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Adolescence is an essential developmental period characterized by reward-related
processes. The current study investigated the development of monetary and social
reward processes in adolescents compared with that in children and adults; furthermore,
it assessed whether adolescents had different levels of sensitivity to various types
of rewards. Two adapted incentive delay tasks were employed for each participant,
and event-related potentials (ERPs) were recorded. The behavioral results showed that
both monetary and social rewards could motivate response speed, and participants
were more accurate under the monetary reward condition than under the social
reward condition. The behavioral performances of individuals increased with age.
For the ERP data, the cue-P3, target-P2, target-P3 and feedback-related negativity
(FRN) components were investigated to identify reward motivation, emotional arousal,
attention allocation and feedback processing. Children and adolescents showed higher
motivation (larger cue-P3) to rewards than adults. Adolescents showed larger emotional
responses to rewards; that is, they had larger target-P2 amplitudes than adults and
shorter target-P2 latencies than children. Children showed stronger emotional reactivity
for monetary rewards than for social rewards. All age groups had stronger attentional
control (larger target-P3) under the monetary reward condition than under the social
reward condition. The present study sheds light on the neurodevelopment of reward
processes in children, adolescents and adults and shows that various reward process
stages demonstrate different age-related and reward-type-related characteristics.

Keywords: reward processes, neurodevelopment, adolescence, social reward, monetary reward, event-related
potential

INTRODUCTION

Adolescence is an essential developmental period characterized by remarkable changes in
physical, brain structural domains and hormonal levels, and these changes may further affect
adolescents’ functional responsiveness and even behaviors (Steinberg, 2005; Blakemore and
Choudhury, 2006; Blakemore, 2008; Casey et al., 2008, 2011; Burnett et al., 2011; Luking
et al., 2019; Poon et al., 2019). Rewards can enhance an individual’s motivation, excite
positive emotion, optimize the allocation of attention resources and reinforce individual
behaviors (Guyer et al., 2006; Delgado, 2007; Bar-Haim et al., 2009; Beck et al., 2010;
Helfinstein et al., 2011; Bhanji and Delgado, 2014; Kujawa et al., 2015; Flores et al.,
2018). Based on the dual-system theory, the reward system and cognitive control system
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interact and jointly influence the dynamic changes in reward-
related behaviors during individual development (Steinberg,
2008; Galvan, 2010; Shulman et al., 2016; McKewen et al., 2019).
Reward system is considered to develop non-linearly (Ernst et al.,
2005; Bjork et al., 2010; Somerville and Casey, 2010; Blakemore
and Robbins, 2012; Albert et al., 2013; Lamm et al., 2014; Luking,
2015; Ethridge et al., 2017; Kujawa et al., 2018). Adolescents show
hypersensitivity to both social and non-social rewards (Martin
et al., 2002; Bjork et al., 2004; Cohen et al., 2005; Ernst et al.,
2005; Galvan et al., 2006; Casey et al., 2008; Steinberg, 2008;
Geier and Luna, 2009; Forbes et al., 2010; Galvan, 2010; Geier
et al., 2010; Simon et al., 2010; Somerville et al., 2010; Van
Leijenhorst et al., 2010; Wahlstrom et al., 2010; Spear, 2011;
Nees et al., 2012; Urošević et al., 2012; Hoogendam et al., 2013;
Kennis et al., 2013; Richards et al., 2013; Lamm et al., 2014;
Weigard et al., 2014; Braams et al., 2015; Silverman et al., 2015;
Foulkes and Blakemore, 2016; Shulman et al., 2016; Steinberg
et al., 2017). Rewards can induce intense emotional experiences
in adolescents (Ernst et al., 2006; Galvan et al., 2006; Crone and
Dahl, 2012; Blakemore and Mills, 2014; Gilbert et al., 2019; van
Hoorn et al., 2019), and their motivation toward rewards is an
important part of socialization (Kohls et al., 2011; Jia et al., 2013).
Abnormal reward process development has been widely seen
in children and adolescents with depression (Bress et al., 2015;
Luking et al., 2016), autism spectrum disorder (Cox et al., 2015),
attention-deficit/hyperactivity disorder (Gonzalez-Gadea et al.,
2016), and some other conduct behaviors (Sheffield et al., 2015;
Li et al., 2020).

Both monetary and social rewards are widely used in scientific
research (Izuma et al., 2008; Knutson et al., 2008; Kohls et al.,
2009; Trezza et al., 2011; Forbes and Dahl, 2012; Guyer et al.,
2012; Somerville, 2013; Stavropoulos and Carver, 2013; Leotti
and Delgado, 2014; Weinberg et al., 2014; Foti et al., 2015; Olino
et al., 2015; Anderson, 2016; Foulkes et al., 2017; Cao et al.,
2018; Oldham et al., 2018; Altikulaç et al., 2019). Researchers
have directly compared behavioral performances and neural
responses to social and monetary rewards to investigate whether
there were differences between them. Some studies show that
monetary and social rewards activate identical neural structures
(striatum and medial prefrontal cortex) and comparable scalp
topographies and neural response speeds during processes of
cue detection, reward anticipation, and feedback evaluation
(Izuma et al., 2008; Saxe and Haushofer, 2008; Zink et al.,
2008; Guyer et al., 2012; Lin et al., 2012; Olino et al., 2015),
which supports the hypothesis of a common neural network
(Flores et al., 2015; Oumeziane et al., 2017). However, others
suggest that the neural networks for these two reward types
are not identical (Spreckelmeyer et al., 2009; Rademacher
et al., 2010; Chan et al., 2016), and adult participants are
found to be more motivated by monetary rewards than social
rewards (Spreckelmeyer et al., 2009; Demurie et al., 2011,
2012; Flores et al., 2015; Wang et al., 2017). The inconsistency
of these findings suggests that more research is needed for
comparisons between monetary and social reward. In addition,
most existing findings were based on adult participants, and the
investigation from the developmental perspective might provide
more evidences for this topic.

A recent behavioral study explored the developmental
differences between monetary and social reward processes in
children, adolescents and adults (Wang et al., 2017) by using
revised monetary incentive delay (MID) and social incentive
delay (SID) tasks (Spreckelmeyer et al., 2009; Rademacher et al.,
2010; Kohls et al., 2011; Broyd et al., 2012; Cox et al., 2015;
Flores et al., 2015; Wei et al., 2015). It was designed with
three different reward magnitudes indicated by the cue (high,
low, and non-reward conditions), and the cue was initially
presented to promote enhanced anticipatory brain activity that
motivated stimulation to prepare for a response (Broyd et al.,
2012). Wang et al. (2017) found that both social and monetary
rewards could enhance an individual’s response speed, and all
age groups showed faster speeds in the high reward magnitude
than in the low and non-reward magnitudes. Children and
adolescents demonstrated higher motivation for social rewards
than for monetary rewards. However, it is still not well known
how the neural dynamic differences for social rewards and
monetary rewards changed through individual development
and how monetary and social rewards motivate the neural
responses in adolescents.

