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Abstract

Depression is characterized by low positive emotionality (PE) and high negative emotionality 

(NE), as well as asymmetries in resting electroencephalography (EEG) alpha power. Moreover, 

frontal asymmetry has itself been linked to PE, NE, and related constructs. However, little is 

known about associations of temperamental PE and NE with resting EEG asymmetries in young 

children and whether this association changes as a function of development. In a longitudinal 

study of 254 three-year old children, we assessed PE and NE at age 3 using a standard laboratory 

observation procedure. Frontal EEG asymmetries were assessed at age 3 and three years later at 

age 6. We observed a significant three-way interaction of preschool PE and NE and age at 

assessment for asymmetry at F3-F4 electrode sites, such that children with both low PE and high 

NE developed a pattern of increasingly lower relative left-frontal cortical activity over time. In 

addition, F7-F8 asymmetry was predicted by a PE by time interaction, such that the frontal 

asymmetry in children with high PE virtually disappeared by age 6. Overall, these findings suggest 

that early temperament is associated with developmental changes in frontal asymmetry, and that 

the combination of low PE and high NE predicts the development of the pattern of frontal 

symmetry that is associated with depression.
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Many vulnerability factors for depression have been identified, but few studies have 

examined associations among them or how one influences the development of others. There 
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is increasing interest in examining biobehavioral systems (e.g., positive and negative valence 

systems) across multiple levels of analysis to inform understanding of the development of 

psychopathology (Insel et al., 2010). In this paper, we consider two sets of vulnerability 

factors for depression that represent different units of analysis - temperamental emotionality 

(behavior) and resting frontal EEG asymmetry (physiology) - and explore whether 

temperament is associated with developmental changes in asymmetries in early childhood.

Depression and Temperament

Depression is associated with high levels of negative emotionality (NE) and low levels of 

positive emotionality (PE) (Klein, Kotov, & Bufferd, 2011; Kotov, Gamez, Schmidt, & 

Watson, 2010). NE is a temperament trait that refers to a tendency to experience sadness, 

fear, anger, and reactivity to stress, whereas PE refers to the tendency to experience joy, 

engagement with the environment, and sensitivity to reward. In addition to cross-sectional 

associations, longitudinal research indicates that low PE and high NE predict the first onset 

of depression and/or increases in depression symptoms (Goldstein, Kotov, Perlman, Watson, 

& Klein, (in press); Hakulinen et al., 2015). While either trait alone can predict depression, 

some researchers have reported that they interact such that depression is associated with the 

combination of low PE and high NE (Gershuny & Sher, 1998; Joiner & Lonigan, 2000; 

Vasey et al., 2013).

Depression and Resting EEG

Depression has also been associated with asymmetries in EEG alpha power measured at rest 

(Allen & Reznik, 2015; Thibodeau, Jorgensen, & Kim, 2006). Power in the alpha frequency 

band is thought of as the inverse of cortical activity (Laufs et al., 2003). Lower relative left-

frontal cortical activity is found in currently depressed individuals (Henriques & Davidson, 

1991; Thibodeau et al., 2006), persists after remission from depression (Henriques & 

Davidson, 1990), is present in offspring of depressed mothers (Goldstein et al., 2016), and 

predicts subsequent onset of major depressive disorder (Nusslock et al., 2011). In 

Davidson’s (1994) influential model, lower relative left-frontal activity is thought to index a 

reduced propensity to engage in approach behavior or a disposition to withdrawal behavior.

PE, NE, and Resting EEG asymmetries

There is a modest literature examining relationships of trait NE and PE with resting EEG 

asymmetries in adults. Higher NE and/or lower PE have been associated with lower relative 

left-frontal cortical activity (Jacobs & Snyder, 1996, but see Schmidtke & Heller, 2004), and 

these associations might be strongest for those who exhibit the greatest discrepancy between 

PE and NE (Tomarken, Davidson, Wheeler, & Doss, 1992). Relatedly, self-reports of trait 

behavioral activation system sensitivity, which overlaps conceptually with PE, are associated 

with greater relative left-frontal activity, and behavioral inhibition system sensitivity, a 

construct related to NE, is associated with lower relative left-frontal activity (Coan & Allen, 

2003; Harmon-Jones & Allen, 1997; Hewig, Hagemann, Seifert, Naumann, & Bartussek, 

2006; Sutton & Davidson, 1997, but see Wacker, Chavanon, & Stemmler, 2010). It should be 

noted, however, that not all components of NE are associated with lower relative left-frontal 
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activity. Anger, which has been posited to be an approach emotion, appears to be related to 

higher relative left-frontal activity (Harmon-Jones, Gable, & Peterson, 2010).

