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Cognitive control is related to goal-directed self-regulation abilities, which is fundamental
for human development. Conflict control includes the neural processes of conflict
monitoring and conflict resolution. Testosterone and cortisol are essential hormones
for the development of cognitive functions. However, there are no studies that
have investigated the correlation of these two hormones with conflict control in
preadolescents. In this study, we aimed to explore whether testosterone, cortisol,
and testosterone/cortisol ratio worked differently for preadolescent’s conflict control
processes in varied conflict control tasks. Thirty-two 10-year-old children (16 boys
and 16 girls) were enrolled. They were instructed to accomplish three conflict control
tasks with different conflict dimensions, including the Flanker, Simon, and Stroop tasks,
and electrophysiological signals were recorded. Salivary samples were collected from
each child. The testosterone and cortisol levels were determined by enzyme-linked
immunosorbent assay. The electrophysiological results showed that the incongruent
trials induced greater N2/N450 and P3/SP responses than the congruent trials during
neural processes of conflict monitoring and conflict resolution in the Flanker and
Stroop tasks. The hormonal findings showed that (1) the testosterone/cortisol ratio
was correlated with conflict control accuracy and conflict resolution in the Flanker task;
(2) the testosterone level was associated with conflict control performance and neural
processing of conflict resolution in the Stroop task; (3) the cortisol level was correlated
with conflict control performance and neural processing of conflict monitoring in the
Simon task. In conclusion, in 10-year-old children, the fewer processes a task needs,
the more likely there is an association between the T/C ratios and the behavioral
and brain response, and the dual-hormone effects on conflict resolution may be
testosterone-driven in the Stroop and Flanker tasks.

Keywords: conflict control, cortisol, testosterone, event-related potentials, children

INTRODUCTION

Conflict control is essential for goal-directed behavior and self-regulation (Mayr et al., 2003;
Botvinick et al., 2004; Bexkens et al., 2014). It requires individuals to concentrate on the instructed
mental operation and filter out distraction (Nigg, 2000; Johnstone et al., 2009; Mullane et al., 2009).
Conflict control is known to develop rapidly during early childhood and continues to develop
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during adolescence (Rueda et al., 2004; Davidson et al., 2006;
Tsujimoto, 2008; van Meel et al., 2012; Sheridan et al., 2014).
According to the dimensional overlap theory (Kornblum et al.,
1990, 1999), conflict control processes are investigated using the
Flanker task (Eriksen and Eriksen, 1974), Stroop task (Stroop,
1935), and Simon task (Simon and Small, 1969). The Flanker
task examines the stimulus–stimulus (S–S) incompatibility. The
Simon task requires attentional control on the conflicts stemming
from stimulus–response (S–R) incompatibility (Proctor and
Reeve, 1990). The Stroop task measures the mixed S–S and
S–R incompatibilities (Liu et al., 2010). S–S and S–R conflict
control have been shown to develop differently with different
developmental speeds and patterns (Diamond and Taylor, 1996;
Jongen and Jonkman, 2008; Bryce et al., 2011). In addition,
executive functions have been reported to be indistinguishable in
children until 9 years of age and are related yet separable by 10-
to 11-years-old (Brydges et al., 2014b).

Conflict control contains two sub-processes: conflict
monitoring and conflict resolution (van der Molen, 2000;
Botvinick et al., 2004; Kerns et al., 2004; Rueda et al., 2004;
Polich, 2007; Hillman et al., 2009; Johnstone et al., 2009;
Frühholz et al., 2011; Brydges et al., 2014a; Wang et al., 2014).
Conflict monitoring is the detection of conflicts coming from
perceptual inputs or between preferred responses and required
responses. The frontal N2 and N450 components of event-
related potentials (ERPs) reflect the neural processing of conflict
monitoring (van Veen and Carter, 2002; Botvinick et al., 2004;
Kerns et al., 2004; Tillman and Wiens, 2011; Brydges et al., 2013;
Larson et al., 2014). Conflict resolution is associated with the
neural processing of resolution of the conflicts. The positive
P3 and slow potential (SP) with central-parietal distribution
correlate with conflict resolution (Liotti et al., 2000; Rueda et al.,
2004; Jonkman, 2006; Smith et al., 2008; Abundis-Gutierrez et al.,
2014).

Preadolescence is a critical period for the development
of conflict control (Khan et al., 2015; Crone and Steinbeis,
2017), and the immature prefrontal cognitive control is related
with a range of adverse outcomes in preadolescence and
adolescence periods, such as smoking, alcohol/drug abuse,
risking behaviors (see Pfeifer and Allen, 2012 for a review).
Steroid hormones have been shown to affect the cerebral cortex in
the preadolescent period (Eiland and Romeo, 2013; Nguyen et al.,
2013). Testosterone is the most commonly studied hormone.
The first significant rise in testosterone occurs at 10 years in
both chronological and bone age (SizoNenko and Paunier, 1975).
Studies have shown that testosterone reduces fear (Hermans et al.,
2006) and predicts risk-seeking behavior (Sapienza et al., 2009;
Stanton et al., 2011). Moreover, testosterone is considered to
be an important factor during brain development of cognition
(Janowsky, 2006), and testosterone level is associated with
several cognitive functions (for reviews, Moffat, 2005; Janowsky,
2006; Driscoll and Resnick, 2007), especially executive function
(Barrett-Connor et al., 1999; Perry et al., 2001; Muller et al.,
2005). The testosterone level moderates cognitive function by
attentional control processes in older men (Martin et al., 2009).
The level of testosterone is inconsistently correlated with conflict
control in the Flanker and Stroop tasks. Participants with

higher testosterone levels have been reported to exhibit more
interference than those with lower testosterone levels in the
Flanker task (van Strien et al., 2009). In contrast, testosterone
deprivation showed an adverse effect on Stroop interference
performance (Green et al., 2004).