According to existing studies using the event-related potential
(ERP) technique, the neural dynamic of reward processes
further contains the stages of motivation processing, emotional
reactivity, cognitive control, and feedback processing (Broyd
et al., 2012; Pfabigan et al., 2014, 2015). For motivation
processing, the cue-P3 component, a centroparietal positivity
that emerges between 300 and 500 ms post cue, relates to the
allocation of attention to reward-related cues and reflects the
processes of cue detection and motivational approach system
activation (Nieuwenhuis et al., 2005; Goldstein et al., 2006;
Kohls et al., 2011; Broyd et al., 2012; Cox et al., 2015; Flores
et al., 2015; Wei et al., 2015; Oumeziane et al., 2017). It
has been indicated that higher reward magnitudes or more
desirable rewards induced larger cue-P3 amplitudes compared
to the cue-P3 amplitudes induced by lower reward magnitudes
or less desirable rewards (Schacht and Sommer, 2009; Broyd
et al., 2012; Pfabigan et al., 2014). With regard to emotional
reactivity processing, target-P2, which is a positive peak at
the anterior and central electrode sites approximately 200 ms
following the target, is amplified by valuating the emotion of
the reward stimuli (Kaltwasser et al., 2013; Wei et al., 2015).
For the stage of cognitive control processing, target-P3 reflects
the attentional capture of a reward and the cognitive control
process (Broyd et al., 2012; Flores et al., 2015; Wei et al., 2015).
During the feedback stage, the feedback-related negativity (FRN)
over frontal and central brain areas peaking between 200 and
400 ms reflects the cognitive monitoring on different feedback;
the more an individual relies on external feedback, the larger
the FRN amplitude (Eppinger et al., 2009; Hämmerer et al.,
2011; Crowley et al., 2013). FRN is typically regarded to be
low for the reward gain condition and high for the reward
loss condition (Holroyd and Coles, 2002; Holroyd et al., 2003;
Heldmann et al., 2008). Developmental studies have shown that
children have enhanced FRN in response to feedback compared
to that of adolescents and adults, but less differentiation
between positive and negative feedback (Hämmerer et al., 2011;
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Crowley et al., 2013; Ferdinand and Kray, 2014), which might
indicate that children react strongly to external feedback.
However, the age-related neural processing differences between
monetary and social rewards during reward-related motivation,
emotional sensitivity and attentional allocation are still unclear.

The aim of the current study was to investigate the
development of neural mechanisms for monetary and social
reward processing in adolescents compared with children and
adults. The period of early adolescence is essential for the
development of reward processes and emotional abilities (Crone
and Dahl, 2012; Albert et al., 2013; Blakemore and Mills, 2014).
We chose a group of 8 years old children as a comparative group,
that was because the understanding of the concept of money was
fully established by age 8 (Grunberg and Anthony, 1980; Berti
and Bombi, 1981). Our first hypothesis was that adolescents may
have higher motivation (larger cue-P3 responses) toward social
rewards than toward monetary rewards. Second, it was further
hypothesized that adolescents may show stronger emotional
activities (larger target-P2) toward social rewards than children
and adults. Third, we hypothesized that high rewards would
induce stronger neural responses than low rewards.

MATERIALS AND METHODS

Participants
Individuals from three age groups participated in this
experiment. Data from 30 children (15 males; 8.1–9.0 years
old, mean age of 8.6 years), 30 adolescents (15 males; 12.2–
14.5 years old, mean age of 13.5 years), and 30 adults (15
males; 23.3–26.7 years old, mean age of 24.8 years) were
analyzed. The adults were undergraduate and graduate
students at a university. The children and adolescents
were recruited from a local primary school and a local
middle school. All participants were right-handed with
normal or corrected-to-normal vision and were free from
neurological or psychiatric disorders. The parents of the
participants who were children and adolescents provided
written informed consent before these individuals participated
in the present study, while adult participants provided their
own written consent. The present study was approved by
the Ethics Committee of the Institute of Psychology, Chinese
Academy of Sciences, and it was carried out in accordance
with the Code of Ethics of the World Medical Association
(Declaration of Helsinki).

Materials and Procedures
All data were collected in a dimly lit and shielded room. The
presentation of stimuli and the recording of error rates and
reaction times (RTs) were controlled by E-Prime 2.0 software
(Psychology Software Tools, Pittsburgh, PA, United States).
There were three stages of the study: the baseline RT
measurement, ERP experiment, and subjective rating (Figure 1).
The current study was designed based on a previous behavioral
study with several refinements (Wang et al., 2017). During
the baseline RT measurement stage, participants were blinded
to the experimental purpose and design. After completing the

FIGURE 1 | Examples of the trial sequence in monetary and social tasks.

baseline RT measurements but before the ERP experiment,
the participants were explicitly told that the ERP experiment
was about rewards, and they were informed of the ERP
experimental procedures, rules and incentive standards for the
monetary and social rewards. All participants clearly knew the
connection between their performance and the final rewards
(real money and a paper honor certificate) before the ERP
tasks. For the monetary reward setup, participants were told
that a picture of one or two coins would be presented to
indicate their good performance during each trial, and at the
end of the money task, 9-45 real Chinese Yuan would be
issued to the qualifying participants. For the social reward setup,
participants were told that they would receive a praise from
a picture of a real experimenter on the screen at the end
of each trial, and a paper honor certificate would be given
to the qualifying participants after completing the task. The
certificate was based on each participant’s performance in the
ERP task compared to his/her performance in the baseline
stage. The honor certificates displayed different sentences as
follows: “Congratulations for receiving XXX social approval
points (ranging from 91 to 180 points), and you received the XXX
(first-fifth) place prize in the psychological experiment!” There
was no difference in the exterior of the honor certificates from
fifth prize to first prize.

