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Abstract

Developmental studies have identified differences in prefrontal and subcortical affective structures between children and adults, which
correspond with observed cognitive and behavioral maturations from relatively simplistic emotional experiences and expressions to
more nuanced, complex ones. However, developmental changes in the neural representation of emotions have not yet been well
explored. It stands to reason that adults and childrenmay demonstrate observable differences in the representation of affect within key
neurological structures implicated in affective cognition. Forty-five participants (25 children and 20 adults) passively viewed positive,
negative and neutral clips frompopular filmswhile undergoing functionalmagnetic resonance imaging. Using representational similar-
ity analysis to measure variability in neural pattern similarity, we found developmental differences between children and adults in the
amygdala, nucleus accumbens and ventromedial prefrontal cortex (vmPFC): children generated less pattern similarity within subcorti-
cal structures relative to the vmPFC—a phenomenon not replicated among their older counterparts. Furthermore, children generated
valence-specific differences in representational patterns across regions; these valence-specific patternswere not found in adults. These
results may suggest that affective representations grow increasingly dissimilar over the course of development as individuals mature
from visceral affective responses to more evaluative analyses.
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Introduction
A transition away from overt emotional reactivity is commonly
observed over the course of early development (Karim and
Perlman, 2017), and such age-related adaptations may be criti-
cal for successful functioning in the complex array of social and
affective contexts that comprise adulthood (Camacho et al., 2019).
Some have argued that the emotional granularity of adults and
children is comparable, pointing to research that has found chil-
dren and adults reporting similar levels of emotional reactivity
but differing in how they manage their responses when viewing
affectively valenced stimuli (Silvers et al., 2012). While individ-
uals undoubtedly experience nuanced and powerful emotions
throughout their life span, expressions of affectively relevant
information change over development.

Children as young as 2 years use language to express emotions
(Wellman et al., 1995). However, the complexity of these expres-
sions of emotion, as well as the recognition of others’ emotions
(Fabes et al., 1991), increases with age through early development.
This development seems to be a function of social context, as
family (Dunn et al., 1991), peers (Fabes et al., 1991) and language

development (de Rosnay and Harris, 2002; Pons et al., 2003; Nook
et al., 2017; Hoemann et al., 2019) have an influence, with greater
experiential variation resulting in greater individual differences.
Researchers have postulated that these mediums function to
improve mental representations of affective information (Pons
et al., 2003). Differentiation models of emotional development,
such as those championed by Widen and Russell (2003, 2010),
suggest that children begin with relatively simple, binarized cat-
egories, falling along lines of valence (i.e. positive/negative; Pons

et al., 2004; Widen, 2013) and that these categories progressively

grow into more complex and multidimensional representations

by adulthood (Russell, 1980, 2003; Widen and Russell, 2008; Nook

et al., 2017). Although by adulthood affective valence alone can be

insufficient in explaining the physiological, expressive and expe-

riential components of categorically congruent emotions (See

Barrett, 2006, 2016), valence still demonstrates predictive util-

ity in behaviors. For example, social norm violations of negative

affect–related emotions elicit more punishment than those of
positive affect–related emotions (Ansfield, 2007; Krumhuber and
Manstead, 2009; Szczurek et al., 2012). However, these signatures

Received: 11 February 2021; Revised: 16 June 2021; Accepted: 30 July 2021

© The Author(s) 2021. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

D
ow

nloaded from
 https://academ

ic.oup.com
/scan/article/17/3/311/6332882 by Tem

ple U
niversity user on 23 M

arch 2023

https://orcid.org/0000-0002-1198-9569
mailto:william.j.mitchell@temple.edu
https://creativecommons.org/licenses/by/4.0/


312 Social Cognitive and Affective Neuroscience, 2022, Vol. 17, No. 3

of differentiation in affective representations have primarily been
documented via behaviors, leaving open questions about the
underlying neural representations.

Previous studies have identified neural regions that undergo
structural and functional changes in parallel with these cogni-
tive and behavioral developments, including the ventromedial
prefrontal cortex (vmPFC) (Gee et al., 2013; Jalbrzikowski et al.,
2017), amygdala (AMY) (Davis and Whalen, 2001; Perlman and
Pelphrey, 2011; Gabard-Durnam et al., 2014), and nucleus accum-
bens (NAcc) (Levita et al., 2009). In adults, the AMY and ventral
striatum (VS), in which the NAcc is situated, may process the
perception of valence and exert neuromodulatory influences on
prefrontal circuitry (Davis and Whalen, 2001; Levita et al., 2009).
The vmPFC demonstrates a distinct pattern of outputs back to
the AMY and NAcc, which may function as an affect and atten-
tion network (Bhanji et al., 2019). However, the quality of the
relationship between these structures may be different for young
children and adults, as mPFC-AMY connectivity alters from pos-
itive to negative around the age of 10 years, with the valenced
association in regional activation strengthening across normative
development (Gee et al., 2013). Furthermore, AMY-to-vmPFC pro-
jections emerge prior to vmPFC-to-AMY projections in rodents
(Bouwmeester et al., 2002a, b), which may offer a mechanism
that explains behavioral studies finding that adults demonstrate
greater emotional stability than children (Larson et al., 1980;
Noftle and Fleeson, 2010; Silvers et al., 2017), as younger indi-
viduals may be at a deficit to modulate affective experiences via
prefrontal–subcortical feedback loops. Late prefrontal develop-
ment may be crucial to affective development in other ways, too,
as the vmPFC has been tied to neural signatures of emotion clas-
sification in adults (Saarimäki et al., 2016), which may support
research finding that children have underdeveloped emotion dif-
ferentiation skills relative to adults (Pons et al., 2004). Changes
in classificationmay actively shape neural representations within
themPFC, as well as the AMY and ventral anterior insula (Satpute
et al., 2016).