Another important hormone is cortisol, and high cortisol level
is associated with psychological stress and behavioral inhibition
in both child and adult participants (Fox et al., 2005; Terburg
et al., 2009; Tops and Boksem, 2011; Ventura et al., 2012;
Pfattheicher and Keller, 2014). There are two types of cortisol
effects. One is the slow, genomic effect, which is brought about
by modulation of gene expression; and the other is the rapid-
acting, non-genomic cortisol effect without modulation of gene
expression (Joëls et al., 2011). Shields et al. (2015) proposed, on
the basis of meta-analysis, that the rapid, non-genomic effects
of cortisol enhanced inhibition, but the slow, genomic effects of
cortisol impaired inhibition. They suggested that cortisol might
act in concert with other biological processes to further influence
core executive functions.

Terburg et al. (2009) proposed a dual-hormone hypothesis
that testosterone might interact with cortisol to affect behavioral
regulation (Archer, 2006; Mehta and Josephs, 2010; Mehta et al.,
2015; Ponzi et al., 2016; Sherman et al., 2016). According to the
testosterone/cortisol (T/C) ratio hypothesis, high testosterone in
the presence of low cortisol is associated with aggression and
externalizing problems in adults through up-regulation of gene
expression in several brain regions including the amygdala (van
Honk et al., 2010; Montoya et al., 2012). Increased testosterone
relative to cortisol may reduce the communication between
subcortical regions (such as the amygdala) and cortical regions
(such as orbitofrontal cortex) (Glenn et al., 2011), and the
decoupling between subcortical and cortical regions may have
effects on emotional information processing (van Honk and
Schutter, 2006). However, there is little evidence about the
association between non-emotional information processing and
T/C ratio, except for a few studies concerning testosterone
or cortisol and cognitive functions such as processing speed,
attention (Salminen et al., 2004; Henry and Sherwin, 2012), and
cognitive control mentioned above.

Although testosterone and cortisol have both been reported
to be correlated with cognitive control processes, it is unknown
how the T/C ratio impacts cognitive control. During the
transition period from childhood to adolescence, testosterone
and cortisol secretion experience a transition from adrenarche to
gonadarche. In addition, it has been shown that morning salivary
cortisol levels in mid-postpubertal girls are greater than in mid-
postpubertal boys, but it is not the case in pre-early pubertal
girls and boys (Netherton et al., 2004). Little attention has been
paid to whether the surge of hormone secretion correlates with
conflict control during the transition, despite that the target
brain regions of these hormones overlap with the neural basis of
conflict control.

In this study, we explored the correlation of testosterone and
cortisol levels with conflict control processes in preadolescent
children. We hypothesized that testosterone, cortisol, and the
T/C ratio are differently correlated with children’s conflict control
performance and neural processing of conflict monitoring and
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conflict resolution. We also expected that testosterone and
cortisol would work differently for S–S, S–R, and mixed S–R
types of conflicts, due to the varied electrophysiological activity
in the Flanker, Simon, and Stroop tasks. This is the first study that
demonstrates the dual-hormone regulation of conflict control in
preadolescent children.

MATERIALS AND METHODS

Subjects
Thirty-two children (16 boys and 16 girls, ages from 10.1 to
11.2 years, mean age: 10.8 ± 0.4 years) were randomly enrolled
from one elementary school. The enrollment of participants
was in agreement with the Declaration of Helsinki. This study
was approved by the Ethics Committee of Chinese Academy
of Sciences and Capital Normal University. Written informed
consents were obtained from all of the children and their parents.
All participants were right-handed with normal visual acuity and
without any neurological or psychiatric problems. They were all
naïve to the purposes of the experiment.

Materials and Procedures
The stimuli and procedures used are illustrated in Figure 1.
The presentation screen was a computer monitor (17 inches,
1024 × 768 at 100 Hz) with a black background, and the
participant’s viewing distance was 60 cm. The participants were
instructed that they would perform a Simon task, a Flanker task,
and a Stroop task, and the sequences of the presentation of these
three tasks were counterbalanced among participants.

FIGURE 1 | The samples of stimuli in Flanker, Simon, and Stroop tasks.