Baseline RT Measurements
Participants were instructed to respond to the shape of a target
figure (visual angle of the square stimulus: 2.12◦ × 2.12◦,
visual angle of the triangle stimulus: 3.22◦ × 2.79◦) by pressing
the left or right button of a computer mouse. A white
fixation cross (0.48◦ × 0.48◦ visual angle) appeared at the
center of a black screen for 600–1000 ms at the beginning
of each trial. The target figure was subsequently presented
in the center of the screen for 800 ms. The participants
were instructed to respond to the target shape as quickly and
accurately as possible. Then, the fixation cross was presented
for 1400–1800 ms, followed by the feedback stimulus for
500 ms (“

√
”: 3.99◦ × 2.64◦ for a correct response, or “ × ”:

2.64◦ × 2.64◦ for an incorrect response). There were 40
trials in this stage to allow participants to become familiar
with the task and to ensure that they all understood the
experimental instructions. Notably, the average RT of correct
responses for each participant was used as his or her baseline RT
in the next stage.
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ERP Experiment
Both social and monetary tasks consisted of 180 trials in three
continuous blocks. The reward magnitudes for high rewards,
low rewards and non-rewards accounted for one-third of each
block and were randomly presented. Each trial began with a
white fixation cross (0.4◦ × 0.4◦) at the center of a black screen
for 500 ms, followed by a cue for 1000 ms (2.07◦ × 2.07◦).
The magnitude of the potential reward was indicated by the
number of horizontal lines in the cue. A white circle with 2
lines indicated the high reward condition, whereas an empty
white circle or a circle with 1 line indicated the non-reward
or low reward condition, respectively. The cue-target interval
was 600–1000 ms, and the target figure (square or triangle) was
presented for 800 ms in the center of the screen. The association
between the response buttons and the shapes was consistent
with that in the baseline RT measurement stage. Participants
were instructed to respond to the shape of the target as quickly
and accurately as possible. The assignments of the response
buttons to the target figures and the sequence of the social
and monetary reward tasks were counterbalanced across the
participants in each age group.

After the target figure was displayed, the fixation cross was
presented again for 1400–1800 ms, followed by a feedback
stimulus for 500 ms. For the non-reward trials, a “

√
” or “ × ”

symbol was displayed as the feedback stimulus according to
whether the response was correct or not. In the low reward trials,
a photo of a Chinese female (26.8 years old) (3.88◦ × 3.88◦)
with a happy expression making a thumbs-up gesture or one 0.5
Chinese Yuan coin (3.88◦ × 3.88◦) was presented as the social
or monetary low-reward feedback stimulus if the participant
provided accurate responses that were faster than their baseline
RT. In the high reward condition, two 0.5 Chinese Yuan coins
(8.01◦ × 3.88◦) or two identical happy faces of the young woman
were presented as feedback. To quantify low and high rewards,
1 and 2 points, respectively, were added to the total points for
the corresponding reward type. The total points equaled the
cumulative number of coins or smiling faces the participants
had received in the corresponding tasks. For the low and high
reward trials, if participants responded incorrectly, they would
see an " × " symbol without any additional points and rewards;
if participants responded correctly but with a longer RT than
that in the baseline measurement, they would see a "

√
" symbol

without no additional points or rewards. The fixation point was
subsequently presented for 1100–1600 ms. The cumulative points
were reported at the end of each block to ensure that participants
were aware of their performance in the task. After completing the
task, the total points (i.e., the sum of the coin values or smiling
faces) that the participants had earned for that reward type were
presented. The total number of points for each task was 180,
and after the tasks, only participants with a total score above
90 qualified for the monetary and social reward. Different scores
corresponding to different reward levels are shown in Table 1.

Subjective Rating
Subjective ratings were conducted after participants completed
the ERP experiment, and they were instructed to rate their general
motivation for monetary and social rewards using 7-point Likert

TABLE 1 | Reward standard in monetary and social reward tasks.

Total points Monetary reward task Social reward task

0–90 points 0 Chinese Yuan 0

91–108 points 9 Chinese Yuan Fifth prize

109–126 points 18 Chinese Yuan Fourth prize

127–144 points 27 Chinese Yuan Third prize

145–162 points 36 Chinese Yuan Second prize

163–180 points 45 Chinese Yuan First prize

scales that ranged from 1 (do not want it at all) to 7 (want it very
much). There was no further subjective rating for the cues.

ERP Recordings
ERP recordings were obtained from 40 scalp sites using Ag/AgCl
electrodes embedded in an elastic cap at locations from the
extended International 10-20 system (Neuroscan; Compumedics,
EI Paso, TX, United States). These electrodes were referenced
to the A1 electrode, which was located at the left mastoid
during recording and referenced to the average of the right (A2)
and left mastoid (A1) potentials offline. Horizontal and vertical
electrooculograms (EOGs) were recorded by two electrodes on
the outer canthi of both eyes and two electrodes on the inferior
and superior areas of the left eye, respectively. Impedance was
kept below 5 k�, and electroencephalograph signals were on-
line filtered with a bandpass of 0.1–100 Hz and sampled at a
rate of 1000 Hz. Each averaging epoch lasted 1000 ms, with
an additional 100 ms prior to the stimulus onset to enable
baseline correction. Erroneous trials were excluded from the
analyses. Trials contaminated by eye blink artifacts or body
movements and those with voltages that exceeded ± 100 µV
relative to the 100 ms baseline at any electrode were excluded
from further analyses. The averaged ERPs were further filtered
off-line with bandwidths of 0.1–30 Hz (slope: 24 dB/octave; zero
phase shift).

Data Analysis
Based on previous ERP studies on reward processing and
a visual inspection of the current data, we calculated post-
cue responses over the central and parietal electrodes (average
of C3, Cz, C4, CP3, CPz, and CP4), indexing the cue-P3
component with a time window of 400–600 ms (Broyd et al.,
2012). We calculated the target-P2 component over the frontal
and central electrodes (average of F3, Fz, F4, FC3, FCz,
FC4, C3, Cz, and C4) with a time window of 150-280 ms
and the target-P3 component over the central and parietal
electrodes (average of C3, Cz, C4, CP3, CPz, and CP4) for
the interval 280–600 ms after the stimulus onset (Wei et al.,
2015). In addition, the FRN component was calculated for the
frontal and central midline electrodes (average of Fz, FCz, and
Cz) during the 200–400 ms interval after the stimulus-onset
(Crowley et al., 2013).