Although much is known about the functional and structural
connections among these structures, how information is neurally
represented is lesswell understood (Haxby et al., 2014). Most of the
investigations exploring neural mechanisms behind developmen-
tal changes in affectivity characterize the strength of activation
(Camacho et al., 2019), which may obscure more granular differ-
ences in how these stimuli are represented in the brain among
adults and children (Popal et al., 2019). For instance, if a uni-
variate examination finds no difference between group responses
when viewing affectively valenced stimuli, it is unclear whether
granular and informative differences exist within neural repre-
sentations, as any potential variations are subsumedwhen neural
responses are averaged together. Techniques such as represen-
tational similarity analysis (RSA) (Kriegeskorte et al., 2008) allow
us to relate condition pairs using a metric that measures dis-
similarity or similarity, depending upon the framing, between
groups of correlative pairs and corresponding patterns of neu-
ral activity responding to each type of stimuli (Dimsdale-Zucker
and Ranganath, 2018). Thus, the aim of this research is to fur-
ther our understanding of developmental differences in affective
representation using more modern methodology.

Study goals and hypotheses
We applied an RSA approach to neuroimaging data collected
from a sample of adults and children who viewed videos of
both positive and negative affective social scenes from popular

children’s movies, as well as neutrally valenced control stim-
uli, in order to determine whether developmental differ-
ences exist in affective representations. This was a secondary
analysis of data originally collected by Karim and Perlman
(2017), which solely investigated univariate activation and
did not explore affective representations in the AMY, NAcc
or vmPFC.

In line with developmental research suggesting the develop-
ment of greater affective expressive and comprehension com-
plexity with age, we hypothesized that children would generate
greater pattern similarity relative to their older counterparts in
response to valenced stimuli. Furthermore, due to the late func-
tional development of the vmPFC, as well as the late development
of projections from the mPFC region to subcortical structures, we
expected that the difference in representational pattern similarity
between children and adult subcortical regions of interest (ROIs)
(AMY and NAcc) would be less than the difference between adults
and children in the vmPFC. Understanding how children pro-
cess representations of affectively valenced stimuli contributes
not only to theories of neural processing but also provides prac-
tical knowledge of the developmental growth of higher-order
thinking.

Finally, we expected that negatively valenced stimuli would
generate greater representational similarity than positively
valenced stimuli in both adults and children, due to evidence
supporting the existence of negativity biases demonstrating rea-
sonable consistency across individuals (Baumeister et al., 2001).
We also hypothesized a relative lack of differentiation, com-
bined with the increased survival salience that negativity may
signal (Pratto and John, 1991; O’Toole et al., 2020), may result
in this effect being more pronounced in children relative to
adults.

Materials and methods
Participants
Fifty-seven English-speaking participants (36 children; 21 adults)
with no history of psychiatric disorder were recruited at the Uni-
versity of Pittsburgh. All adult participants consented to study
participation. All children assented to study participation and
consent was provided by a parent. Twelve participants (11 chil-
dren; 1 adult) were removed from analyses due to excessive head
motion, resulting in an effective sample of 25 children (14 female,
aged 4–10,M=7.4, s.d.=1.85) and 20 adults (9 female, aged 20–44,
M=26.7, s.d.=5.20).

Task
The task is explained in detail in Karim and Perlman (2017), but
pertinent details will be highlighted here as well. Participants
watched 24 clips from films while undergoing functional mag-
netic resonance imaging (fMRI) (Figure 1A and B). Those 24 clips
were evenly divided into positive, negative, and neutral valence
categories.

Positive and negative clips were sampled from popular chil-
dren’s movies (e.g. classic movies such as The Wizard of Oz and
Disney movies such as Rio and Up) such that each movie pro-
vided both a positive and negative clip for the stimuli set. Two
films were live action (The Wizard of Oz, Shark Boy and Lava Girl),
while the remaining six were animated (Anastasia, Lion King, Little
Mermaid, Open Season, Rio and Up). The average amount of time
participants spent viewing positive (253 s) and negative content
(256 s) was approximately balanced. Positive and negative clips
did not significantly differ in the total time [t(14)=−0.67, P=0.51]
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Fig. 1. (A) Task design. In order to measure differences in representations, 20 adults (aged 20–44 years; mean age=26.7 years; s.d.=5.2 years) and 25
children (aged 4–10 years; mean age=7.4 years, s.d.=1.5 years) passively watched 24 positive, negative and neutral video clips from popular movies
while undergoing an fMRI scan. Clips ranged from 19 to 46 s in length interspersed with a 6–12 s interstimulus interval. The order of the clips was
counterbalanced across three conditions, and clips were standardized or matched across a number of metrics, including luminosity, valence intensity,
duration by valence and familiarity. (B). Analysis. Using the data gathered during passive viewing of the stimuli, we used RSA to compute pairwise
correlations within valence for positive, negative and neutral valenced stimuli. Correlative values were computed using the Spearman rank-order
analysis for non-parametric data.

or average time [t(14)=−0.67, P=0.51] that faces were present on
screen, so as to balance the presence of social stimuli between
the two valenced conditions (Karim and Perlman, 2017). Affec-
tive development is closely associated with sociality, as social
experiences and information are nearly ubiquitously cited in the
emotional development literature as amedium by which children
build upon their understanding of affective, and more specifi-
cally, emotional, representations (e.g. family unit: Dunn et al.,
1991, facial expressions: narratives: Pons et al., 2003). Thus, utiliz-
ing film clips containing socially relevant information balanced
between valenced conditions may represent a more ecologically
appropriate means of motivating emotion representations than
using stimuli devoid of social content.