Frontal asymmetry is also associated with response to emotionally salient stimuli in 

laboratory settings. For instance, in adults, lower relative left-frontal activity has been shown 

to predict increased negative affect in response to emotional film clips (Tomarken, Davidson, 

& Henriques, 1990) and decreased sensitivity to reward (Shankman, Klein, Tenke, & Bruder, 

2007). However, less is known about how NE or PE are related to EEG asymmetries in 

children.

Temperament and Resting EEG in Children

In children, most studies of temperament and resting EEG asymmetries have focused on 

Kagan’s construct of temperamental behavioral inhibition (Kagan, Reznick, Clarke, 

Snidman, & Garcia-Coll, 1984), which emphasizes the fearfulness component of NE, but 

also includes aspects of low PE and high constraint (Laptook et al., 2008; 2010). In these 

studies, behaviorally inhibited children have generally exhibited lower relative left-frontal 

cortical activity (Calkins, Fox, & Marshall, 1996; Hane, Fox, Henderson, & Marshall, 2008), 

whereas uninhibited (or exuberant) children had greater relative left-frontal activity (Fox et 

al., 1995).

Only a few studies have examined associations of NE and PE with frontal asymmetry in 

children, generally failing to find significant associations (Shankman et al., 2005, 2011). 

Shankman et al. (2005) classified three-year-old children as either low or high on PE using a 

behavioral observation measure; three years later, 29 of the children received a resting EEG 

assessment. The groups did not differ on frontal asymmetry. In an earlier article using the 

sample in this paper, Shankman et al. (2011) examined resting EEG, PE, and NE in 329 

three-year-olds. Again, they found no evidence for associations between PE or NE with 

frontal asymmetry. However, few studies have examined associations of PE and NE with 

frontal asymmetries as a function of development, which may clarify why results differ in 

children compared to adults.

Developmental changes of neurobiological systems of PE and NE

The lack of longitudinal research in youth is problematic as marked neural changes occur 

during development, including to cortical and subcortical regions that are linked to processes 

associated with PE and NE (Sowell et al., 2004). Structural and functional imaging studies 

of the regions and networks involved in the processing of emotions broadly, and reward 

(associated with PE) and punishment (associated with NE) more specifically, suggest that 

different brain regions develop along varying trajectories (often following an inverted U 

shape) which peak at different ages for different regions (Giedd & Rapoport, 2010; 

Somerville & Casey, 2010). Specifically, structures like the prefrontal cortex (important for 

emotion processing, cognitive control, motivation, and modulation of contingency learning) 

reach maturity later than subcortical regions such as the amygdala (associated with emotion) 

or the ventral striatum (associated with reward/punishment processing). In addition to 

differences in structure, task elicited activity and functional connectivity between areas 

Goldstein et al. Page 3

J Abnorm Child Psychol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



related to PE and NE often differ with age (Galvan et al., 2006; Heller, Cohen, Dreyfuss, & 

Casey, 2016; Van Der Schaaf, Warmerdam, Crone, & Cools, 2011).

Moreover, there is evidence that frontal asymmetry changes in early childhood. First, the 

test-retest stability of EEG asymmetries in children is modest (McLaughlin, Fox, Zeanah, & 

Nelson, 2011; Müller, Kühn-Popp, Meinhardt, Sodian, & Paulus, 2015; Vuga, Fox, Cohn, 

Kovacs, & George, 2008). Additionally, some investigators have reported changes in the 

correlates of frontal asymmetry. Specifically, the associations of frontal asymmetry with 

temperamental behavioral inhibition, early life stressors, parenting, and maternal depression 

vary in magnitude across childhood (Diego, Field, Jones, & Hernandez-Reif, 2006; Fox, 

Henderson, Rubin, Calkins, & Schmidt, 2001; Goldstein et al., 2016; McLaughlin et al., 

2011).

To address the issue of change in asymmetries and the impact of development on the 

relationship between asymmetry, NE and PE requires longitudinal studies with multiple 

EEG assessments spaced over time. In the only study of young children to examine NE and 

resting EEG on several occasions, Lusby et al. (2016) found that the relationship between 

NE and EEG changed over time. At 3 months of age, higher NE was associated with lower 

relative left-frontal cortical activity in offspring of depressed mothers, but by 12 months of 

age the effect was reversed such that higher NE was associated with greater relative left-

frontal activity. This study suggests that the relationship between NE and EEG frontal 

asymmetry may change considerably in early childhood and highlights the need for multiple 

assessments across development. To our knowledge, no previous studies have examined 

associations between PE and frontal asymmetry repeatedly across development.

