) electrodes and the N400 across centro-parietal (bottom row) electrodes 

for match (black) and mismatch (light gray) conditions.  

Figure 3. Response to emotion (Event 3). Panel A: Grand-averaged waveforms (-100 

baseline to 900 ms post-emotional reaction) are presented to illustrate the P300 and Nc 

across frontal (top row) electrodes and the N290 and P400 across posterior lateral 

(bottom row) electrodes for negative (black) and positive (light gray) conditions. Note: 

Statistical analyses were conducted for the Nc extracted across frontocentral electrodes 

but is evident in frontal electrodes as well.  
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Figure 4. Congruence of emotional reaction for a particular outcome (Event 3). 

Panel A: Grand-averaged waveforms (-100 baseline to 900 ms post-emotional reaction) 

are presented to illustrate the frontal P300 and fronto-central Nc across frontal (fc-Nc, top 

row) electrodes and the N290 and P400 across posterior lateral (bottom row) electrodes 

for congruent (black) and incongruent (light gray) conditions.  

Figure 5. Bayesian MLM posterior distributions for P300. Posterior distributions 

estimations are presented for Bayesian parameters (interaction term, top; main effect of 

object outcome, middle; main effect of emotional congruence, bottom). Medians and 

75% highest density region are highlighted.  

Figure 6. Bayesian Estimated P300 amplitude. Bayesian estimated P300 amplitudes 

are plotted based upon congruence with expected emotional consequence for different 

object outcome contexts. Smiles and frowns are inset into the bar graph to specify the 

actress’s emotional expression for each condition. Error bars represent the 95% highest 

density region of the posterior density. 