Independent raters also coded the valence of each video sec-
ond by second such that seconds of positive affect (e.g. smiles,
cheering, etc.) received a score of 1, seconds of negative affect
(e.g. anger, physical or verbal outbursts, etc.) received a score
of −1 and seconds lacking a clearly valenced emotion (i.e. not
containing elements of previously defined positive/negative cues)
received a score of 0. As should be expected, positive and nega-
tive clips significantly differed in emotional valence [t(14)=16.88,
P<0.001], with positive clips receiving an average second-by-
second affective score of 0.89 and negative clips receiving an
average affect score of −0.76. There were no significant differ-
ences in the absolute value of these scores by valence [t(14)=1.38,
P=0.19], suggesting positive and negative clips were appropri-
ately matched in time spent displaying categorically congruent
valenced information (Karim and Perlman, 2017). Neutral films
were sourced from nature documentaries, used animals or plants
as the focal targets and included backgroundmusic tomirror that
of their affectively valenced counterparts. Participants were sur-
veyed on their familiarity with each film and no differences were
observed between adults and children in total familiarity scores
[t(57)=−0.15, P=0.89] or average familiarity scores [t(57)=0.27,
P =0.79] (Karim and Perlman, 2017).

Individual film clips ranged from 19–46 s (M=31.1 s) with a
jittered black screen interstimulus interval (ISI) of 6–12 s, resulting
in a total viewing time of 17min (1020 s). To minimize the effects
of emotional carryover, video clips were randomized into three
orders and assigned to participants at random.

All participants completed a mock scanning session prior to
data collection during which they were trained to remainmotion-
less via a monitoring system that provided visual and auditory
feedback. Participants also completed a short practice version
of the task containing clips not used during primary data col-
lection. During data collection, participants were reminded to
remain motionless and asked to ‘watch the movies as they nor-
mally would’, with no further instructions provided. Exposure
was followed by a short attention quiz, in which a single still
frame was displayed and participants had to determine if it was
pulled from a clip they just watched or a decoy image. Accuracy
was sufficiently high for both children [M=97.9%, s.d.=3.3%] and
adults [M=92.9%, s.d.=7.9%] (Karim and Perlman, 2017).

Calculating inter-rater reliability of stimuli
Media content is often subjective, and, in confirming agree-
ment on the constructs represented in the content, Krippendorff’s
alpha (Lombard et al., 2002; Krippendorff, 2004) is a common sta-
tistical comparison test used by media scholars to assess content
constancy (Lombard et al., 2002; Lombard, 2013). To assess inter-
rater agreement of video category classification, three undergrad-
uate research assistants (uninformed about this analysis or the
hypotheses) coded the videos as either positive, negative or neu-
tral in affective valence. Hayes’ SPSS Macro KALPHA was used to
compute Krippendorff’s alpha (http://afhayes.com/spss-sas-and-
r-macros-and-code.html) for inter-rater agreement of affective
valence (a=0.91 [CI: 0.83, 0.97]). Based on these criteria, the
stimuli were deemed as constant in terms of the media represen-
tations of positive, negative and neutral stimuli categorization.
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Data acquisition
Data acquisition practices are outlined similarly in Karim and
Perlman (2017). MRI images were obtained using a 3.0T Siemens
Trio scanner with a 12-channel parallel receive head coil. Struc-
tural images were obtained through a T-1 weighted MP-RAGE
sequence where 175 sagittal (whole brain) slices were acquired.
Functional whole brain blood oxygen level-dependent (BOLD)
images were acquired in a sagittal left-to-right pattern, with
the exception of a portion of the middle/superior temporal cor-
tex within both hemispheres (Repetition Time (TR)=2000ms,
Echo Time (TE)=30ms, flip angle (FA)=90◦, Field-of-view
(FOV)=256mm,matrix size 64×64, voxel size 4×4×4mm). Using
a gradient echo echo-planar imaging sequence, 510 successive
brain volumes were captured over 17 min and 6 s).

Pre-processing
Structural and functional data were preprocessed to minimize
the effects of head motion. Data were high-pass filtered using
fMRI Expert Analysis Tool, and skull stripping was performed
using Brain Extraction Tool) Both tools are included in FSL (v5.0;
https://fsl.fmrib.ox.ac.uk) (Jenkinson et al., 2012). Functional data
were registered to anatomical images and nonlinearly warped to
the MNI standard space. We identified head motion and noise-
related factors by using timeseries data extracted from white
matter and CSF, six head motion parameters, and their first
derivatives to calculate and threshold metric values of how each
time point wasmotion-affected. Additionally, individual TRs were
identified and regressed out based on excessive head motion.
Excessive head motion TRs were identified using the FSL Motion
Outlier tool, which defines outlier thresholds as the 75th per-
centile plus 1.5 times the interquartile range. If more than 15%
of TRs were considered outliers or if head motion values for any
of the three rotations were greater than 1.5mm, participants were
excluded from analyses.