The Present Study

In the current study, we assessed PE, NE and resting frontal asymmetry in 3-year-old 

children and then repeated the EEG assessment at age 6. As depression may be associated 

with high NE and low PE, as well as lower relative left-frontal activity, we hypothesized that 

NE would be positively, and PE negatively, associated with lower relative left-frontal 

activity. Moreover, as depression may be associated with an interaction of low PE and high 

NE, we examined whether this combination of traits was associated with the lowest level of 

relative left-frontal activity. Based on suggestive evidence that frontal asymmetry changes 

over time, we anticipated that PE, NE, or their combination may be associated with frontal 

asymmetry in different ways across development. Lastly, some researchers view anger as an 

approach-related emotion, whereas fear and sadness are withdrawal-related emotions 

(Harmon-Jones et al., 2010; Lewis & Ramsay, 2005). Therefore, we conducted additional 

analyses in which we examined the anger, sadness, and fearfulness components of NE 

separately.

Methods

Recruitment, sample demographics, and assessments have been described previously (Olino, 

Klein, Dyson, Rose, & Durbin, 2010; Shankman et al., 2011). An unselected community 

sample of 559 3-year-old children living on Long Island, New York were recruited for a 
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longitudinal study of the development of temperament and psychopathology. At the age 3 

baseline assessment, resting EEG and the Laboratory Temperament Assessment Battery 

(Lab-TAB; Goldsmith, Reilly, Lemery, Longley, & Prescott, 1995), were administered. 

Approximately, 3 years later when the children were age 6, resting EEG was re-assessed. 

The participating parent was given a thorough overview of the study procedures and then 

provided written consent at both time points. All procedures were approved by Stony Brook 

Universities, Committees on Research Involving Human Subjects.

At baseline, 404 children completed both EEG and the Lab-TAB, of whom 333 completed 

EEG at follow-up. Conventionally, in EEG frontal asymmetry research, left-handed or 

ambidextrous children are excluded as their hemispheric lateralization is unclear. 

Handedness was determined by observing which hand/foot a child used to throw a ball, draw 

a circle, pretend to use scissors, open a jar, kick a ball, and look through a paper towel 

(Longoni & Orsini, 1988). As such, 70 children were removed. An additional child’s EEG 

data were lost due to technical problems and one child was removed for being an outlier 

(this child’s EEG data was an order of magnitude above the largest value observed in any 

other child). As we regard temperamental emotionality and EEG asymmetries as 

vulnerabilities to depression, we excluded seven children who had already been diagnosed 

with depression via the Preschool Age Psychiatric Assessment (PAPA; Egger & Angold, 

2004). Therefore, the final sample for this study is 254 children. Children with complete 

data were similar to those missing data regarding racial/ethnic minority status (11.8% vs. 

14.1% non-Caucasian and/or Hispanic; χ2 (1, N = 559) = .64, p > .05), parental marital 

status (94.5% vs. 94.2% married; χ2 (1, N = 517) = .02, p > .05), and the proportion of 

families where both parents held a college degree (37.2% vs. 29.5% with four-year degrees; 

χ2 (1, N = 545) = 3.64, p > .05). However, those missing data were more likely to be male; 

(57.7% vs. 49.2% male; χ2 (1, N = 559) = 4.02, p = .05). Gender was not associated with 

asymmetry when included as a covariate so it was dropped from final models. In the final 

sample, children were a mean 3.52 (SD=0.26) years of age at baseline and 6.02 (SD = 0.38) 

years at follow-up.

Measures

Laboratory Temperament Assessment Battery (Lab-TAB)—The Lab-TAB consists 

of a series of age-appropriate, standardized episodes that assess temperament-relevant 

emotional displays and behavior (Gagne, Van Hulle, Aksan, Essex, & Goldsmith, 2011; 

Goldsmith et al., 1995). Lab-Tab scores are associated with other methods of assessing 

temperament and are moderately stable over time (Durbin et al., 2007; Dyson et al., 2015). 

Children participated in 12 episodes, which were video-recorded and separated by brief 

breaks to reduce carryover effects.