Flanker Task
A revised Flanker task was adopted, and each stimulus contained
five arrows in a row (visual angle was approximately 8.0◦ × 1.2◦).
Each trial began with a fixation cross for 250 ms, followed by
the presentation of the stimulus for 1500 ms. The inter-stimulus
interval (ISI) varied randomly between 800 and 1000 ms. In
congruent trials, the pointing direction of the central target arrow
was the same as the bilateral four arrows, whereas in incongruent
trials, the central target arrow pointed opposite to the direction of
the other arrows. Participants were instructed to press the right
button with the right index finger if the target arrow pointed to
the right and press the left button with the left index finger if the
target arrow pointed to the left.

Before the main experiment, the participants were given 16
practice trials to familiarize themselves with the task procedure.
The formal experiment contained 4 blocks with 61 trials in each
block, and the total 244 trials consisted of 122 congruent trials
and 122 incongruent trials. A 2- to 3-min rest period was given
after each block, and the whole task lasted approximately 15 min.

Simon Task
A revised Simon task (Simon, 1969; Hommel, 1993) was adopted.
For each trial, either a gray triangle or a gray square was displayed
on the left half side or the right half side of the black screen,
with a visual angle of 1.2◦ vertically and 1.2◦ horizontally. Each
trial began with a fixation cross for 250 ms, followed by the
presentation of the stimulus for 1500 ms. The ISI varied randomly
between 800 and 1000 ms. Participants were instructed to press
the left button with the left index finger and the right button
with the right index finger for the triangle stimulus or the square
stimulus. The response hands for the corresponding stimuli
were balanced among participants. For the congruent trials, the
mapping between the stimulus presentation location and the
response hand was compatible; while, for the incongruent trials,
the stimulus–response mapping was incompatible.

Before the main experiment, the participants were given 16
practice trials to familiarize themselves with the task procedure.
The formal experiment contained 4 blocks with 61 trials in each
block, and the total 244 trials consisted of 122 congruent trials
and 122 incongruent trials. A 2- to 3-min rest period was given
after each block, and the whole task lasted approximately 15 min.

Stroop Task
A revised Stroop task was adopted (Spillers and Unsworth,
2011; Unsworth et al., 2011), and Chinese characters, “ ”(red),
“ ”(green), and “ ”(blue), with either red, green or blue ink
were displayed at the center of the black screen. The visual
angle of the stimuli was 1.2◦ vertically and 1.2◦ horizontally.
Each trial began with a fixation cross for 250 ms, followed by
the presentation of the stimulus for 1500 ms. The ISI varied
randomly between 800 and 1000 ms. Participants were required
to press three buttons according to the ink color of the stimuli
with their right index, middle, and ring finger, and ignore the
meaning of the characters. For the congruent trials, the ink
color of the stimuli was compatible with the meanings of the
words, while for the incongruent trials, the ink color of the
stimuli was incompatible with the meanings of the words. The
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response fingers for the corresponding stimuli were balanced
among participants.

Before the main experiment, the participants were given 24
practice trials to familiarize themselves with the task procedure.
The formal experiment contained 4 blocks with 81 trials in
each block, which consisted of 162 congruent trials and 162
incongruent trials in total. A 2- to 3-min rest period was given
after each block, and the whole task lasted approximately 20 min.

Saliva Sample Collection and
Measurement
The salivary samples were collected a week after the ERP
experiments, and the salivary samples of all the children were
collected at the same time of the same day. Each child was asked
to rinse his/her mouth thoroughly three times with water at 8 am.
Then, 2 mL saliva was collected from each child at approximately
9 am. Subjects were asked not to eat or drink during the interval.
Saliva was collected by using the Salivette device. Each child was
instructed to keep the sponge in his/her mouth and chew and
roll the sponge gently inside the mouth for 2 min. Samples were
stored at −20◦C. The levels of salivary testosterone and cortisol
were measured by enzyme-linked immunosorbent assay (ELISA).
The Kits used for ELISA were from DRG Instruments GmbH,
Germany.

EEG Recording and Analysis
Sixty-four electrodes embedded in a NeuroScan Quik-Cap were
used to record the electroencephalograms (EEG), and the
electrode positions were placed according to the 10–20 system
locations. Four bipolar electrodes were positioned on the inferior
and superior areas of the left eye and the outer canthi of
both eyes to monitor the vertical and horizontal EOG (VEOG
and HEOG). Electrode impedance was kept below 5 k�. The
EEG signal was amplified using SynAmps amplifiers with a
sample rate of 1000 Hz and was continuously recorded with
online bandpass filters at 0.05–100 Hz with a nose reference.
The epochs contaminated by eye blinks, eye movements, or
muscle potentials exceeding ±70 µV at any electrode were
excluded using the SCAN program. The laboratory had efficient
decoration to shield ambient electrical noise. The signal was
further epoched with 100 ms prior to (for baseline correction)
and 1000 ms after the stimulus onset. ERPs were further zero
phase shift digitally filtered off-line (bandwidth: 1–30 Hz, slope:
24 dB/octave).