Regions of interest
We captured vmPFC data using an activation-centered mask
with a 10mm diameter isotropic kernel. Central MNI coordinates
[X, Y, Z: 2, 46, −8] for the mask were identified in a meta-analysis
by Bartra et al. (2013) as the most common center of consis-
tent vmPFC activation during studies of subjective valuation and
primary incentives. AMY and NAcc masks were taken from the
Harvard–Oxford subcortical atlas (Frazier et al., 2005; Makris et al.,
2006; Desikan et al., 2006; Goldstein et al., 2007). Masks were
applied to all ROIs such that data from voxels beyond the bounds
of themasks were excluded, and the included voxels were aligned
with functional volumes. AMY and NAcc ROIs were thresholded
at 50%. All masks were broadly defined in MNI space, applied to
ROIs, and ROIs were transformed into subject native space using
non-linear estimations (FNIRT tool in FSL). Transformations were
visually inspected for accuracy. Mask placements are visualized
in Figure 2.

Statistical analyses
For each participant, we ran a general linear model (GLM)
that had 24 regressors of interest, one for each positive, neg-
ative and neutral video clip. From these individual participant
GLMs, we then extracted the activity for each voxel within
each of our three ROIs (AMY, NAcc and vmPFC) for each of
the video clips. The value of each voxel represents the aver-
age change in activation while passively viewing the video
stimulus relative to baseline fixation cross measurements. To

Fig. 2. ROI masks. Our analysis focused on three regions identified by
the extant literature as being pertinent to affective representations and
which may demonstrate changes in representational patterns over early
development into adulthood. These include the vmPFC, NAcc and
amygdala. Amygdala and NAcc masks were taken from the
Harvard–Oxford subcortical atlas, while the vmPFC was defined by a
10mm diameter isotropic kernel centered on activation highlighted by
Barta, McGuire, and Kable (2013).

measure representational similarity within each of our three
ROIs, the individual voxels contained within each participant’s
GLM were aligned by MNI coordinates such that the same spaces
were being compared to one another within-participant across
clips.

Next, we used RSA to calculate our dependent measure.
Pairwise complete observations of activity in each voxel within
each ROI for each video clip were correlated with one another
using the Spearman rank-order correlation method for non-
parametric data. These correlation coefficients represent how
similar the pattern of activation is within a given ROI between
two different stimuli. In theory, the more similar the pattern
of activation is, the more similarly the two stimuli are being
represented by a neural structure (for a full review, see Popal
et al., 2019). Pairwise comparisons were performed across movie,
but within valenced movie clips for each participant. For exam-
ple, a positively valenced movie clip from Lion King was com-
pared to a positively valenced movie clip from The Little Mer-
maid. This system produces an equal number of correlations
in three within-valence categories: positive-to-positive compar-
isons, negative-to-negative comparisons and neutral-to-neutral
comparisons. It is important to note that our positively valenced
Lion King clip, for example, could not reliably be compared to Lion
King’s own negatively valenced counterpart, as any two clips from
the same source might demonstrate a high degree of representa-
tional similarity due to superficial or non-affective characteristics
(e.g. common characters, audio motifs, stylistic overlap, etc.).
This non-affective similarity would confound with any affective
pattern similarity that was observed and would obscure the inter-
pretation of our results. As such, only inter-movie comparisons
were considered. Fisher’s Z-transformation was applied to all
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correlations before proceeding. Correlating the extracted GLM
data from our 24 movie clips produced 28 correlative coefficients
for each within-valence comparison per participant per ROI.

We were primarily concerned with exploring three effects: (i)
the interaction of age and ROI such that adults and children may
show greater similarity to one another in subcortical affective
representation relative to vmPFC representation, (ii) a contrast
of valence within age group or whether children demonstrate
measurably greater representational similarity relative to adults
towards valenced stimuli (i.e. positive and negative) and (iii) the
interaction of age and valence or whether we’d find that chil-
dren demonstrate a greater discrepancy in negative and positive
affective representational similarity than do adults.

To accurately represent age group as a between subject fixed
effect and ROI and valence category as within subject fixed
effects, data were analyzed using a 3 (ROI: AMY, NAcc, vmPFC) × 2
(age group: children, adults)× 3 (valence type: positive, negative,
neutral)mixed effects Analysis of Variance (ANOVA). Results from
our ANOVAwere followedwith Bonferroni-adjusted post-hoc con-
trasts to further elucidate the relationship among our effects.
Analyses were performed using the R statistical programming
language (v4.0.3; http://www.R-project.org/) in conjunction with
the Integrated Development Environment, RStudio (v1.3.1093;
https://rstudio.com/).

Due to the extensively documented neurodevelopmental
changes children experience in our age range (4 –10 years), there
was some concern that while convenient, categorizing partici-
pants ages 4–10 into the same developmental category may con-
ceal important variability within the samples (Gee et al., 2013).
As a result, an additional analysis was performed to determine
whether age predicted representational similarity values treating
our Fisher’s Z-transformed correlation values as a criterion vari-
able in a multilevel model predicted by the fixed effects of age,
measured as a continuous variable in months, and participant,
as a random effect, with random intercepts and fixed slopes.