Each episode is described in order of administration, along with the types of displays it tends 

to elicit. Risk room (behavioral inhibition/fear; activity level): Children are presented with 

ambiguous novel stimuli (e.g. a Halloween mask, a staircase, a black box) and allowed to 

explore. Tower of Patience (inhibitory control; interest): the child and experimenter build a 

tower, but the experimenter stalls by taking progressively more time to place the next block. 

Arc of Toys (PE; NE): the child is given permission to play independently with toys for 5 
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minutes and then has to clean up. Stranger Approach (behavioral inhibition/fear): the child is 

left alone in a room and a male research assistant enters and slowly walks toward the child. 

Make that Car Go (PE; interest): the child and experimenter race remote controlled cars. 

Transparent Box (persistence; interest; NE): the child picks a toy, which is then put in a box. 

The child is given a set of nonworking keys to open the box. Later, the child is offered the 

correct key. Exploring new Objects (behavioral inhibition/fear): the child is presented with 

novel stimuli, including objects in a cage that could be rodents, a mechanical spider, and 

sticky gel balls. The experimenter encourages the child to play. Pop up Snakes (PE): the 

experimenter shows the child a trick-container that is spring-loaded with “snakes.” The 

experimenter encourages the child to scare the parent. Impossibly Perfect Green Circles 

(NE; persistence): the experimenter asks the child to draw circles, but mildly criticizes the 

child after each circle is drawn. Popping Bubbles (PE; interest): the child and experimenter 

play with a bubble maker. Snack Delay (inhibitory control): the child is instructed not to eat 

until a bell is rung. Box Empty (NE): the child is given a wrapped gift box that is empty. The 

experimenter then gives the child toys to keep.

Behavioral coders were required to achieve 80% or higher agreement with an expert rater on 

all codes within an episode before coding independently (Dyson et al., 2015). Specific 

facial, vocal, and bodily indicators of affect and behavior (anger, fear, sadness, positive 

affect/exuberance, interest/engagement) were separately coded and aggregated to form the 

PE and NE composite variables. More specifically, each instance of facial, bodily, and vocal 

positive and negative affect was rated on a 3-point intensity scale (low, moderate, and high) 

and summed within episodes. Then an average was taken across episodes in each channel 

(e.g. an average fear facial score derived from each episode). Lastly, scores for affect in each 

channel were standardized and used to create an average for all affect indicators. For 

example, a participant’s fear score was calculated by standardized facial fear + standardized 

vocal fear + standardized bodily fear and divided by 3. Interest/engagement was assessed 

using a 4-point scale (none, low, moderate, and high) for each episode, which were then 

summed across all episodes. It was rated based on children’s vocalizations and behavior 

during the episode. Anger, fear, and sadness were combined to produce NE, and positive 

affect and interest/engagement were combined to produce PE. To reduce positive skew, NE 

was natural log transformed. PE and NE were found to possess adequate internal consistency 

(Cronbach alphas = .82 for both PE and NE) and inter-rater reliability (inter-class 

correlations = .89 for PE and .74 for NE). Inter-rater reliability was established on 

independent coders’ ratings of each episode for 35 participants. The descriptive statistics for 

and correlations among the temperament data can be found in Table 1. The results suggest a 

wide range of emotional/behavioral responses in the sample. Additionally, all three facets 

are strongly related to NE, but the associations amongst the facets vary considerably. 

Specifically, sadness is significantly associated with anger and fear, but fear and anger were 

not significantly correlated.

Resting EEG assessment—EEG was recorded in a sound attenuating chamber for 6 

minutes while children sat at rest alternating between 1 minute blocks of eyes open and 

closed. EEG was recorded using a 32 electrode channel Lycra cap following the 10/20 

labeling system (American Electroencephalographic Society, 1994). An extra electrode 
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served as a reference on the nose. Blinks were captured by two electrodes above and below 

the left eye, one to the left of the left eye, and one to the right of the right eye. The Active 

Two system (Biosemi, Amsterdam, The Netherlands) was used to collect data at a sampling 

rate of 512 Hz. A 0.16-40 Hz bandpass filter was applied to all channels.

For further offline processing, Biosemi data was converted to Neuroscan 4.1 (Charlotte, NC) 

using PolyRex (Kayser, 2003). Data was segmented into 1.024-s epochs with each epoch 

overlapping by 50% to maximization data retention. Artifacts caused by blinks or other 

obvious movements were removed from the segmented data by visual inspection. A fast 

Fourier transform was applied to the data to compute power spectra. The alpha band was 

defined as ranging from 6-10 Hz, which is recommended for this age range (Marshall, Bar-

Haim, & Fox, 2002). Average of alpha power was for each channel. Descriptive statistics for 

EEG power at each recording electrode are presented in Table 2. Intraclass correlations for 

the stability of asymmetry scores (Table 2) were similar, but somewhat smaller, than 

previous studies.