Based on previous neurodevelopment literature on conflict
control (Rueda et al., 2004) and current data, the N2 (with a 220–
340-ms time window; the electrodes of F3, FC3, and C3 were
averaged for the left hemisphere; the average of Fz, FCz, and
Cz for the midline area; the average of F4, FC4, and C4 for the
right hemisphere) and P3 components (with a 350–530-ms time
window; the electrodes of C3, CP3, and P3 were averaged for the
left hemisphere; the average of Cz, CPz, and Pz for the midline
area; the average of C4, CP4, and P4 for the right hemisphere)
were analyzed for the Flanker and Simon tasks. The N450 (400–
500-ms time window; the electrodes of F3, FC3, and C3 were
averaged for the left hemisphere; the average of Fz, FCz, and Cz

for the midline area; the average of F4, FC4, and C4 for the right
hemisphere) and SP (570–770-ms time window; the electrodes
of C3, CP3, and P3 were averaged for the left hemisphere; the
average of Cz, CPz, and Pz for the midline area; the average of C4,
CP4, and P4 for the right hemisphere) components were analyzed
for the Stroop task.

Statistical Analysis
For the behavioral performances, the dependent factors of
mean accuracy and median of reaction time (RT) were tested
singly with the 2 × 2 repeated ANOVAs in the Flanker task,
Simon task, and Stroop task, separately, and each ANOVA
had two independent factors of Congruency (congruent and
incongruent) and Sex (boy and girl). For electrophysiological
activities, the dependent factors of N2 peak latencies, N2 mean
amplitudes, P3 peak latencies, and P3 mean amplitudes were
tested singly with the 2 × 3 × 2 × 2 repeated ANOVAs, and
all the ANOVAs had four independent factors of Congruency
(congruent, incongruent), Hemisphere (left, middle, right), Task
(Flanker, Simon), and Sex (boy, girl). The dependent factors of
N450 mean amplitudes and SP mean amplitudes were tested
singly with the 2 × 3 × 2 repeated ANOVAs, and both of
the ANOVAs had three independent factors of Congruency
(congruent and incongruent), Hemisphere (left, middle, and
right), and Sex (boy and girl). Greenhouse-Geisser correction for
violations of sphericity was used where appropriate. The post hoc
contrasts with Bonferroni correction for multiple comparisons
were conducted for significant main and interaction effects, and
the post hoc comparisons would be carried out to compare
between all levels.

Correlation analyses were further conducted among
hormone levels (testosterone levels, cortisol levels, and T/C
ratio), behavioral responses (median RT and accuracy), and
electrophysiological processes (latency and amplitudes of ERP
responses) of conflict control in the three tasks. Pearson analysis
was conducted when performing a correlation analysis between
two normally distributed variables. Spearman analysis was
conducted when the distributions of the two variables were not
both normally distributed.

RESULTS

Salivary Testosterone and Cortisol Levels
To explore the hormone regulation of conflict control, we first
measured the testosterone and cortisol levels in 10-year-old
children. The salivary testosterone levels were 18.86 ± 6.56 in
boys and 25.97 ± 14.82 in girls (p > 0.05); the salivary cortisol
levels were 2.59± 0.67 in boys and 3.03± 0.87 in girls (p> 0.05);
and the testosterone/cortisol ratios were 7.40 ± 2.20 in boys and
8.60± 3.03 in girls (p > 0.05).

Behavior Performance on the Three
Tasks
The mean accuracies and median RTs in congruent and
incongruent trials of all the three tasks are shown in Table 1.
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TABLE 1 | Mean accuracy and median of reaction time (ms) in all the tasks.

Congruent Incongruent

Reaction time Accuracy Reaction time Accuracy

Flanker 460 (57) 0.98 (0.02) 489 (66) 0.97 (0.02)

Simon 541 (77) 0.94 (0.04) 547 (76) 0.93 (0.04)

Stroop 642 (63) 0.95 (0.05) 724 (93) 0.89 (0.07)

Median RT and Accuracy of Responses in the Flanker
Task
For the RT in the Flanker task, the main effect of Congruency was
significant [F(1,30)= 49.0, p< 0.001, η2

= 0.62], and participants
had shorter RT in congruent trials than in incongruent trials.

With regard to the accuracy in the Flanker task, the
Congruency factor showed a significant main effect
[F(1,30) = 9.9, p < 0.005, η2

= 0.24], and children showed
higher accuracy in congruent trails than in incongruent trials.

Median RT and Accuracy of Responses in the Simon
Task
No significant main or interaction effects were found for median
RT or accuracy in the Simon task (ps > 0.05).

Median RT and Accuracy of Responses in the Stroop
Task
For the RT in the Stroop task, the main effect of Congruency
was significant [F(1,30) = 93.5, p < 0.001, η2

= 0.76],
and participants had shorter RT in congruent trials than in
incongruent trials.

With regard to the accuracy in the Stroop task, the
Congruency factor showed a significant main effect
[F(1,30) = 6.3, p < 0.05, η2

= 0.17], and children showed
higher accuracy in congruent trails than in incongruent trials.

ERP Waveforms
The mean peak latency and amplitude of the N2 and P3
components in the Simon and Flanker tasks are shown in
Table 2. The grand-average ERP waveforms of the N2 and N450
components are shown in Figure 2, and the grand-average ERP
waveforms of the P3 and SP components are shown in Figure 3.
The waveforms are described in detail as follows.