The behavioral performance (mean RT and error rate), mean
amplitudes and peak latencies of ERP components (cue-P3,
target-P2, target-P3, and FRN) were analyzed via analyses of
variance (ANOVAs) with two within-subject factors, Reward
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Type (monetary, social) and Reward Magnitude (non-reward,
low reward, high reward), and two between-subject factors,
Age group (children, adolescents, adults) and Gender (male,
female). For subjective ratings, the Reward type was the within-
participant factor, and the Age group and Gender were the
between-subject factors. For the ANOVA analyses, we mainly
reported the age-related analyses on the following main effects
and interaction effects: the main effects of Age group and Reward
type, and the interactions of Age group × Reward type, Age
group×Reward magnitude, Age group×Reward type×Reward
magnitude. All repeated-measures ANOVAs were corrected with
Greenhouse–Geisser corrections, and the Bonferroni tests were
used to conduct post hoc comparisons. The hypothesis-related
findings are presented in the text. For the main effects of Age
group, the post hoc tests were on the comparisons of children
vs. adolescents vs. adults (number of 3 tests for Bonferroni
correction, p < 0.05/3 = 0.017). For the main effects of Reward
type, the post hoc tests were on the comparisons of monetary
rewards vs. social rewards (number of 1 test for Bonferroni
correction, p < 0.05). For the main effects of Reward magnitude,
the post hoc tests were on the comparisons of high magnitude vs.
low magnitude vs. non-reward (number of 3 tests for Bonferroni
correction, p < 0.05/3 = 0.017). For the interaction between
Age group × Reward type, the post hoc tests were on the
comparisons of children vs. adolescents vs. adults under each
reward type level (monetary reward, social reward) (number
of 6 tests for Bonferroni correction, p < 0.05/6 = 0.008), and
also the comparisons of monetary rewards vs. social rewards
under each age group level (number of 3 tests for Bonferroni
correction, p < 0.05/3 = 0.017). For the interaction between
Age group × Reward magnitude, the post hoc tests were on the
comparisons of children vs. adolescents vs. adults under each
magnitude level (high reward, low reward, non-reward) (number
of 9 tests for Bonferroni correction, p < 0.05/9 = 0.006). For
the interaction between Age group × Reward type × Reward
magnitude, the post hoc tests were on the comparisons of children
vs. adolescents vs. adults under each magnitude level and each
type reward (number of 18 tests for Bonferroni correction,
p < 0.05/18 = 0.003), and post hoc tests were the comparisons
of monetary rewards vs. social rewards under each age group
level and under each magnitude level (number of 9 tests for
Bonferroni correction, p < 0.05/9 = 0.006). Correlation analyses
between behavioral data (RT and error rates) and ERP data
(amplitudes and latencies of cue-P3, target-P2 and target-P3)
were also conducted.

RESULTS

The mean RTs and response error rates in both the baseline stage
and ERP tasks and the mean subjective rating scores for both
monetary and social rewards are presented in Table 2. The mean
amplitude (µV) and peak latency (ms) for each ERP component
with valid trial numbers in all conditions are presented in Table 3.
Both significant and non-significant results of ANOVA analyses
for the behavioral and ERP data are displayed in Table 4. The
grand average waveforms of cue-P3 are presented in Figure 2,

those for target-P2 and target-P3 are shown in Figure 3, and those
for FRN are displayed in Figure 4.

Behavioral Results
Reaction Time
The results indicated a main effect of Age group, F(2,87) = 68.06,
p < 0.001, η2 = 0.61; the post hoc comparisons indicated
significantly faster RTs for adults [t(58) = −9.97, p < 0.001]
and adolescents [t(58) = −10.23, p < 0.001] than for children.
The difference between adolescents and adults did not reach
significance, t(58) = −0.26, p = 1.00. In addition, a main effect of
Reward magnitude was identified, F(2,174) = 140.82, p < 0.001,
η2 = 0.618; post hoc comparisons indicated significantly faster RTs
in the low [t(89) =−11.71, p < 0.001] and high reward conditions
[t(89) = −12.91, p < 0.001] than in the non-reward condition,
and a faster RT in the high reward condition than in the low
reward condition, t(89) = −6.97, p < 0.001. The other main
effects and interaction effects were not significant (ps > 0.05).

Error Rate
The results showed a main effect of Age group, F(2,87) = 15.28,
p < 0.001, η2 = 0.26, and the error rate was lower for adults
than for children [t(58) = −5.20, p < 0.001] and adolescents
[t(58) = −3.30, p < 0.005]. The difference between children
and adolescents was not significant, t(58) = 1.90, p = 0.15. The
other main effects and interaction effects were not significant
(ps > 0.05).

Subjective Rating
The Reward type factor significantly interacted with the Age
group, F(2,87) = 3.14, p < 0.05, η2 = 0.067. Post hoc comparisons
indicated that children [t(29) = 3.63, p < 0.001] and adolescents
[t(29) = 2.42, p = 0.018 < 0.05] rated social rewards significantly
higher than monetary rewards. For adults, the subjective
rating difference between monetary and social rewards was not
significant, t(29) = −0.13, p = 0.89. The other main effects and
interaction effects were not significant (ps > 0.05).

ERP Results
Cue-P3 Amplitude
With regard to the cue-P3 amplitude (Figure 2), the results
showed a main effect of Age group, F(2,87) = 12.76, p < 0.001,
η2 = 0.23, and adults exhibited smaller cue-P3 amplitudes
than children [t(58) = −4.99, p < 0.001] and adolescents
[t(58) = −2.83, p = 0.006 < 0.017]. There were no differences
between children and adolescents [t(58) = 2.21, p = 0.03 > 0.017].
In addition, a main effect of Reward magnitude was identified,
F(2,174) = 18.72, p < 0.001, η2 = 0.18, and the cue-P3 amplitude
was larger in the high reward condition than that in the low and
non-reward conditions (ps < 0.001). The other main effects and
interaction effects were not significant (ps > 0.05).

Cue-P3 Latency
For the cue-P3 latency, the main effect of Age group was
significant [F(2,87) = 19.31, p < 0.001, η2 = 0.31], and adults
had a shorter cue-P3 latency than children and adolescents
(ps < 0.001). There were no differences between children and
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TABLE 2 | Mean and standard deviation of reaction time (ms) and error rates in the baseline stage and ERP tasks, and subjective ratings for both rewards.

Age group Behavioral data Baseline stage Monetary reward task Social reward task

Non- reward Low reward High reward Non- reward Low reward High reward

Children Reaction Time 646 (98) 614 (101) 578 (88) 565 (89) 610 (89) 581 (94) 563 (95)

Error rates 4.23 (3.77) 7.83 (6.24) 6.10 (4.51) 8.21 (6.04) 7.85 (5.80) 7.33 (5.64) 7.31 (5.56)

Subjective rating N/A 4.87 (1.57) 5.77 (1.38)

Adolescent Reaction Time 471 (59) 457 (54) 420 (42) 406 (47) 462 (55) 426 (41) 414 (41)

Error rates 4.58 (3.48) 4.83 (4.18) 5.33 (5.33) 5.33 (4.54) 6.17 (5.40) 6.50 (5.40) 5.00 (3.94)

Subjective rating N/A 4.50 (0.86) 5.10 (1.16)

Adult Reaction Time 508 (52) 471 (59) 425 (38) 408 (35) 465 (53) 426 (36) 415 (37)

Error rates 2.35 (2.5) 2.06 (2.38) 2.08 (1.89) 1.88 (2.43) 2.88 (2.87) 2.82 (4.02) 1.58 (1.99)

Subjective rating N/A 5.33 (1.06) 5.37 (1.33)

TABLE 3 | Mean and Standard Deviation of valid trial numbers, mean amplitude (µV) and peak latency (ms) for each age group.