Data analysis

Frontal asymmetry was computed by taking the difference of natural log transformed pairs 

of frontal electrodes (medial, F3-4 and lateral, F7-8 pairs) calculated as Ln(right) – Ln(left). 

Scores are interpreted so that positive scores indicate greater relative left cortical activity, 

negative scores indicate lower relative left cortical activity, and scores close to zero represent 

similar levels of left and right activity. To examine asymmetries, we used multi-level 

modeling (MLM; Mplus version 7.31) with maximum-likelihood estimation. This analytic 

approach is common in the asymmetry literature in part because it is more powerful than 

repeated measures ANOVA (Bagiella, Sloan, & Heitjan, 2000) and in our case, allows for a 

more precise model of age and the interval between assessments. In cross-sectional studies 

of frontal asymmetry, a two-level model may be sufficient to account for within subject 

variance related to recording conditions. However, our data was clustered within recording 

sessions and within subjects, requiring an additional level. Therefore, we used a three-level 

model to account for clustered data within recording sessions (alternating blocks of different 

eye conditions at each time) and within each participant (two time points per child). In our 

omnibus model, the data were structured in “long format” such that asymmetry scores for 

eye condition (open or closed), electrode position (F3-4 or F7-8), and assessment time point 

(age 3 or 6) were stacked. The first level predictor was eye condition (open vs. closed), the 

second level predictor was participant age at assessment and the third level predictors were 

NE, PE, and their interaction. Full factorial omnibus models were specified, resulting in 32 

predictors (the full factorial design allows for testing developmental effects in two- or three-

way cross level interactions between age at assessment, NE, and PE).

The age of each child at the assessment was used as the time variable. Age was mean 

centered to the samples’ average age at baseline. Age was a random effect variable, so that 

the effect of age on hemispheric asymmetries could vary for each participant (Singer & 

Willet, 2003). PE, NE, and eye condition were treated as fixed effects variables.

We initially ran an omnibus model for frontal asymmetry that collapsed across the F3-F4 

and F7-F8 electrode pairs. However, it is often found that effects differ for different 
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electrode pairs (Shankman et al., 2011); therefore, if the electrode pair variable was 

significant in interactions with substantive variables we planned to run follow-up models 

separating the electrode pairs. In tables of follow-up MLMs only substantive variables are 

shown. Follow-up analyses of significant interactions used Preacher’s approach (Preacher, 

Curran, & Bauer, 2006). For a three-way interaction, values are selected for two independent 

variables (W1 and W2) such that the relationship of a third independent variable (X) to the 

outcome variables can be interpreted at specified levels of W1 and W2. For instance, NE and 

PE can be specified as low or high so the effect of age on FA is then interpreted as a function 

of the level and combination of NE and PE.1 We also ran models examining the facets of NE 

(sadness, fear, and anger) for electrode pairs that were predicted by NE in the primary 

analyses.2

Results

Overall Frontal Models

The overall MLM for frontal asymmetry can be found in Table 3. There were no significant 

main effects for temperament or age. However, significant interactions with electrode 

position suggest that the effects of age and temperament for frontal asymmetry can be best 

interpreted by examining each electrode pair separately. Therefore, separate MLMs for F3-

F4 and F7-F8 were conducted.

Frontal Asymmetry NE, PE, and age

The MLM for F3-F4 found that the main effects of age, PE, and NE, were not significant 

(Table 4). The age by NE interaction was significant, but this was qualified by a significant 

three-way age by PE by NE interaction. Follow-up simple slopes were calculated at 1 SD 

above and below the mean of NE and PE (Figure 1). Follow-up analyses indicate that 

children with both low PE and high NE developed a pattern of increasingly lower relative 

left-frontal cortical activity with age (b=−0.039, SE=0.012, p=.001). However, age was not 

associated with frontal asymmetry for any other combination of PE and NE. Specifically, the 

effect of age on frontal asymmetry was not significant for those with high PE and high NE 

(b=0.010, SE=0.013, p=0.45); high PE and low NE (b=0.003, SE=0.012, p=.82); or low PE 

and low NE (b=0.015, SE=0.013, p=.23). We further examined the effects of PE/NE at ages 

