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Emotions significantly shape the way humans make decisions. However, the underlying neural mechanisms of this influence remain
elusive. In this study, we designed an experiment to investigate how emotions (specifically happiness, fear, and sadness) impact
spatial decision-making, utilizing EEG data. To address the inherent limitations of sensor-level investigations previously conducted,
we employed standard low-resolution brain electromagnetic tomography and functional independent component analysis to analyze
the EEG data at the cortical source level. Our findings showed that across various spectral-spatial networks, positive emotion activated
the decision-making network in the left middle temporal gyrus and inferior temporal gyrus, in contrast to negative emotions. We also
identified the common spectral-spatial networks and observed significant differences in network strength across emotions. These
insights further revealed the important role of the gamma-band prefrontal network. Our research provides a basis for deciphering the
roles of brain networks in the impact of emotions on decision-making.
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Introduction
Decision-making is a crucial aspect of our lives, constantly shap-
ing our actions. In daily life, our choices are frequently swayed by
our emotions. For example, when we feel fear, we tend to make
lower-risk decisions. Decision-making is defined as an impor-
tant cognitive process where individuals decide actions or form
opinions from various options, based on their personal beliefs or
reasoning of various factors (Lerner et al. 2015). Initially, studies on
decision-making were mostly based on the assumption of ratio-
nal behavior (Browning et al. 1999), which was questioned with
the deepening of decision-making research. The somatic marker
hypothesis pointed out that people’s emotional reactions (i.e.
somatic markers) in decision-making could regulate the decision-
making behavior of people in complex and uncertain situations
(Damasio, 1994). Lerner et al. (2015) also pointed out that emotions
could exert a widespread, potent influence on decision-making,
which could be both beneficial and detrimental, yet often pre-
dictable. Therefore, given the intricate interplay between emo-
tions and decision-making processes, it is particularly important
to explore the effect of emotions on decision-making.

Early studies on the influence of emotions on decision-making
primarily relied on subjects’ subjective emotional data and
decision-making behavior data collected in the psychological
experiment paradigm. Bagneux et al. (2012) used movie clips to
induce emotions in the subjects and then asked the subjects to
complete decision-making tasks. The subjective emotional data
and decision-making behavior data indicated that participants
under angry and happy were more possible to make decisions

with less risk than participants under fear. Weller et al. (2010)
used the Iowa Gambling Task (IGT) and the Cups task to conduct
experiments and found that women are more inclined to take
risks than men under circumstances of loss. Charpentier et al.
(2017) compared the behavioral data of pathological anxiety
participants with the behavioral data of healthy participants in a
gambling task and found that pathological anxiety participants
were more inclined to avoid risk, but the two groups had similar
loss aversion. Although these studies explored the relationship
between human emotion and decision-making behavior, most
of the reports on emotions are based on subjective scoring,
lacking objectivity, and are limited to only analyzing the impact
of emotions on the final decision-making behavior.

As the most advanced part of the mammalian nervous sys-
tem, brain uncovers the mechanisms behind human emotion,
cognition, and behavior (Naqvi et al. 2006). Therefore, methods
of brain science to explore the impact of emotions on decision-
making have attracted the attention of researchers. Among vari-
ous physiological signals, EEG has been applied to research in this
field due to its high time resolution and low price (Alarcao and
Fonseca, 2017). This approach not only addresses the limitations
of previous studies mentioned above but also delves deeper into
the impact of emotions on decision-making through the lens of
brain functionality.

In EEG-based studies, Angus et al. (2015) evoked anger in sub-
jects through recall and asked them to complete a simple gam-
bling task. The results showed that approach motivation related
to anger increased the positive correlation relationship between
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reward positivity (RewP) and the desire for reward. Giustiniani
et al. (2019) used balloon analog risk task and IGT to explore the
relationship among emotion, risk-taking, and decision-making
performance. Yang et al. (2020) studied the impact of three emo-
tions (anger, fear, happiness) on risk decision-making. The event-
related potential analysis showed that the amplitude of feedback-
related negativity (FRN) under the fear stimulus was larger than
that under the neutral, happy, and anger stimulus when the
reward was large. Wang et al. (2017) considered the impact of
state and dispositional emotions on uncertainty decision-making.
This study divided participants into a high-trait anxiety group
(HG) and a low-trait anxiety group (LG). Results showed larger
FRN amplitudes in LG compared with HG under control, fear,
and neutral conditions. In the fear and happy conditions, larger
P3 amplitudes were appeared in HG compared with LG. Other
researchers have explored the difference in risk decision-making
under the impact of emotion between healthy people and those
with autism spectrum disorder (ASD). The results showed that the
EEG approximate entropy (ApEn) revealed the presence of emo-
tion. The ApEn of ASD patients was lower than that of healthy par-
ticipants, suggesting a diminished influence of emotions on sub-
sequent responses and risk awareness in ASD patients (Kakkar,
2019). While current EEG research on the influence of emotion on
decision-making has yielded insightful conclusions, its decision
task and methods still exhibit notable limitations.