N2 Responses in the Flanker and Simon Tasks
For the ANOVA of N2 latencies, the main effect of Task was
significant [F(1,30)= 4.55, p < 0.05, η2

= 0.13], and N2 latencies
were shorter in the Simon task than in the Flanker task. The main

effect of Hemisphere was significant [F(2,60) = 8.91, p < 0.001,
η2
= 0.23], and N2 latencies were longer over midline area

than over the left and right hemispheres (ps < 0.005). The main
effect of Sex on N2 latencies was also significant [F(1,30) = 4.67,
p < 0.05, η2

= 0.14], and girls had shorter N2 latencies than
boys did. No other significant main or interaction effects were
observed for N2 latencies (ps > 0.05).

For the ANOVA of N2 amplitudes, the interaction between
Hemisphere and Sex was significant [F(2,60) = 7.31, p < 0.001,
η2
= 0.20], and girls had more negative N2 amplitudes over

the right hemisphere than over the left hemisphere (p < 0.05)
and midline area (p < 0.005); no other comparisons were found
to be significant (ps > 0.05). The interaction between Task,
Congruency, and Hemisphere was significant [F(2,60) = 3.52,
p < 0.05, η2

= 0.11], and N2 responses were more negative in
the Flanker task than in the Simon task over the midline and
right hemisphere on congruent trials (midline: p < 0.01; right:
p < 0.05) and incongruent trials (midline: p < 0.001; right:
p < 0.01). N2 was more negative on incongruent trials than
on congruent trials in the Flanker task over the midline area
(p< 0.05). In the Flanker task, N2 amplitudes were more negative
over the midline area than over the left and right hemispheres on
both congruent and incongruent trials (ps < 0.005); in the Simon
task, N2 amplitudes were more negative over the left hemisphere
than over the midline area on congruent trials (p < 0.01). No
other significant main effects or interaction effects were observed
for N2 amplitudes (ps > 0.05).

N450 Responses in the Stroop Tasks
N450 amplitudes were 1.36 ± 5.08 µV on congruent trials and
−0.01 ± 4.49 µV on incongruent trials. For the ANOVA of the
N450 amplitudes, the main effect of Congruency was significant
[F(1,30) = 13.57, p < 0.001, η2

= 0.33], and the N450 was
more negative on incongruent trials than on congruent trials.
The interaction between Sex and Hemisphere was significant
[F(2,60) = 3.30, p < 0.05, η2

= 0.11], and the N450 of girls was
more negative over the midline area than over the left hemisphere
(p < 0.05); no other comparisons were found to be significant
(ps > 0.05). No other significant main effects or interaction effects
were observed for N450 amplitudes (ps > 0.05).

P3 Responses in the Flanker and Simon Tasks
For the ANOVA of P3 latencies, the main effect of Task was
significant [F(1,30) = 55.56, p < 0.001, η2

= 0.65], and the P3
latency was shorter in the Simon task than in the Flanker task.
The main effect of Sex was significant [F(1,30) = 4.62, p < 0.05,
η2
= 0.13], and girls had shorter P3 responses than boys did.

TABLE 2 | Mean latencies (ms) and amplitudes (µV) of N2 and P3 components in all the conditions.

Congruent Incongruent

N2 P3 N2 P3

Latency Amplitude Latency Amplitude Latency Amplitude Latency Amplitude

Flanker 275 −5.05 414 (32) 10.03 (2.83) 278 −5.52 429 (33) 9.95 (2.57)

Simon 266 −3.87 382 (26) 10.19 (3.47) 269 −3.91 382 (25) 10.54 (3.60)
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FIGURE 2 | The grand-average waveforms of N2 components in Flanker and Simon tasks and the N450 component in Stroop task.

FIGURE 3 | The grand-average waveforms of P3 components in Flanker and Simon tasks and the SP component in Stroop task.

The interaction between Task and Congruency was significant
[F(1,30) = 9.24, p < 0.005, η2

= 0.24], and in the Flanker
task, the P3 responses were faster on congruent trials than on
incongruent trials (p < 0.001); no other comparisons were found
to be significant (ps > 0.05). No other significant main effects or
interaction effects were observed for P3 latencies (ps > 0.05).

For the ANOVA of P3 amplitudes, the interaction between
Congruency and Sex was significant [F(1,30) = 4.93, p < 0.05,
η2
= 0.14], and girls exhibited a stronger P3 on congruent trials

than on incongruent trials (p< 0.05); no other comparisons were
found to be significant (ps > 0.05).The interaction between Task
and Hemisphere was significant [F(2,60) = 12.00, p < 0.001,
η2
= 0.29], and the P3 was stronger in the Simon task than in

the Flanker task over the midline area (p < 0.05); moreover, in

the Simon task, the P3 was stronger over the midline area and
the right hemisphere than over the left hemisphere (midline:
p < 0.001; right: p < 0.05). No other significant main effects or
interaction effects were observed for P3 amplitudes (ps > 0.05).