Age group ERP data Monetary reward task Social reward task

Non- reward Low reward High reward Non- reward Low reward High reward

Children Cue-P3 Trial numbers 48.3 (8.2) 48.9 (8.1) 48.5 (8.6) 46.1 (7.3) 47.5 (6.3) 46.1 (8.1)

Amplitude 9.5 (4.7) 10 (4.4) 10.6 (4.9) 9.9 (5.1) 10 (5.5) 11.1 (6.3)

Latency 517 (45) 518.1 (39.4) 518.8 (34) 507 (45.6) 512.9 (42.5) 514.3 (41.5)

Target-P2 Trial numbers 50.2 (7.4) 50.2 (7.7) 49.1 (7.7) 48.3 (6.3) 49.3 (5.7) 48.1 (6.3)

Amplitude 12.7 (4.05) 15.0 (4.7) 13.7 (4.1) 13.4 (4.6) 12.6 (4.6) 13.7 (3.7)

Latency 217.7 (21.3) 211.6 (21.9) 215.4 (24.1) 219.3 (19.4) 215.9 (23.2) 212.3 (22.2)

Target-P3 Amplitude 13.8 (5.3) 15.1 (5.6) 15.5 (5.7) 14.1 (5.3) 13.58 (4.54) 15.47 (5.08)

Latency 395.8 (76.2) 382.6 (67.3) 390.1 (68.5) 383.8 (67.1) 388.2 (67.1) 383.0 (68.6)

FRN Trial numbers 74.6 (20.2) 44.1 (11.3) 46.1 (12.1) 70.1 (15.6) 43.6 (9.5) 45.1 (8.3)

Amplitude −6.3 (4.7) −12.3 (6.2) −10.7 (5.5) −5.1 (3.4) −10.9 (7.1) −12.2 (5.0)

Latency 341.6 (42.8) 329 (33.9) 300.8 (36.3) 342.3 (36.2) 329.9 (37.7) 331.0 (45.8)

Adolescents Cue-P3 Trial numbers 50.3 (6.7) 49.6 (7.3) 49.7 (6.8) 46.7 (7.1) 46.4 (6.4) 47.4 (5.8)

Amplitude 7.7 (4.6) 7.4 (3.5) 9.1 (4.3) 7.5 (4) 7.8 (4.2) 9.4 (4.9)

Latency 494.3 (44.6) 481.2 (48.4) 491.7 (40.1) 502.6 (51.3) 492.2 (42.8) 492 (39)

Target-P2 Trial numbers 51.3 (7.1) 51.1 (6.8) 51.4 (6.4) 48.8 (6.1) 48.9 (6.1) 47.9 (6.1)

Amplitude 12.3 (4.1) 13.2 (4.7) 14.0 (4.9) 11.2 (4.8) 12.5 (4.2) 13.7 (4.2)

Latency 198.7 (22.8) 203.0 (22.2) 200.1 (21.4) 198.7 (22.7) 198.5 (22.6) 199.7 (23.5)

Target-P3 Amplitude 13.3 (4.7) 15.0 (5.3) 15.7 (5.7) 11.6 (5.1) 13.3 (5.4) 15.6 (5.8)

Latency 376.4 (46.8) 359.6 (37.7) 362.9 (41.9) 383.4 (44.1) 368.2 (41.2) 365.8 (40.7)

FRN Trial numbers 73.5 (19.7) 41.6 (8.5) 44.1 (8.3) 71.3 (18.4) 40.5 (9.1) 42.6 (8.2)

Amplitude −1.0 (3.4) −5.4 (5.5) −4.6 (4.4) −2.0 (4.1) −7.1 (5.5) −5.5 (5.4)

Latency 312.1 (28.5) 336.5 (40.7) 314.2 (53.1) 317.5 (34.2) 305.4 (51.4) 324.8 (70.5)

Adults Cue-P3 Trial numbers 53.7 (6.3) 54.6 (4.1) 53.7 (5.4) 53.4 (7.5) 53.8 (6.4) 54.4 (6.9)

Amplitude 5.5 (3.2) 5.9 (2.8) 7 (2.9) 4.4 (2.7) 4.6 (3.4) 5.9 (3.3)

Latency 473.2 (47.8) 451.3 (43.3) 449.1 (45.6) 468 (45) 456.9 (53.1) 458.7 (43.1)

Target-P2 Trial numbers 54.2 (6.1) 55.6 (4.7) 54.3 (6.2) 53.5 (6.8) 54.5 (6.2) 54.5 (6.8)

Amplitude 7.7 (2.6) 8.8 (3.0) 9.2 (2.7) 7.2 (2.8) 8.1 (2.8) 8.9 (2.8)

Latency 203.9 (31.5) 210.1 (30.2) 212.7 (32.9) 200.2 (27.8) 202.1 (33.8) 203.2 (26.5)

Target-P3 Amplitude 9.2 (3.3) 11.1 (3.2) 11.7 (3.7) 8.6 (3.1) 9.8 (3.6) 11.0 (3.6)

Latency 389.5 (55.5) 375.5 (40.1) 362.3 (41.6) 383.6 (54.3) 375.4 (47.7) 368.7 (42.1)

FRN Trial numbers 67.4 (13.2) 48.6 (10.9) 52.2 (9.3) 66.9 (12.7) 48.9 (8.3) 51.4 (7.6)

Amplitude −0.5 (3.5) −1.6 (4.6) −1.0 (4.5) −0.7 (3.2) −2.5 (4.1) −1.3 (3.2)

Latency 300.3 (38.1) 324.1 (43.4) 285.6 (43.2) 306.4 (29.0) 269.5 (70.5) 309.8 (63.5)
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adolescents (p > 0.05). The main effect of Reward magnitude was
also significant, F(2,87) = 3.73, p < 0.05, η2 = 0.04, that was, the
cue-P3 latency was shorter under low reward condition than that
under no reward condition [t(89) = 2.57, p = 0.012 < 0.017].
There were no differences between high and no reward
conditions in cue-P3 latencies (p > 0.05). The other main effects
and interaction effects were not significant (ps > 0.05).