Results
Using multilevel regression, we failed to find predictive utility
for age in months towards representational similarity among
our child sample (β=0.085, se=0.143, P>0.05), lending fur-
ther support to the categorical boundaries we had defined. This
model failed to outperform a null model lacking fixed effects
(ICC=0.094).

Using a mixed effects ANOVA model adjusting for the ran-
dom effect of participant, significant differences were measured
in the interaction between ROI and age group [F(2, 11 279)=10.13,
P<0.001]. Bonferroni-adjusted post-hoc contrasts further illus-
trated that children demonstrated greater representational simi-
larity in AMY [t(3757)=3.784, Padj. <0.001], NAcc [t(3638)=3.588,
Padj. <0.001] and vmPFC [t(3676)=7.901, Padj. <0.001] activation
patterns relative to adults (Figure 3). Children also demon-
strated differences in representational similarity between the
AMY and vmPFC [t(3931)=−7.300, Padj. <0.001] and NAcc and
vmPFC [t(4188)=−4.569, Padj. <0.001], but not AMY and NAcc
[t(4013)=−2.361, Padj. =0.468]. No such ROI differences were
observed in our adult sample [AMY-NAcc: t(3036)=−1.465,
Padj. =1.000; AMY-vmPFC: t(3004)=−1.341, Padj. =1.000; NAcc-
vmPFC: t(3357)=0.092, Padj. =1.000]. Interaction contrasts found
the differences between the adult AMY and vmPFC to be dif-
ferent from that of the child AMY and vmPFC [t(7551)=−4.766,
Padj. <0.001], as well as between vmPFC andNAcc, [t(7553)=3.511,
Padj. <0.001], but no such differences were observed between the

AMY and NAcc [t(7558)=−0.875, Padj. =1.000]. See Table 1 for
additional ROI and age group contrast results.

Contrasts of valence within age group suggest that adults
do demonstrate relatively less representational similarity in
response to valenced stimuli [t(7355)=−8.863, Padj. <0.001] com-
pared to their younger counterparts (Figure 4). The interaction
between age group and valence was also deemed significant
[F(2, 11 279)=10.74, P<0.001] with children showing greater pos-
itive [t(3687)=3.872, Padj. <0.001] and negative [t(3660)=8.693,
Padj. <0.001], but not neutral [t(3710)=2.938, Padj. =0.078], rep-
resentational similarity relative to adults. Similar to ROI,
adults did not differentiate among any valence categories
[Pos-Neg: t(3358)=0.727, Padj. =1.000; Pos-Neut: t(3347)=1.470,
Padj. =1.000; Neg-Neut: t(3346)=0.720, Padj. =1.000]. Children,
however, did show greater similarity for negative affective stimuli
over both their positive [t(4196)=−4.142, Padj. <0.001] and neu-
tral [t(4197)=6.882, Padj. <0.001] counterparts. Positive affective
stimuli did not show greater similarity above that of neutral
stimuli in children [t(4192)=2.637, Padj. =0.208]. The differ-
ence between valenced and non-valenced stimuli was signif-
icant in children [t(4306)=5.504, Padj. <0.001], but not adults
[t(3542)=1.277, Padj. =1.000]. See Table 2 for additional valence
and age group contrast results, and Table 3 for ANOVA results.

Discussion
This study represents a first attempt to compare developmental
differences between adults and children in prefrontal and sub-
cortical regions concerning cognitive representations of affective
information. Based on extant literature, we expected children to
demonstrate a greater discrepancy in pattern activation between
the vmPFC and subcortical structures relative to adults due to the
literature suggesting the late development of projections from the
vmPFC to subcortical affective structures and greater emotional
granularity with age. Between childhood and early adulthood,
we witnessed a marked decrease in affectively valenced pat-
tern similarity. Furthermore, valence-specific differences and
region-specific differences that were present in children, having
demonstrated greater similarity for negative stimuli compared to
positive and within the vmPFC relative to subcortical structures
(AMY andNAcc), were absent in our adult sample. Taken together,
these results may suggest that affective representations decrease
in pattern similarity over normative development although lon-
gitudinal designs may be better suited to demonstrate a casual
trajectory. With an emphasis on the notable representational dif-
ferences in vmPFC development, we interpret these results to
suggest that people may experience a maturation from visceral
affective responses that merely assess how evocative an affective
experience is, to more evaluative analyses which modulate affec-
tive responses between childhood and adulthood. This supposi-
tion is supplemented by extant findings from the neurobehavioral
literature.

For example, activation of the AMY has demonstrated a con-
sistent positive association with affective physiological markers,
such as heart rate variability (Wei et al., 2018) and perspiration
(Asahina et al., 2003), as well as reports of affective intensity
(Bonnet et al., 2015). Activity changes in the NAcc have coincided
with reports of valenced affective intensity, as well (Knutson and
Greer, 2008). For both the VS and AMY, the extent to which their
affective contributions can be modulated seems to be a con-
sequence of their functional connectivity to medial prefrontal
regions (Cohen et al., 2009; Sakaki et al., 2016; Wei et al., 2018).
Univariate methods also support potential differences in NAcc
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Fig. 3. Differences in representational similarity by age group and ROI. After pre-processing, data from every voxel in each of our three ROIs were
aligned by MNI coordinates such that the same spaces were being compared to one another within-participant across clips. We then ran Spearman
rank-order correlations across all pairwise complete observations and Fisher’s Z transformation. These correlation coefficients represent how similar
the pattern of activation is within a given ROI of a participant between two different stimuli, or representational similarity. These values were then
entered into a 3 (ROI: AMY, NAcc, vmPFC) × 2 (age group: children, adults) × 3 (valence type: positive, negative, neutral) mixed effects ANOVA. No
differences were found in representational similarity between Adult AMY, NAcc and vmPFC. Children’s AMY and NAcc differed from vmPFC in
representational similarity such that different stimuli of the same valence showed more similar patterns of activation within the vmPFC than in
subcortical regions. Children demonstrated significantly greater pattern similarity across all ROIs than their adult counterparts. This supports
behavioral and cognitive research suggesting greater differentiation in affective processing following connectivity developments over these
developmental periods, which are most pronounced in prefrontal regions.