SP Responses in the Stroop Tasks
The SP amplitudes were 0.23 ± 1.33 µV on congruent trials
and 1.49 ± 1.56 µV on incongruent trials. For the ANOVA
of SP amplitude, the main effect of Congruency was significant
[F(1,30) = 18.36, p < 0.001, η2

= 0.40], and the SP was
stronger in incongruent trials than in congruent trials. The
interaction between Congruency and Hemisphere was significant
[F(2,60) = 4.10, p < 0.05, η2

= 0.13], and in congruent trials,
the SP was stronger over the midline area than over the right
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hemisphere (p < 0.01); no other comparisons were found to be
significant (ps > 0.05). The interaction among Sex, Congruency,
and Hemisphere was significant [F(2,60) = 3.84, p < 0.05,
η2
= 0.12], and in congruent trials, boys had a stronger SP

than girls did over the left hemisphere and midline area (left:
p < 0.01, midline: p < 0.05); no other comparisons were found
to be significant (ps > 0.05). No other significant main effects or
interaction effects were observed for SP amplitudes (ps > 0.05).

The Correlation among Behavior, ERP,
and Hormone Levels
The results of the correlation analyses among the behavioral
performance (median RT and accuracy), ERP (latency and
amplitude of ERP components), testosterone and cortisol levels,
and the T/C ratios are displayed in Table 3. Cortisol levels
were negatively correlated with RTs in the Simon task for
both congruent (r = −0.45, p < 0.05) and incongruent trials
(r = −0.42, p < 0.05). Testosterone (r = −0.53, p < 0.01)
and cortisol (r = −0.41, p < 0.05) levels were both negatively
correlated with the dRTs (RT differences between incongruent
and congruent trials) in the Stroop task. Testosterone and
cortisol levels were also negatively correlated with the RTs in
the Stroop task for both congruent (testosterone: r = −0.38,
p < 0.05; cortisol: r = −0.48, p < 0.01) and incongruent trials
(testosterone: r =−0.54, p < 0.01; cortisol: r =−0.54, p < 0.05).
For accuracy, the T/C ratios were negatively correlated with
accuracy in the Flanker task for both congruent (r = −0.40,
p < 0.05) and incongruent (r = −0.54, p < 0.05) trials.
Testosterone levels were also negatively correlated with accuracy
in the Flanker task for congruent trials (r =−0.39, p < 0.05).

For the correlation between neural processing of conflict
monitoring and the T/C ratios, dN2 latencies (N2 latency
differences between incongruent and congruent trials) in the
Simon task were negatively correlated with cortisol levels
(r=−0.36, p< 0.05). The N2 amplitude over the midline area on
congruent trials of the Flanker task was positively correlated with
testosterone levels (r = 0.38, p < 0.05). Additionally, the dN450
amplitudes (N450 amplitude differences between incongruent
and congruent trials) in the Stroop task over the right hemisphere
were positively correlated with testosterone levels (r = 0.40,
p < 0.05).

For the correlation between the P3 and SP neural responses
for conflict resolution and the T/C ratios, the P3 latencies over
the midline area in the Flanker task were negatively correlated
with the T/C ratios for both congruent (r = −0.41, p < 0.05)
and incongruent (r = −0.47, p < 0.01) trials. The SP amplitudes
on congruent trials in the Stroop task over the midline area
(r = −0.37, p < 0.05) and left hemisphere (r = −0.41, p < 0.05)
were both negatively correlated with cortisol levels. Testosterone
levels were negatively correlated with the SP amplitudes on
congruent trials of the Stroop task (r =−0.43, p < 0.05).

DISCUSSION

The current study investigated the correlations between
hormonal levels and conflict control processes in the flanker,

TABLE 3 | The correlations among behavioral data, ERP data, and hormone
levels.

Testosterone Cortisol T/C effect

Median of
reaction time

Flanker C −0.15 −0.34 0.10

I −0.14 −0.35 0.12

I–C −0.04 −0.18 0.10

Simon C −0.27 −0.45∗ 0.05

I −0.29 −0.42∗ 0.002

I–C −0.02 0.08 −0.10

Stroop C −0.38∗ −0.48∗∗ −0.07

I −0.54∗∗ −0.54∗∗ −0.21

I–C −0.53∗∗ −0.41∗ −0.31

Mean accuracy Flanker C −0.39∗ 0.14 −0.54∗∗

I −0.34 −0.01 −0.40∗

I–C 0.02 −0.15 0.07

Simon C −0.17 0.15 −0.36∗

I −0.10 0.05 −0.08

I–C 0.07 −0.07 0.18

Stroop C −0.11 0.02 −0.10

I −0.02 0.14 0.06

I–C 0.14 0.08 0.22

N2 latency Flanker C 0.01 0.10 0.02

I 0.03 0.08 −0.11

I–C −0.15 −0.01 −0.18

Simon C 0.03 −0.07 0.03

I −0.03 −0.16 0.11

I–C 0.01 −0.36∗ 0.32

N2 amplitude Flanker C 0.27 0.13 0.24

I 0.26 0.22 0.09

I–C −0.17 0.09 −0.26

Simon C 0.02 0.16 −0.11

I 0.06 0.15 −0.04

I–C 0.16 0.00 0.11

N450 amplitude Stroop C −0.01 0.06 −0.17

I 0.05 0.07 0.01

I–C −0.11 0.01 0.18

P3 latency Flanker C −0.15 0.17 −0.30

I −0.12 0.13 −0.40∗

I–C −0.09 −0.06 −0.19

Simon C 0.06 0.15 −0.13

I 0.07 0.10 −0.11

I–C −0.07 −0.13 −0.02

P3 amplitude Flanker C −0.09 −0.25 0.00

I −0.03 −0.22 0.02

I–C 0.11 0.11 0.02

Simon C −0.07 −0.04 −0.02

I −0.10 −0.03 0.04

I–C −0.02 0.01 0.10

SP amplitude Stroop C −0.43∗ −0.29 −0.14

I −0.20 −0.05 −0.11

I–C 0.23 0.21 −0.02

RT, reaction time, C, congruent, I, incongruent, I–C = incongruent–congruent.
∗p < 0.05; ∗∗p < 0.01.