Target-P2 Amplitude
For the mean amplitude of target-P2 (Figure 3), the main
effect of Age group was significant, F(2,87) = 21.91, p < 0.001,
η2 = 0.34, and adults had smaller target-P2 amplitudes than
children [t(58) = 6.05, p < 0.001] and adolescents [t(58) = 5.28,
p < 0.001]. There were no differences between children and
adolescents (p > 0.05). The main effect of Reward type
was significant [F(1,87) = 4.85, p < 0.05, η2 = 0.05], and
that for target-P2 was larger for monetary rewards than for
social rewards. The main effect of Reward magnitude was
significant, F(2,174) = 23.21, p < 0.001, η2 = 0.21, and target-
P2 was smaller in the non-reward condition than in the
high [t(89) = 6.33, p < 0.001] and low reward conditions
[t(89) = 4.46, p < 0.001].

The interaction among Age group, Reward type and
Reward magnitude was significant, F(4,174) = 3.23, p = 0.014,
η2 = 0.07. Adults had smaller target-P2 amplitudes than
children and adolescents (ps < 0.001). For monetary rewards,
children had larger target-P2 values in the low reward
condition than in the non-reward condition [t(29) = 3.82,
p < 0.001]. For social rewards, adolescents had smaller target-
P2 amplitudes in the non-reward condition than in the high
[t(29) = 4.85, p < 0.001] and low conditions [t(29) = 3.05,
p = 0.009]. Adults had larger target-P2 amplitudes in the high
condition than in the non-reward condition [t(29) = 3.44,
p = 0.003 < 0.005]. Moreover, children had larger target-
P2 amplitudes for money rewards than for social rewards in
the low reward condition [t(29) = 3.26, p = 0.002 < 0.005].
The other main effects and interaction effects were not
significant (ps > 0.05).

Target-P2 Latency
For target-P2 latency, the main effect of Age group was
significant, F(2,87) = 3.63, p < 0.05, η2 = 0.08, and adolescents
had a shorter target-P2 latency than children [t(58) = 2.66,
p = 0.027 > 0.017]. There were no differences between children
and adults (p > 0.05).

The interaction between Reward magnitude and Age group
was significant, F(4,174) = 3.63, p < 0.01, η2 = 0.08, and
adolescents had shorter target-P2 latency than children in
the non-reward condition [t(29) = 3.29, p = 0.004 < 0.006].
The other main effects and interaction effects were not
significant (ps > 0.05).

Target-P3 Amplitude
For the target-P3 mean amplitude (Figure 3), the main effect of
Age group was significant [F(2,87) = 10.01, p < 0.001, η2 = 0.19],
and children and adolescents had larger target-P3 amplitudes
than adults [children vs. adults: t(58) = 4.06, p < 0.001;
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FIGURE 2 | Grand average waveforms of cue-P3 components over central-parietal areas (CPz) in response to the presentation of the cue stimuli for each age group.

adolescents vs. adults: t(58) = 3.62, p < 0.001]. The main effect of
Reward type was significant [F(1,87) = 7.58, p < 0.01, η2 = 0.08],
and that for target P3 was larger for monetary rewards than for
social rewards. The significant main effect of Reward magnitude
was significant, F(2,174) = 49.44, p < 0.001, η2 = 0.36; the target-
P3 amplitude was larger in the high reward condition than in
the low and non-reward conditions [high vs. low: t(89) = 5.59,
p < 0.001; high vs. non: t(89) = 9.03, p < 0.001], and the target-
P3 amplitude was larger in the low reward condition than in the
non-reward condition [t(89) = 5, p < 0.001].

The interaction between Reward magnitude and Age group
was significant, F(4,174) = 2.50, p < 0.05, η2 = 0.05. Children
and adolescents had larger target-P3 amplitudes than adults
(ps < 0.001). For children, target-P3 amplitudes in the high
reward condition were larger than those in the non-reward
conditions [high vs. non: t(29) = 3.28, p < 0.006]. For adolescents,
target-P3 amplitudes in the high reward condition were larger
than those in the low and non-reward conditions [high vs. low:
t(29) = 4.02, p < 0.001; high vs. non: t(29) = 6.96, p < 0.001];
target-P3 amplitudes in the low reward condition were larger
than those in the non-reward condition [t(29) = 4.11, p < 0.001].
For adults, target-P3 amplitudes in the non-reward condition

were smaller than those in the high and low conditions [high
vs. non: t(29) = 5.43, p < 0.001; low vs. non: t(29) = 3.77,
p < 0.001]. The other main effects and interaction effects were
not significant (ps > 0.05).

The interaction between Reward type and Reward magnitude
was significant, F(2,174) = 3.88, p < 0.05, η2 = 0.043. Only
in the low reward condition, target-P3 amplitudes were larger
for monetary rewards than for social rewards [t(89) = 4.03,
p < 0.001]. In addition, for monetary rewards, target-P3
amplitudes in the non-reward condition were smaller than those
in the high and low conditions [high vs. non: t(89) = 6.31,
p < 0.001; low vs. non: t(89) = 4.91, p < 0.001]. For social
rewards, target-P3 amplitudes in the high reward condition
were larger than those in the low and non-reward conditions
[high vs. low: t(89) = 6.26, p < 0.001; high vs. non:
t(89) = 6.82, p < 0.001].

Target-P3 Latency
For target-P3 latency, the main effect of Reward magnitude was
identified, F(2,174) = 13.03, p < 0.001, η2 = 0.13, and target-P3
latency was longer in the non-reward condition than in the high
[t(89) = 4.43, p < 0.001] and low reward conditions [t(89) = 3.64,
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FIGURE 3 | Grand average waveforms of target-P2 and target-P3 components over central areas (Cz) in response to the presentation of the target stimuli for each
age group.

p < 0.001]. The other main effects and interaction effects were
not significant (ps > 0.05).

Feedback-Related Negativity (FRN) Amplitude
For the FRN amplitude (Figure 4), the main effect of Age group
was significant, F(2,87) = 42.1, p < 0.001, η2 = 0.49; children had
more negative FRN amplitudes than adolescents [t(58) = −5.77,
p < 0.001], and adolescents had more negative FRN amplitudes
than adults [t(58) =−3.29, p = 0.004]. The main effect of Reward
magnitude was significant, F(2,174) = 68.9, p < 0.001, η2 = 0.44,
and FRN was less negative in the non-reward condition than in
the high [t(89) = 9.32, p < 0.001] and low conditions [t(89) = 1.01,
p < 0.001].

The interaction between Reward magnitude and Age group
was significant, F(4,174) = 10.4, p < 0.001, η2 = 0.19; for
children and adolescents, FRN amplitudes were more negative
in the high and low reward conditions than in the non-
reward condition (ps < 0.001); however, adults had comparable
FRN amplitudes in the reward and non-reward conditions

(ps > 0.05). The other main effects and interaction effects were
not significant (ps > 0.05).