Note: As a result of our Fisher’s Z transformation, our ‘Mean Correlative Value’ could range from −1.77–1.76. The range has been restricted in this visualization for
the sake of comprehending differences among groups. Error bars represent 95% confidence intervals.

Table 1. Bonferroni-adjusted age group and ROI contrast results

Contrasts Mean difference SE t-Statistic df

AMY, child vs adult 0.037 0.010 3.784*** 3757
NAcc, child vs adult 0.048 0.013 3.588*** 3638
vmPFC, child vs adult 0.108 0.014 7.901*** 3676
child, AMY vs NAcc −0.028 0.011 −2.361 4013
child, AMY vs vmPFC −0.087 0.012 −7.300*** 3931
child, NAcc vs vmPFC −0.059 0.013 −4.569*** 4188
adult, AMY vs NAcc −0.017 0.012 −1.465 3036
Adult, AMY vs vmPFC −0.016 0.012 −1.341 3004
Adult, NAcc vs vmPFC 0.001 0.014 0.092 3357
AMY, child and NAcc, adult vs AMY, adult and NAcc, child −0.008 0.008 −0.875 7558
AMY, child and vmPFC, adult vs AMY, adult and vmPFC, child −0.041 0.009 −4.766*** 7551
NAcc, child and vmPFC, adult vs NAcc, adult and vmPFC, child 0.033 0.010 3.511*** 7553

Note: All significance values were bonferroni-adjusted; p < 0.05: * ; p < 0.01: ** ; p < 0.001: ***.

contributions to affect processing across age, and the increased
risk of depression upon alterations in NAcc activity emphasizes
the importance of this region for adequate emotional develop-
ment (Monk et al., 2008). In addition to univariate interpretations,
multivariate studies have disentangled discrete emotional cat-
egories from patterns of activity across several neural regions
(Saarimäki et al., 2016; Camacho et al., 2019) and, more specif-
ically, within the vmPFC (Kragel and LaBar, 2015, 2016). When

disentangling multivariate patterns for discrete emotional cate-
gories, the vmPFC, in addition to the inferior lateral PFC, con-
tributed most to how well the neural signals could classify each
emotion (Saarimäki et al., 2016), resonating with an established
body of work tying the vmPFC to emotion (Greene, 2007; Moll and
de Oliveira-souza, 2007; Winecoff et al., 2013; Hiser and Koenigs,
2018; Yang et al., 2018). As such, relatively late neurodevelopmen-
tal changes in themPFC, including the development of projections
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Fig. 4. Differences in representational similarity by age group and ROI. After pre-processing, data from every voxel in each of our three ROIs were
aligned by MNI coordinates such that the same spaces were being compared to one another within-participant across clips. We then ran Spearman
rank-order correlations across all pairwise complete observations and Fisher’s Z transformed. These correlation coefficients represent how similar the
pattern of activation is within a given ROI of a participant between two different stimuli or representational similarity. These values were then entered
into a 3 (ROI: AMY, NAcc, vmPFC) × 2 (age group: children, adults) × 3 (valence type: positive, negative, neutral) mixed effects ANOVA. Adults
demonstrated no differences in representational similarity by valence. However, children demonstrated greater similarity to negative stimuli relative
to positive and neutral stimuli, but not between positive and neutral stimuli. Age differences were significant between positive and negative, but not
neutral stimuli. Developmental decreases in representational pattern similarity into adulthood may support constructivist theories of emotional
development, suggesting the development of greater nuance over time.

Note: As a result of our Fisher’s Z transformation, our ‘Mean Correlative Value’ could range from −1.77–1.76. The range has been restricted in this visualization for
the sake of comprehending differences among groups. Error bars represent 95% confidence intervals.

Table 2. Bonferroni-adjusted age group and valence contrast results

Contrasts Mean difference SE t-Statistic df

Positive, child vs adult 0.049 0.013 3.872 3687
Negative, child vs adult 0.109 0.013 8.693 3660
Neutral, child vs adult 0.035 0.012 2.938 3710
Child, positive vs negative −0.051 0.012 −4.142 4196
Child, positive vs neutral 0.032 0.012 2.637 4192
Child, negative vs neutral 0.083 0.012 6.882*** 4197
Adult, positive vs negative 0.009 0.013 0.727 3358
Adult, positive vs neutral 0.018 0.013 1.470 3347
Adult, negative vs neutral 0.009 0.013 0.720 3346
Positive, child and negative, adult vs positive, adult and negative child 0.032 0.009 3.613*** 7558
Child, valenced vs neutral 0.057 0.010 5.504*** 4306
Adult, valenced vs neutral 0.013 0.011 1.277 3542
Valenced, child and neutral, adult vs valenced, adult and neutral, child 0.044 0.007 6.131*** 11306
Valenced, child vs valenced, adult 0.079 0.009 8.863*** 7355

Note: All significance values were bonferroni-adjusted; p < 0.05: * ; p < 0.01: ** ; p < 0.001: ***.

to affective structures like the AMA and NAcc, may be a cruical
component in explaining developmental divergences in affective
representations.