In decision tasks, they are still confined to risk decision-
making and uncertainty decision-making. Iribe-Burgos et al.
(2022) emphasized that, while the above-mentioned two types
of decisions held significant value, further exploration was
needed for decisions capable of predicting choice outcomes.
Spatial decision-making, as a type of decision where outcomes
can be anticipated, has attracted considerable attention from
researchers, underscoring its significant value in addressing the
cognitive science question of cognitive navigation (Bellmund
et al. 2018). The importance of spatial decisions is apparent
in their pivotal role in accurate navigation and path planning
(Kaplan et al. 2017). In the context of practical applications,
Stokes et al. (1997) further underscored the vital importance of
spatial decision-making, particularly in the realm of emergency
aviation decisions. In the realm of existing spatial decision-
making research, Patai and Spiers (2021) underscored the often
overlooked but significant role of the prefrontal cortex (PFC)
in spatial navigation. Moreover, the PFC has been identified in
association with route planning during spatial navigation (Kaplan
et al. 2017). Activation in the lateral PFC and the superior frontal
gyrus was observed when participants encountered detours
and needed to explore alternative routes (Epstein et al. 2017).
Despite the recognition of crucial activations in specific regions in
previous spatial decision-making studies, the impact of emotions
on spatial decision-making has been neglected. Moreover, a
substantial body of research has demonstrated the intimate
connection between emotion and the PFC (Dixon et al. 2017;
Fitzgerald et al. 2019; Page and Coutellier, 2019; Kebets et al. 2021).
Therefore, further exploration is needed to investigate the spatial
decision-making brain network under the influence of distinct
emotions, specifically examining the involvement of PFC regions
in this process and whether other brain regions contribute to this
process.

In terms of methods, existing approaches to studying the
impact of emotion on decision-making are confined to the sensor
level. While these studies have yielded significant findings, they
lack precision in identifying the true origin of the neural signal.
Analyzing at the cortical source level offers a solution to this issue,

providing more anatomical information. Among these methods,
standardized low-resolution brain electromagnetic tomography
(sLORETA) has gained favor among researchers due to its ability
to generate current density images with zero localization error
(Pascual-Marqui, 2002). In addition, sLORETA can effectively make
up for the lack of spatial resolution of EEG data (Bersagliere et al.
2018; Awan et al. 2019). After tracing the data through sLORETA,
we can obtain the voxel domain data at the cortical source level.
Based on it, researchers have observed that the functional state
of the brain involves temporally coordinated activity of spatially
distributed neural networks. Independent component analysis
(ICA), compared with other methods, effectively captured this
brain’s functional state in the voxel domain, as demonstrated
by Liu et al.’s research (Liu et al. 2018). Moreover, Caravaglios
et al. (2023) validated the efficacy of the sLORETA combined with
the functional independent component analysis (fICA) method
in identifying functional networks and discerning intergroup
connectivity differences. Therefore, we used the sLORETA-fICA
(Pascual-Marqui et al. 2011) to analyze the spatial decision-
making EEG data of the subjects under different emotional
stimuli and extract independent spectral-spatial components (i.e.
functional spectral-spatial networks).

This paper designed an EEG experiment and explored the
impact of emotions (happy, fear, and sad) on spatial decision-
making using sLORETA-fICA. Our main findings of this paper are
as follows: (i) we identified the two most prominently activated
decision-making functional spectral-spatial networks under each
emotion. Notably, the cross-frequency decision-making network
in the left middle temporal gyrus and inferior temporal gyrus of
the beta and gamma bands under positive emotions is an impor-
tant feature that distinguishes it from decision-making under
negative emotions. (ii) The prefrontal networks except for the
alpha band, theta-band parietal networks, theta-band frontopari-
etal network, and the beta-band temporal network were found
to play important roles in the decision-making process under all
three emotions. (iii) The activation strength of Component 2, a
gamma-band prefrontal common decision network, was found to
be able to effectively distinguish the three emotions.