3 and 6. At age 3, neither children with low PE (b=0.054, SE=0.052, p=.33), nor those with 

high PE (b=−0.043, SE=0.054, p=.44) differed on frontal asymmetry as a function of NE. At 

age 6, children with high PE again did not differ on frontal asymmetry as a function of NE 

(b=−0.008, SE=0.076, p=.92). However, among six-year-olds with low PE, those with high 

1In a previous paper, we found that maternal history of depression was associated with change in frontal asymmetry over time in an 
overlapping sample (Goldstein et al., 2016). To ensure that the effects in the current analyses were not driven by maternal depression, 
we ran additional models which included maternal depression and a maternal depression by age interaction as covariates. The results 
were largely unchanged by these covariates, suggesting that main effects of PE and NE, and their interactions with age, were not 
driven by maternal history of depression.
2Parietal asymmetry has also been linked to depression; although, the evidence tends to be more inconsistent and it is less frequently 
studied (Thibodeau et al., 2006). Our group has previously found a relationship between temperament and parietal asymmetry 
(Shankman et al., 2005, 2011); therefore, we also ran additional models examining NE and PE with parietal asymmetry. We did find 
interactions between age and NE, but it was limited to P7-P8, whereas P3-P4 exhibited no associations with temperament. When 
conducting follow-up analyses at the P7-P8 pair, participants with low NE exhibited a pattern of greater relative left cortical activity 
that attenuated with age.
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NE had lower relative left-frontal cortical activity compared to those with low NE (b=

−0.213, SE=0.076, p< .005).

The model for F7-F8 revealed that main effects of age, PE, and NE, were not significant 

(Table 4). However, there was a significant age by PE interaction (Figure 1). Follow-up 

analyses indicated that for children exhibiting high PE, frontal asymmetry shifted from 

lower relative left-frontal activity to a nearly even balance in cortical activity across 

hemispheres with age. (b=0.026, SE=0.010, p<.01). Frontal asymmetry in children with low 

PE did not differ as a function of age (b=−0.006, SE=0.009, p=.55). At age 3, children with 

low PE did not significantly differ from those with high PE (b=−0.010, SE=0.008, p=.21). 

Similarly, at age 6, children with low PE did not significantly differ from those with high PE 

(b=0.014, SE=0.009, p=.13).

Asymmetry and Facets of NE

Next, we ran follow-up MLMs of the NE facets for F3-4, as there is evidence that anger is 

associated with a different pattern of asymmetry than other components of NE. We ran three 

separate models predicting F3-4 asymmetry, replacing NE with either anger, sadness, or fear 

(Table 5). For the F3-4 sadness model, there was a significant three-way age X PE X sadness 

interaction (Figure 2). Follow-up analyses indicated that children with low PE and high 

sadness at age 3 developed a pattern of increasingly lower relative left-frontal cortical 

activity with age (b=−0.031, SE=0.011, p=.004), mirroring the age X PE X overall NE 

interaction described above.

For the anger model predicting F3-4, there was also a significant three-way age X PE X 

anger interaction (Figure 2). Follow-up analyses indicated that children with low PE and 

high anger developed a pattern of increasingly lower relative left-frontal activity with age 

(b=−0.037, SE=0.012, p=.002). This is similar to the sadness and overall NE models at F3-

F4. None of the effects were significant in the fear model3, suggesting that anger and 

sadness facets drive the overall NE effect at F3-F4.

Discussion

We examined the associations of PE and NE with changes in frontal asymmetry during early 

childhood. There was a significant three-way PE X NE X age interaction with frontal 

asymmetry at F3-F4. Preschool-aged children with low PE and high NE exhibited a pattern 

of increasingly lower relative left-frontal cortical activity over time. At age 3, temperament 

was not associated with frontal asymmetry, but by age 6, children who had exhibited both 

low PE and high NE at age 3 differed from peers with other temperament profiles in 

displaying a pattern of lower relative left-frontal activity, which can be interpreted as 

indicating reduced approach system/enhanced withdrawal system sensitivity.

When we decomposed NE into fearfulness, anger, and sadness, we found the same PE X NE 

interaction pattern for sadness and anger, but not fearfulness. While lower relative left-

3We also conducted additional models examining Behavioral Inhibition with asymmetries over time (for a description of how 
behavioral inhibition was scored from the Lab-TAB in this sample see Laptook et al., 2010). We did not find significant main or 
interaction effects with time, which parallels our results for the fearfulness effects.
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frontal asymmetry is not typically associated with anger (Harmon-Jones et al., 2010), these 

studies have not focused on early childhood, use very different measures, and do not 

examine the interaction of anger and low PE. In young children, sadness and anger may be 

expressed in similar types of situations (e.g. after a desired goal is unattainable; Lewis & 

Ramsay, 2005). More importantly, expressions of anger and sadness are difficult to 

distinguish, and are often blended, in young children (Camras, Sullivan, & Michel, 1993). 