While the vmPFC likely performs some affective process-
ing in and of itself, it may also regulate affective process-
ing in the NAcc and AMY (Hiser and Koenigs, 2018). The
development of functional connectivity between the medial pre-
frontal cortex (mPFC) and AMY (Bouwmeester et al., 2002a;
Gee et al., 2013) may also contribute to greater control over

these physiological and experiential affective responses, which
may also contribute to a greater variety, allowing for greater
nuance, in affective representation. Perhaps, as suggested by
others (Larson et al., 1980; Noftle and Fleeson, 2010; Silvers
et al., 2017), younger individuals may be at a deficit to mod-
ulate affective experiences via prefrontal–subcortical feedback
loops.

Our results finding age specificity in pattern similarity is in line
with developmental perspectives of the vmPFC’s role in emotional
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Table 3. Mixed effects ANOVA results

Variable Sum of squares df Mean square F P Partial ω2 Cohen’s F

Error: Participant
Age group 11.6 1 11.63 3.56 0.066 0.008 0.088
Residuals 140.3 43 3.26

Error: Within
ROI 6.0 2 2.91 21.84 <0.001 0.004 0.062
Valence 5.0 2 2.36 17.69 <0.001 0.003 0.056
ROI × age group 3.0 2 1.35 10.13 <0.001 0.002 0.042
ROI × valence 0.0 4 0.11 0.79 0.530 0.000 0.017
Age group × valence 3.0 2 1.43 10.74 <0.001 0.002 0.044
Age group × ROI × valence 0.0 4 0.06 0.45 0.770 0.000 0.013
Residuals 1504.0 11 279 0.13

processing and aligns with past work demonstrating distinctions
between this area’s function across age. For instance, Silvers
et al. (2017) found age-related decreases in vmPFC response to
emotional photos, with larger degrees of vmPFC involvement
found among younger participants relative to older ones. While
mPFC-VS resting state functional connectivity demonstrates a
positive relationship from childhood through early adulthood,
whether connectivity increases with age (Di Martino et al., 2008,
2011) or remains stable through development (Greene et al., 2014;
Fareri et al., 2015) is debated. The magnitude of task-based func-
tional connectivity between mPFC and VS also appears to be
variable dependent upon the task-based context (Richards et al.,
2013) although age-related linear increases have been observed
for positive incentives (van den Bos et al., 2012). Regardless of
potential changes in connectivity, it may be the case that the
connection between VS and vmPFC serves a stimulus evalua-
tion role (Salzman et al., 2007; Bartra et al., 2013; Fareri et al.,
2015) that may modulate value-related signals relevant to affec-
tively valenced stimuli. Taken together, a potential interpre-
tation of our findings is that, in light of the region’s role in
processing of emotional stimuli, the pattern and response sim-
ilarities we find in children may signal their shared, relatively
limited experience of the vast array of potential affectively rele-
vant experiences, while adults respond more divergently to novel
affectively valenced information by referencing a wider berth of
past evaluations. Our study connects findings from behavioral
affective development and neural representations of affect by
demonstrating that observed developmental behavioral differ-
ences between adults and children extend to neural representa-
tions of affective information within the vmPFC, NAcc and AMY
specifically.

The cognitive literature also presents at least a few mecha-
nisms by which representations may grow more dissimilar with
age. Appraisal theories of emotion broadly posit that emotions
are elicited by or are emergent phenomena from evaluations
of events and circumstances (Ortony et al., 1988; Roseman and
Smith, 2001; Clore and Ortony, 2008). These evaluations may be
colored by the biases and information individuals already pos-
sess. It may be the case that the greater potential for experiential
variance inherent to having had lived longer may add nuance
or variation to adult representations relative to children. Simi-
lar mechanisms have been theorized by other researchers (e.g.
Pons et al., 2003), and this postulation fits nicely with ratio-
nal constructivist-related theories of emotional development, in
which humans start with proto-conceptual primitives to emo-
tion that mature over time due to language and symbol learning,
Bayesian inductive learning and constructive thinking mecha-
nisms (Hoemann et al., 2019; for a review, see Fedyk and Xu,

2018). Relatedly, our ability to consider the multidimensionality
of affect-related concepts improves with age as well, which could
logically lead to greater idiosyncratic processing. This may speak
to our age-related valence findings, as adults likely defaulted
to representing emotional information continuously, rather than
strictly categorically (see Satpute et al., 2016). This is conceptu-
ally consistent with work from Nook et al. (2017, 2018) as they
had found that affective complexities like valence and arousal
change as a function of age. As such, our conceptions of affective
experiences may evolve over development from notions relatively
faithful to valence-general lines (i.e. ‘good’, ‘bad’) to represent-
ing amore nuanced, multidimensional understanding of affective
experiences.