In consequence, the main contributions of this paper are as fol-
lows: (i) we addressed the existing issue of overlooking emotional
influences in current spatial decision-making. Through experi-
mental results, we demonstrated the imperative need to consider
the impact of emotions in the study of spatial decision-making.
(ii) To our best knowledge, we introduced sLORETA-fICA for the
first time into the study of emotional influences on decision-
making, addressing the limitations of existing research methods
confined to the sensor level. (iii) We uncovered key brain regions
(as mentioned in the findings) influenced by various emotions
in spatial decision-making, demonstrating the existence of both
common and different decision-making networks under different
emotions. Furthermore, we have provided evidence of intensity
variations within the common decision-making network across
different emotions.

Methods
Participants
We analyzed data that we previously collected from 16 college
students who had normal or corrected-to-normal vision (mean:
23.25 years old; range: 22–28 years old; 11 females) (Zhao et al.
2022). All participants provided their written informed consent
and were paid. Our study was performed in accordance with the
ethical standards in the Declaration of Helsinki, and approval was
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Fig. 1. Spatial decision task and Procedure. (A) Picture 1. Participants need to find the shortest path between the bottom ball (start point) and the top
ball (end point). (B) Picture 2. A circle (choice point) appears randomly on the shortest path, participants need to decide which direction to choose is the
shortest. (C) Picture 3 is the first-person viewpoint of the choice point. Participants need to operate in this part (W: go forward, A: go left, D: go right, S:
all directions have the same path length). (D) Interstimulus interval (ISI). (E) Procedure. Four blocks are included in our experiment. Block 1 contains 40
trials of decision task, while block 2–4 contains emotional stimuli and 40 trials of decision task.

granted by the Biomedical Research Ethics Review Committee,
Institute of Automation, Chinese Academy of Sciences.

Emotion stimuli
Three video clips (Bean clip, Curve clip, and Aftershock clip) were
used to stimulate happy, fear, and sad, respectively (Zhao et al.
2022). The duration of Bean, Curve, and Aftershock clips are 197s,
189s, and 209s, respectively.

Decision task
The decision task referred to the spatial decision task raised by
Kaplan et al. (2017). Mazes were generated by Blender (http://
www.blender.org). In this task, participants need to find the short-
est path between the bottom ball and the top ball. As shown
in Fig. 1, there are four parts in a trial. In Fig. 1A, a maze with
two balls is present. The bottom and top balls correspond to the
starting and ending points, respectively. In Fig. 1B, a circle (choice
point) appears randomly on the shortest path, participants should
decide which direction to choose is the shortest. Figure 1C is the
first-person viewpoint of the circle. Participants need to operate at
this time. Pressing W, A, and D means going forward, left, and right,
respectively. Pressing S means that all directions in this point have
the same path length. Figure 1D is the interstimulus interval (ISI).
The four pictures display 3,000 ms, 500 ms, 1,500 ms, and 1,500
ms, respectively.

Procedure
Four blocks are contained in our experiment, as shown in Fig. 1E.
Among them, block 1 contains 40 trials of decision tasks with-
out additional emotional stimuli, block 2–4 contains emotional
stimuli and 40 trials of decision tasks. The presentation order of
emotional stimuli is randomized. Before and after the emotional
stimuli, participants need to fill out a V-A scale (Russell, 1980).
During the whole experiment, EEG signals were recorded by the
Neuroscan 64-channel EEG device.

Data analysis
To explore the impact of different emotions on decision-making,
we preprocessed the EEG data and then used sLORETA-fICA
analysis (Pascual-Marqui and Biscay-Lirio, 2011; Pascual-Marqui
et al. 2011) to obtain spectral-spatial functional networks

of decision-making under three emotions. We assumed that
different emotions activated different decision networks. We also
assumed that decision-making tasks under different emotions
activated common decision-making networks because of the
consistency of the decision-making tasks. In common decision-
making networks, activation strengths may vary across emotions.
Based on these assumptions, we analyzed our data as follows.