Lastly, the absence of an effect for fearfulness (and BI) may have occurred as associations 

between BI and frontal asymmetry vary over development (Fox et al., 2001), and may not be 

evident in the period we examined.

At the F7-F8 electrode pair, we observed a two-way interaction between PE and age such 

that children with high PE at age 3 exhibited a pattern of lower relative left-frontal activity 

that attenuated over time, exhibiting virtually no evidence of asymmetry by age 6. In the 

asymmetry literature, it is not unusual to find different effects at different electrode pairs. 

Although this differs slightly from the effects at F3-F4, the two findings are complimentary. 

At the F7-F8 pair, higher PE was associated with a frontal asymmetry that became 

increasingly higher in the left relative to the right hemisphere; at F3-F4 lower PE in the 

context of high NE predicted increasingly lower relative left-frontal activity. In a meta-

analysis, Thibodeau et al. (2006) found that F3-F4 was more sensitive to depression than F7-

F8. Greater sensitivity to individual differences may explain why the low PE X high NE 

interaction was observed only at F3-F4.

The results of the current study suggest that temperamental NE and PE are associated with 

change in frontal asymmetry during early childhood. This is consistent with Lusby et al. 

(2016), who found that the relationship between NE and frontal asymmetry changed, and 

indeed reversed, direction over the first year of life. Similarly, previous studies have 

suggested that the strength of associations between frontal asymmetry and related 

temperament constructs such as behavioral inhibition may change over the course of 

development (Calkins et al., 1996). Furthermore, there is some indication that children’s 

frontal asymmetry may change in a nonlinear fashion over development (McLaughlin et al., 

2011). Additionally, MRI studies of regions related to PE and NE may also exhibit non-

linear change in structure and function (Giedd & Rapoport, 2010; Sowell et al., 2004). Taken 

together, the current and previous findings suggest that frontal asymmetry changes in 

complex ways during early childhood, such that associations between frontal asymmetry and 

other variables may be evident at some ages but not others. There may be a number of 

reasons for these changes. First, hemispheric volume asymmetry changes over time. In 

infants, the left hemisphere including the frontal cortex has been found to be larger than the 

right; however, in older children and adults this pattern reverses such that the right may be 

larger (Brain Development Cooperative Group, 2012; Giedd et al., 1996; Gilmore et al., 

2007). Additionally, children’s behavior may influence their environment which in turn 

influences frontal asymmetry. Children with greater withdrawal tendencies may engage in 

less social interactions and therefore be exposed to fewer rewarding experiences (Coplan, 

DeBow, Schneider, & Graham, 2009). Additional longitudinal research, which uses three or 

more time points and includes measures of temperament and asymmetry at each time point 

are needed to further clarify directional nature of the association between frontal asymmetry 

in early childhood and its links with temperament.
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These findings also have implications for understanding psychopathology, particularly by 

demonstrating the benefits of studying vulnerability factors at multiple levels and indicating 

that these factors can predict other factors in a dynamic way over the course of development. 

Interestingly, the results of the present study, which focuses on early temperament, converge 

with a previous study from our group (Goldstein et al., 2016) that focused on the offspring 

of depressed mothers, in that both sets of vulnerability factors independently predicted the 

emergence of lower relative left-frontal activity, the pattern of asymmetry most consistently 

associated with depression, over the course of early childhood.

This study has several strengths, including a longitudinal design, large sample, and 

utilization of a standardized behavioral observation assessment of temperamental 

emotionality. Importantly, this is also the first study to examine both NE and PE with resting 

EEG at multiple time points during early childhood. Additionally, we also examined 

multiple facets of NE. However, the study also has several limitations. Our results and the 

results of other investigators suggest that frontal asymmetry may change in complex ways 

during development and two assessments may not be sufficient to capture these changes 

(Fox et al., 2001; McLaughlin et al., 2011). Moreover, our sample was demographically 

homogenous so results may not generalize to other samples. Additionally, our results are 

based upon three-way interactions, which can be difficult to replicate, although the three-

way interactions themselves were hypothesized. Lastly, our analyses only included 

assessment of personality at one time point, which prevents us from examining the 

possibility of bidirectional relationships between temperament and EEG over time. As we 

mentioned above, future studies that do include many assessments of both EEG and 

temperament will be beneficial.