While adults did demonstrate lower levels of similarity in
response to valence than children, it is notable that the correla-
tion was not non-existent. As a result, valence likely still plays
a role in shaping some aspects of decision-making and behav-
ior and may explain the findings like those suggesting greater
homogeneity in response to norm violations of negative affect
than positive affect, with targets who express positive or neu-
tral responses to negatively perceived stimuli to be judged as
less authentic (Krumhuber and Manstead, 2009), socially appro-
priate and less liked (Ansfield, 2007), as well as punished more
harshly than incongruent responses to differently valenced stim-
uli (Szczurek, Monin, and Gross, 2012). These findings support
previous suppositions regarding an information value asymme-
try between positive and negative affective experiences, as neg-
ative information may signal a need for adjustment to avoid
detrimental consequences (Pratto and John, 1991; O’Toole et al.,
2020).

Although we can provide our interpretation of the data,
we possess neither the statistical resolution nor the appro-
priate research design to write with absolute certainty what
mechanism or mechanisms may be at play here. Work from
Brooks and Freeman (2018) does suggest coherence between
self-reported conceptual similarity and representational simi-
larity in emotion perception, which supports claims connect-
ing RSA findings to ecologically valid phenomena; however,
future work relating differences in representational similar-
ity to the accrual and modeling of affective experience is
needed.

Study limitations and future directions
First, some logistical concerns relevant to human neuroimaging
in a developmental population must be highlighted. Our effec-
tive sample size of 25 children and 20 adults is small for a study

spanning such a large age range. Related to our limited sample is

the disproportionately greater frequency of head motion artifacts
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commonly produced when scanning children (Greene et al., 2016),
which resulted in 11 children being excluded from our analyses
(as compared to only 1 adult). There is some concern regarding
comparability of neural structures and responses over develop-
ment. Children do demonstrate greater BOLD signal response
both at rest and during neural activity relative to adolescents and
adults although this difference is likely non-significant follow-
ing normalization (Moses et al., 2014; Bray, 2017). Additionally,
due to structural maturations through development, the use neu-
ral atlases not specialized for children (e.g. Harvard Oxford) may
depreciate in utility although the extent is unclear.

While our results suggest a number of differences in affec-
tive representation between children and adults, it is difficult to
conclude with certainty exactly what implications this similarity
has for cognition and behavior without additionalmeasurements.
Although we can make inferences, our RSA analysis is incapable
of commenting with any certainty as to the contents of repre-
sentations or in what ways they are similar or dissimilar. Our
interpretations of these results are based upon the extant lit-
erature exploring the functions of the AMY, NAcc and vmPFC
in similar experimental contexts, but the debate as to the pre-
cise functions of each is still widely contested. For example,
meta-analyses suggest that the posterior vmPFC, for example,
differentially responds to emotion, while the rostral and central
vmPFC demonstrate increased activation during social processing
and valuation judgments, respectively (Hiser and Koenigs, 2018),
which may suggest a need for more precise anatomically defined
masking to explore questions of affectivity in the vmPFC.

To address concerns that observed patternsmay be in response
to non-affective characteristics of the stimuli, we compared the
pattern similarity of affectively valenced video pairs to pair-
wise comparisons of our neutral stimuli set. Representational
similarity was greater for affective stimuli than non-affective
stimuli in children [t(4306)=5.504, Padj. <0.001] but not adults
[t(3542)=1.277, Padj. =1.000]. This was surprising, as it could
suggest valence to be too simple of a metric by which to clas-
sify neural activation patterns in adults. However, it is more
likely that there were characteristics of our neutral video set that
limit their utility as ideal controls. While valenced stimuli con-
sisted of both animated and live-action videos, our neutral videos
were strictly live-action videos, which may have influenced how
participants evaluated them. Similarly, the presence of socially
relevant stimuli (i.e. use of language, humans and anthropomor-
phized animals) was not balanced between valenced and neutral
videos. Additionally, while categorical coherence was assessed
twice for valenced videos and once for neutral videos by inde-
pendent raters, the subjective evaluations or interpretations of
individual participants in response to the stimuli may have varied
more than anticipated. This could be especially problematic with
such a small dataset. As such, any differences observed between
valenced and non-valenced (i.e. neutral) representations should
especially be skeptically considered in the absence of replication
with more suitable controls.

An additional limitation is the lack of resolution of emotional
classifications among our affective observations. Although affec-
tive representations like those we had focused on this study may
relate to representations of emotions, they are not synonymous,
and emotions that might typically be considered categorically
congruent in terms of affect can vary dramatically in terms
of expression, experience and physiology. For example, studies
that have compared activation patterns of different ‘negatively
valenced’ emotions have found dramatic differences, especially
within the basal ganglia and medial PFC (Kassam et al., 2013).

Furthermore, expression, experience and physiology of the same
emotions can vary dramatically from person to person (see Clore
and Ortony, 2013) and culture to culture (Ma et al., 2018). Our
investigation lacked the statistical power to analyze affective
classifications at a more granular level (i.e. emotions), and, as
such, is limited in applicability.

Conclusions
The present study found differences in how similarly children
and adults represent affective stimuli within the AMY, NAcc
and vmPFC, as well as differences by valence. The representa-
tion of affect in subcortical structures, like the AMY and NAcc,
may change relatively less across the life span than frontal
regions, such as the vmPFC, which may be indicative of a mat-
uration from passive assessment to active engagement with
or modulation of affectively relevant experiences. Although it
may be natural as an adult to pine for the relative simplicity
with which we assessed our childhood experiences, our find-
ings suggest these might be necessary trade-offs in the devel-
opment of mature, nuanced understandings of our emotional
experiences.
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