Feedback-Related Negativity (FRN) Latency
For FRN latency, the main effect of Age group was significant,
F(2,87) = 8.46, p < 0.001, η2 = 0.16; adults had shorter FRN
latencies than children [t(58) =−4.06, p < 0.001], but there were
no differences between adults and adolescents [t(58) = −2.61,
p = 0.032 > 0.017].

The interaction among Reward type, Reward magnitude and
Age group was significant [F(4,174) = 3, p < 0.05, η2 = 0.07].
For monetary rewards, children had longer FRN latencies than
adolescents [t(58) = 3.09, p < 0.008] and adults [t(58) = 4.33,
p < 0.001] in the non-reward condition. For social rewards,
adults had shorter FRN latencies than children [t(58) = 4.26,
p < 0.001]; children had longer FRN latencies than adults
[t(58) = 4.19, p < 0.001] in the non-reward condition. For
adolescents and adults, FRN latencies were shorter for social
rewards than monetary rewards in the low reward condition
[adolescent: t(29) = 3.05, p < 0.005; adult: t(29) = 5.34, p < 0.001];
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FIGURE 4 | Grand average waveforms of FRN components over fronto-central areas (FCz) in response to the presentation of the feedback stimuli for each age
group.

For monetary rewards, children had shorter FRN latencies in the
high reward condition than in the low [t(29) = 3.22, p < 0.005]
and non-reward conditions [t(29) = 4.9, p < 0.001]; For money
rewards, adults had longer FRN latencies in the low reward
condition than in the high [t(29) = 4.4, p < 0.001]; for social
rewards, adults had shorter FRN latencies in the low reward
condition than in the high [t(29) = 3.63, p < 0.001] and non-
reward conditions [t(29) = 3.43, p < 0.005]. The other main
effects and interaction effects were not significant (ps > 0.05).

The Correlation Between Behavioral and
ERP Data
With regard to each age group, the correlation between
behavioral data and ERP data was strictly corrected by
p = 0.05/10 = 0.005 for each experimental condition because
there were 10 independent factors in the correlation matrix
(RT, error rates, amplitudes and latencies of cue-P3, target-
P2, target-P3 and FRN). For Adolescents, RTs in high social
reward condition positively correlated with target-P3 latencies
(r = 0.56, p < 0.001). Error rates for children in the reward
conditions positively correlated with target-P2 latencies (high
monetary reward: r = 0.59, p < 0.001; low monetary reward:
r = 0.51, p < 0.005; high social reward: r = 0.618, p < 0.001; low
social reward: r = 0.54, p < 0.002). For adults, RTs in monetary
reward conditions negatively correlated with target-P3 amplitude
(high reward: r = −0.60, p < 0.001; low reward: r = −0.61,
p < 0.001), and RTs in low social condition positively correlated
with target-P3 latencies (r = 0.58, p < 0.001).

DISCUSSION

The current study explored the neurodevelopment of social and
monetary reward processes in adolescents compared with that in
children and adults. The behavioral performances of individuals
increased with age. Children and adolescents had stronger
motivation (larger cue-P3) for rewards and devoted stronger
attentional control (larger target-P3) than adults. Adolescents
were more sensitive to social rewards than children and adults,
and children had stronger emotional sensitivity for monetary
rewards than for social rewards. The current findings offer the
clinical implications that social rewards could be used to motivate
adolescents’ behaviors, and that monetary rewards might be more
effective than social rewards for children and adults.

The Development of Reward Processes
in Children, Adolescents and Adults
Currently, developmental differences in response speed and
performance accuracy among three age groups have been found;
adolescents and adults have faster response speeds than children,
which might reveal that children’s ability to utilize reward
information and display proper behavior to obtain a reward is less
developed (Crone and van der Molen, 2004; Cassotti et al., 2011).
Children and adolescents make more erroneous responses than
adults, which is consistent with previous developmental findings
on reward processes (Wang et al., 2017). More importantly,
children and adolescents have larger cue-P3 amplitudes than
adults. This finding suggests that children and adolescents might
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show stronger motivation to reward-related cue information and
devote more neural effort compared to adults.

Target-P2 reflects an individual’s emotional sensitivity to
reward stimuli (Doñamayor et al., 2012). The current findings
show that children and adolescents have larger target-P2
amplitudes than adults, and adolescents have shorter target-P2
latencies than children. These findings indicate that rewards
could lead to stronger emotional responses in children and
adolescents than in adults, and adolescents have faster emotional
reactivity to rewards than children. This might be due to the
following factors. First, the emotion regulation model indicates
that the amygdala, ventral striatum and ventromedial PFC
(vmPFC) play key roles in generating emotion (Ochsner et al.,
2012). Adolescents have stronger activation in the ventral
striatum and amygdala in response to reward and emotional
stimuli than adults (Guyer et al., 2008; Somerville and Casey,
2010). Hence, processing reward stimuli could trigger stronger
emotional responses in adolescents, which was reflected by more
positive target-P2 amplitudes. Second, adolescence is a period
when pubertal hormone secretion, such as testosterone and
estradiol, increases (Forbes et al., 2010; Op de Macks et al.,
2011; Galvan, 2013). It has been reported that increased levels
of hormones make adolescents more emotionally expressive
(Nottelmann et al., 1987; Marceau et al., 2013). Beyond these
findings, it is known that a social reward is a pleasant feeling of
human interaction (Kohls et al., 2009; Stavropoulos and Carver,
2013; Cox et al., 2015). Target-P3 relates to the attentional capture
of reward and reward-related task accomplishments (Broyd et al.,
2012; Flores et al., 2015; Wei et al., 2015). Both monetary
and social rewards were more effective in triggering attentional
capture in children and adolescents than in adults. Similarly,
the current study indicated that a higher reward magnitude
was associated with a more positive target-P3 amplitudes in
adolescents and adults. Adolescents and adults were more
sensitive to reward magnitudes, and different reward magnitudes
could affect their target execution differently. For children, target-
P3 amplitudes were larger only in the high reward magnitude
condition compared to the low and non-reward conditions.
These findings confirmed that the ability of children to use reward
information to influence attention is not fully developed (Crone
and van der Molen, 2004; Cassotti et al., 2011). Taken together,
the current results of target-P3 suggested that reward magnitudes
could modulate attentional control in adolescents and adults
more precisely than in children (Steinberg, 2008; Van Leijenhorst
et al., 2009).