Overall, our results suggest that temperament may be associated with changes in EEG 

asymmetries in early childhood. Specifically, NE and PE may, separately or in combination, 

predict different trajectories of EEG asymmetries. The number of longitudinal studies that 

examine cross-level relationships of vulnerability factors are limited, making it difficult to 

bridge levels of analysis (Schwartz, Lilienfeld, Meca, & Sauvigné, 2016), and our results 

suggest that development further complicates these linkages. Resting EEG and perhaps other 

neural markers change over the course of development; therefore, as researchers continue to 

examine biobehavioral constructs at multiple levels it is critical to conduct longitudinal 

developmental research to clarify cross-level relationships.
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Figure 1. NE by PE by age effects predicting frontal asymmetry
On the y-axis, positive values represent greater left than right activity, values closer to zero 

represent relatively equal activity in each hemisphere, and negative values represent greater 

right than left activity (or lower relative left activity).
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Figure 2. 
Sadness and anger interactions on F3-4
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Table 3

Effects of temperament and age on frontal asymmetry

Full Model

Estimate SE p-val

Intercept −0.028 0.009 0.004

Elec1 −0.049 0.011 <0.001

Eye 2 0.018 0.011 0.10

Elec*Eye 0.004 0.022 0.86

Age 0.004 0.005 0.43

Age*Elec 0.013 0.006 0.04

Age*Eye −0.004 0.006 0.52

Age*Elec*Eye −0.007 0.012 0.55

PE −0.008 0.006 0.17

NE −0.008 0.037 0.83

PE*NE −0.029 0.024 0.23

Age*PE 0.008 0.003 0.01

Age*NE −0.018 0.019 0.33

Age*PE*NE 0.013 0.013 0.32

Elec*PE −0.003 0.007 0.62

Elec*NE −0.038 0.044 0.38

Elec*PE*NE 0.02 0.029 0.49

Eye*PE 0.002 0.007 0.74

Eye*NE −0.004 0.044 0.92

Eye*PE*NE 0.016 0.029 0.58

Elec*Eye*PE −0.005 0.014 0.69

Elec*Eye*NE −0.002 0.087 0.98

Elec*Eye*PE*NE −0.014 0.057 0.81

Age*Elec*PE 0.003 0.004 0.41

Age*Elec*NE 0.07 0.024 0.003

Age*Elec*PE*NE −0.073 0.016 <0.001

Age*Eye*PE <0.001 0.004 0.93

Age*Eye*NE 0.02 0.024 0.41

Age*Eye*PE*NE −0.006 0.016 0.69

Age*Elec*Eye*PE 0.005 0.008 0.49

Age*Elec*Eye*NE −0.004 0.048 0.93

Age*Elec*Eye*PE*NE 0.019 0.032 0.55

1
Elec refers to a dichotomous variable coded to designate between the F3-4 and. F7-8 electrode pairs.

2
refers to whether the activity was measured when eyes were open or closed, which was alternated in one minute blocks for all subjects.
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Table 5

MLMs examining facets of NE on F3-F4 asymmetry

Anger Model Estimate SE p-val

Age −0.005 0.006 0.41

PE −0.006 0.006 0.27

Anger 0.035 0.028 0.20

PE * Anger −0.028 0.019 0.14

Age * PE 0.007 0.004 0.08

Age * Anger −0.042 0.018 0.02

Age * PE * Anger 0.026 0.013 0.04

Fear Model

Age −0.004 0.006 0.48

PE −0.005 0.006 0.34

Fear −0.011 0.025 0.65

PE * Fear −0.009 0.015 0.53

Age * PE 0.006 0.004 0.13

Age * Fear 0.001 0.017 0.95

Age * PE * Fear <0.001 0.01 0.99

Sadness Model

Age −0.003 0.006 0.63

PE −0.006 0.006 0.31

Sadness −0.026 0.033 0.44

PE * Sadness −0.008 0.021 0.69

Age * PE 0.006 0.004 0.12

Age * Sadness −0.021 0.022 0.34

Age * PE * Sadness 0.031 0.014 0.02

These models were identical to the primary analyses except that NE was replaced with one of its components. Eye condition was also included as 
in the primary analyses, but as eye condition did not influence the results we did not include them in the table for brevity.
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