Simon, and Stroop tasks. It was observed that the testosterone
levels related with conflict control in Stroop task, the cortisol
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levels with that in Simon task, and T/C ratio with flanker
task, which might support the dimensional overlap theory of
conflict control (Kornblum et al., 1990, 1999). Our main findings
revealed that for both S–S and S–R conflict control, testosterone
and cortisol, alone or jointly, were negatively correlated with the
efficiency of conflict control processes indexed by response speed
and accuracy. The T/C ratios, testosterone, and cortisol levels
were correlated with behavioral efficiency and brain activities
during conflict monitoring and resolution process in different
ways.

Dual Hormones and Behavioral
Efficiency of Conflict Control
The current study found that, consistent with the results from
Green et al. (2004), in the Stroop task, higher testosterone levels
were correlated with smaller RT differences between incongruent
and congruent trials. The associations between RT differences
and cortisol levels were in the same direction as testosterone
levels for this instance, and cortisol levels were negatively
correlated with the RT differences between incongruent and
congruent trials in the Stroop task. It was currently observed
that RTs were shorter and accuracies were higher in congruent
trials than in incongruent trials in the Flanker and Stroop
tasks, and these findings were consistent with previous studies
(Perlstein et al., 1998; Botvinick et al., 2004; Rueda et al., 2004;
Crump et al., 2006). The three tasks vary in cognitive load
of stimulus processing and response selection, as well as in
the nature of the conflict, such as S–S, S–R or the mixture of
both. The Stroop task requires more processes than the Simon
and Flanker tasks (Kornblum, 1994; Liu et al., 2010). Thus,
the associations between lower dual-hormone levels and poorer
efficiency in the RTs in the Stroop task are consistent with
previous evidence that lower testosterone was associated with
decreased performance in tasks requiring complex information
processing (Green et al., 2004). Additionally, higher cortisol levels
were also associated with a slower response speed in the Simon
task, which is in line with the observation that cortisol levels
are negatively correlated with advanced executive functions (van
Honk et al., 2003; Oei et al., 2006; Schoofs et al., 2008; Shields
et al., 2015).

In the current study, the behavioral response speed in the
Flanker task showed no significant correlations with testosterone.
However, in another two previous studies, higher testosterone
levels were observed to be associated with a faster response speed
in congruent Flanker trials in older men (van Strien et al., 2009),
and testosterone deprivation was linked to decreased cognitive
processing speed in attentional and working memory tasks in
older men (Salminen et al., 2004). The inconsistencies among
these findings indicate that the effects of testosterone on brain
regions may be different between children and seniors.

Hormones and Neural Processing of
Conflict Monitoring
During neural processing of conflict monitoring, testosterone
levels were positively associated with congruency effects in N450
amplitudes over the right hemisphere in the Stroop task, while

cortisol levels negatively correlated with congruency effects in
the Simon task. These correlations can be explained by the
different conflict processings in S–S and S–R conflict control
tasks.

In this study, we found that incongruent trials induced more
negative N2/N450 responses than congruent trials in the Flanker
and Stroop tasks during neural processing of conflict monitoring.
The present N2 findings suggest that it took children faster neural
speed and less neural effort to detect S–R conflicts (in the Simon
task) than to detect S–S conflicts (in the Flanker task), further
supporting the dimensional overlap theory for stimulus–stimulus
and stimulus–response incompatibility effects (Kornblum et al.,
1990, 1999), and demonstrated the independence of stimulus–
response incompatibility effects during conflict monitoring
processing (Treccani et al., 2009; Liu et al., 2010). Previous
evidence suggested that adolescents with higher cortisol levels
showed reduced activation compared to that of controls in
the right inferior frontal cortex and dorsolateral prefrontal
cortex in the comparison of incongruent–congruent trials in
the Simon task (Pruessner et al., 2003; Halari et al., 2009). The
negative correlation between cortisol levels and frontal cortex
activation in the Simon task may integrate the whole conflict
processing during S–R conflict control, but the N2 latency in
the current study might mainly reflect faster conflict detection
on S–R conflicts, which led to a different cortisol effect in
the Simon task. In the Stroop task, stimulus processing partly
relies on semantic features; so the conflict monitoring may
be more tightly related with testosterone because of semantic
processing (Geschwind and Galaburda, 1985). The positive
correlation between testosterone and congruency effects over the
right hemisphere in the Stroop task during conflict monitoring
reflected that testosterone enhanced the cognitive effort in the
right hemisphere to detect conflicts coming from perceptual
inputs (ink color and meanings of the characters, S–S) or between
preferred responses and required responses (S–R). For the less
complex task, the Flanker task, no correlations between hormone
levels and congruency effects were found, but testosterone levels
were positively correlated with the N2 amplitudes in congruent
trials over the midline area.