Similar to previous studies, children exhibited larger FRN
responses for rewards than adolescents and adults (Eppinger
et al., 2009; Hämmerer et al., 2011; Crowley et al., 2013). In
addition, for children and adolescents, there were differences
between the reward feedback and non-reward feedback regarding
FRN amplitudes. However, the comparison analyses showed
that there were no differences between reward and non-reward
feedback in the adult group. Contrary to previous research,
reward feedback elicited more negative FRN than non-reward
feedback (Eppinger et al., 2009; Hämmerer et al., 2011; Crowley
et al., 2013). This was mainly due to the differences in the
experimental design. Previous monetary reward tasks were

probabilistic learning, and non-reward or punishment feedback
was more unexpected; hence, it elicited more negative FRN.
In the current study, the type of feedback could be expected
based on the information of the cue and target response. When
participants were expecting feedback, compared with non-reward
trials, the response correctness and response speed needed to be
evaluated at the same time in reward-related trials. Therefore,
reward feedback was more unexpected than neutral feedback, and
the FRN for reward feedback had larger negative values.

The correlation analyses between behavioral data and ERP
data also showed interesting age-related findings. Behavioral
performances of adolescents only correlated with their neural
responses under the social reward condition; however, for
children and adults, a significant association between behavioral
performances and neural responses was found in both social and
monetary conditions. These findings suggest that adolescents’
reward processes were mainly sensitive to social rewards, and
their behavioral performances for monetary rewards were not
strictly related to their neural activities. Furthermore, adolescents’
reward-related behavioral performance is related to neural
responses of the cognitive control process (target-P3), which
might reveal that cognitive control processes are essential for
adolescents’ social reward behaviors. These results were in
agreement with the adult findings in the present study. This
might illustrate that with individual development, adolescents
have reached reward process patterns similar to those of
adults. For children, the behavioral performances of reward
processes were associated with emotional responses to reward
cue information, which could be induced by reward processes in
children being affected by their emotion processes.

The Comparisons Between Social and
Monetary Reward Processes
Another focus of the current study was the motivation differences
toward monetary and social rewards among children, adolescents
and adults. The performance speed for all age groups was
accelerated after high and low reward cues compared to after
non-reward cues, and high reward cues induced larger cue-P3
responses than low and non-reward cues. These findings revealed
that both monetary and social rewards were attractive and that
the setting of the reward magnitudes was valid, which might
further indicate that rewards induce an individual’s motivation
and encourage them to perform faster (Kohls et al., 2009,
2011; Spreckelmeyer et al., 2009; Demurie et al., 2011, 2012;
Stavropoulos and Carver, 2013). Generally, the current results
for adults are in agreement with previous studies showing a
stronger propensity of monetary conditions to elicit neural
reward responses, better accuracy and faster RTs compared to
social reward conditions (Barman et al., 2015).

Children and adolescents subjectively rated higher motivation
toward social rewards than monetary rewards, and adults rated
their motivation toward the two reward types equally, which was
in agreement with prior studies (Wang et al., 2017). Moreover,
cue-P3 was related to the motivation elicited by reward cues
(Nieuwenhuis et al., 2005; Goldstein et al., 2006; Kohls et al., 2011;
Broyd et al., 2012; Cox et al., 2015; Flores et al., 2015; Wei et al.,
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2015), but there were no reward type-related differences in cue-
P3 responses, which indicated that there were no differences in
the neural processing of cue-induced motivation on monetary
rewards and social rewards. Therefore, when measuring an
individual’s motivation for a reward, objective performance and
subjective ratings should be simultaneously considered because
they reflect different aspects of individual motivation.

The current study found that children had larger target-
P2 responses to monetary rewards than to social rewards only
in the low reward condition, which indicated that children
were more emotionally sensitive to monetary rewards compared
to social rewards with a medium level of motivation. It
was also currently observed that adolescents showed shorter
FRN latencies to social rewards than monetary rewards in
the low reward condition. This finding might indicate that
with a medium level of motivation, adolescents had faster
neural processes for social feedback than monetary feedback,
and it further illustrates adolescent’s hypersensitivity to social
rewards. Children showed shorter FRN latencies to monetary
feedback than to social feedback with a high level of
motivation, which might reveal that children had faster neural
processing speeds regarding monetary feedback compared to
social feedback. Taken together, these findings might be because
children aged 9–10 years old have established a comparably
mature concept of money and an extremely strong desire
to own and to use money (Grunberg and Anthony, 1980;
Berti and Bombi, 1981).

Interestingly, all age groups showed more positive target-P3
responses for monetary rewards compared to social rewards;
this finding might demonstrate that monetary rewards induced
larger attentional resources and allocation to accomplish the task
compared to social rewards. In contrast to the fixed probability
of obtaining rewards in previous studies (Kohls et al., 2011;
Cox et al., 2015; Flores et al., 2015), the final obtained reward
depended entirely on the participants’ performances during the
target response phase in the current study. Furthermore, more
attention resources are allocated to targets when individuals
have a stronger motivation for a certain reward (Baines et al.,
2011; Kaltwasser et al., 2013; Wei et al., 2015), and all
participants showed a more positive target-P3 for monetary
rewards compared to social rewards in the current study. Taken
together, the target-P3 in incentive delay tasks was sensitive to
both reward type and reward magnitude if the target duration was
fixed, and there was a close relationship between the performance
of the participants and the final obtained reward.

There were several limitations in the current study. First, the
current design was cross-sectional, which might induce more
noise and variance in the developmental analysis. In the future,
more age groups (such as a 9–11-year-old group and/or a-15–18-
year-old group) should be recruited to explore a more elaborate
developmental trajectory of reward processes. The measurement
on the individual traits (personality, impulsivity, risk-taking etc.)
should also be considered in the future study to enhance the
inference for psychological processes. Second, social rewards are
culturally shaped, and the current study only enrolled Asian
participants. One should be careful when applying the current
findings to Western culture. Third, the comparison between

feedback processes required further refinement since the current
feedback stimuli were perceptually different (shiny coins vs.
complex faces). This unbalanced design might lead to differences
in waveforms that are not due to reward magnitude effects.
Future studies should require participants to rate the reward
level of the feedback images and then use these subjective ratings
as a covariate for analysis to reduce the effects of an unequal
stimulus design.

CONCLUSION

Both monetary and social rewards may be incentives for
increasing motivation and facilitating behaviors. Children and
adolescents had higher motivation for rewards and devoted
more neural effort to execute attentional control than adults.
Adolescents showed larger emotional responses to rewards
compared with children and adults. Compared to social rewards,
monetary rewards could induce stronger emotional reactivity in
children. Individuals were better able to produce a high level
of neural effort for attentional control for monetary rewards
than for social rewards. The current study sheds light on the
neurodevelopment of reward processes and the influence of
various reward types on development.
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