Hormones and Neural Processing of
Conflict Resolution
In this study, we also found that P3/SP responses were stronger
and slower on incongruent trials than in congruent trials of the
Stroop and Flanker tasks during neural processing of conflict
resolution, which is consistent with cognitive control theory and
prior empirical findings (Liotti et al., 2000; Rueda et al., 2004;
Jonkman, 2006; Smith et al., 2008; Abundis-Gutierrez et al.,
2014). Hormone effects on P3/SP responses reflected a possible
testosterone-driven pattern in the Stroop and Flanker tasks.

In the Stroop task, cortisol levels were negatively correlated
with SP amplitude over the midline area and the left hemisphere
on the congruent trials, while testosterone levels were positively
associated with the SP amplitudes overall on the congruent trials.
These results are consistent with previous evidence that cortisol
might exert negative effects on response selection, namely,
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response inhibition (Fox et al., 2005; Tops et al., 2006; Shields
et al., 2015), while testosterone reduces impulse control (Bing
et al., 1998) and might be related to stronger cortex activation.
According to the current results, cortisol reduced the neural
effort of conflict resolution over the midline area and the left
hemisphere of central and parietal areas, while testosterone
enhanced the neural effort of conflict resolution over the whole
central and parietal cortex. Furthermore, higher levels of the
two hormones were related to higher efficiency in the RTs in
the Stroop task. In addition, testosterone enhanced both conflict
monitoring and resolution, whereas in contrast, cortisol was
only related to conflict resolution. Thus, despite the relationship
to cortisol, the congruency effects observed in the RTs in the
Stroop task seemed to be mostly driven by testosterone, which
is in accordance with previous evidence of testosterone-driven
HPA-HPG coupling (Dismukes et al., 2015).

An important finding in the Flanker task was that the T/C
ratio was negatively related to the neural processing speed of
conflict resolution over the midline area in both incongruent and
congruent trials. A previous study reported that in the Flanker
task, cortisol mobilization was positively correlated with the
error-related negativity (ERN) responses, and a non-significant
correlation was observed between cortisol and the N2 and
P3 responses for conflict monitoring and conflict resolution
processes (Tops et al., 2006). Our current findings supported
these findings that cortisol levels alone were not correlated
with both the N2 and P3 responses in the Flanker task, which
further revealed that testosterone and cortisol worked together
to affect conflict control performance and neural processing
of conflict resolution. The T/C ratios and testosterone levels
were negatively related with accuracy in the Flanker task;
this might have mainly been due to the trade-off between
the conflict resolution speed and behavioral response accuracy,
because testosterone seemed to play a positive role in conflict
monitoring of S–S conflicts. Thus, the dual-hormone effects
on performance in the Flanker task as indexed by accuracy
may also be mostly driven by testosterone (Dismukes et al.,
2015).

It seems that the fewer processes a task requires, the more
likely there are associations between the T/C ratios and responses
on the task. Secondly, the T/C ratios may not be correlated
with executive functions that are relatively underdeveloped.
According to the dimensional overlap theory, the Flanker task
required fewer processes than the Simon and Stroop tasks, and
in every task, congruent trials required fewer processes than
incongruent trials. In the current study, the T/C ratios were
correlated with N2 and P3 in the Flanker task but not in the
other two tasks. What’s more, response interference control
has been reported to be a later developed ability (Jongen and

Jonkman, 2008; Bryce et al., 2011). The behavioral response speed
in the Stroop and Simon tasks was significantly correlated with
testosterone or cortisol levels separately, but not with the T/C
ratios. Since testosterone has been reported to correlate with
cognitive development in pre-early adolescents (Shangguan and
Shi, 2009), the T/C ratio should be considered as a critical factor
in the development of cognitive control, especially from late
childhood to adolescence.

CONCLUSION

This study advanced our knowledge of hormone-brain-behavior
associations in cognitive conflict control. We found that
testosterone, cortisol, and the T/C ratio were separately related
to conflict control processes for varied conflicts in 10-year-old
children. Cortisol levels were associated with conflict control
performance and neural processing of conflict monitoring on
stimulus–response conflicts in the Simon task. Testosterone
levels were tightly correlated with conflict control performance
and neural processing of conflict monitoring in the Stroop task.
The T/C ratios were correlated with conflict control performance
and neural processing of conflict resolution of stimulus–stimulus
conflicts in the Flanker task. The fewer processing a task
requires, the more likely there is an association between the
T/C ratios and the behavioral and brain response, and the
T/C ratios may not correlate with relatively underdeveloped
cognitive control abilities. Furthermore, the dual-hormone effects
on conflict resolution may be testosterone-driven in the Stroop
and Flanker tasks, indicating the involvement of a testosterone-
driven dual-hormone interaction during cortical maturation.
These findings further supported the dual-hormone hypothesis
and the dissociable processing mechanisms in varied conflict
control tasks.
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