Preprocessing
In order to remove the noise in the EEG, we refer to the method
of Yue et al. (2018) and preprocess the EEG. Specific steps are
as follows: (i) Downsampling EEG data to 250Hz. (ii) The data
after downsampling are put into a 1–40Hz bandpass filter for
noise reduction. (iii) Remove noise and artifacts automatically
by artifact subspace reconstruction algorithm. (iv) Interpolated
reconstruction channel data. (v) Set the reference to average
reference (vi) using ICA to remove electroophthalmic artifacts.

sLORETA functional ICA
The above preprocessed EEG signals were then used to estimate
the cortical source distribution of electrical neuronal activity by
the LORETA software (https://www.uzh.ch/keyinst/loreta). Firstly,
56-channel cross-spectral density matrices were computed for
each of the 3.7-s EEG epochs. The collected EEG channels were
consistent with the 56 channels of the LORETA scalp file, so the
64-channel data was reduced to 56-channels (Removed the A1,
A2, F11, F12, FT11, FT12, CB1, and CB2). Matrices were computed
in five EEG frequency bands (delta: 1–4 Hz, theta: 4–8 Hz, alpha:
8–13 Hz, beta: 13–30 Hz, gamma: 30–40 Hz). Secondly, sLORETA
was used to calculate the spectral power of electrical neuronal
activity on 6,239 cortical voxels in five EEG bands for each EEG
cross-spectrum. Finally, these data can be used in fICA analysis to
obtain 15 functional independent components by maximizing the
spatial-spectral independence of second and fourth moments for
all samples.

Different decision-making spectral-spatial networks evoked
by varying emotions
To find different decision-making spectral-spatial networks under
varying emotions and ensure that it is caused by emotional
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stimuli, we performed sLORETA analysis on the emotional
data and decision-making data separately and then performed
fICA analysis on the emotional data and decision-making data
under the same emotion to find their common independent
components. According to the activation strength, the two
spectral-spatial networks with the highest activation strength
were selected for each emotion. Take the EEG data under happy
stimulus as an example, the emotional data were the EEG data
collected when the subjects watched the happy video clip, and
the decision-making data were the EEG data collected when the
subjects performed the decision-making task after watching the
happy video clip. We combined the emotional data and decision-
making data under the happy stimulus for fICA analysis. By
comparing the activation strengths of 15 functional spectral-
spatial networks, two functional spectral-spatial networks with
the highest activation strengths, namely the corresponding
functionally independent components, were finally presented.

Common decision-making spectral-spatial networks under
varying emotions
In order to find the common decision-making spectral-spatial
network, we performed sLORETA analysis on the decision-making
data under three emotions and performed fICA analysis on the
decision data under the three emotions together. The 15 decision-
making spectral-spatial networks under varying emotions were
obtained through fICA.

Common decision-making spectral-spatial network with
the significant difference in intensity among varying
emotions
After obtaining 15 common decision-making spectral-spatial
networks, one-way analysis of variance (ANOVA) was conducted
on the corresponding activation intensity of each spectral-
spatial network under three emotions and obtained the common
decision-making spectral-spatial networks with the significant
difference in intensity among different emotions (p ≤ 0.01).

Results
Different activation patterns for decision-making
evoked by varying emotions
In order to find different decision-making spectral-spatial net-
works under different emotions and ensure that it is caused
by emotional stimuli, we performed sLORETA-fICA analysis on
the emotional data and decision-making data under the same
emotion to find their common independent components. The two
functional spectral-spatial networks with the most prominent
activation under the influence of happy, fear, and sad were shown
in Figs. 2–4, respectively. The six networks were named happy
component 1 (HC1), happy component 2 (HC2), fear component
1 (FC1), fear component 2 (FC2), sad component 1 (SC1), and
sad component 2 (SC2). Under happy stimulus, HC1 was the
negatively activated gamma-band network of the right superior
frontal gyrus and middle frontal gyrus (Fig. 2A). HC2 was the
positively activated cross-frequency network of beta and gamma
bands of the left middle temporal gyrus and inferior temporal
gyrus (Fig. 2B), and the activation intensity of the gamma band
was higher. Under fear and sad stimuli, the two main spectral-
spatial networks in decision-making were similar. FC1 and SC1
had positively activated networks in the gamma band of the right
prefrontal lobe (Figs. 3A and 4A). FC2 and SC2 were positively
activated cross-frequency networks of beta and gamma bands of
the partial prefrontal lobe and partial prefrontal lobe negative

activation (Figs. 3B and 4B), and the activation intensity of the
gamma band were higher. Specifically, the activation area of SC1
was larger than that of FC1, the former included the right superior
frontal gyrus, medial frontal gyrus, and middle frontal gyrus, and
the latter only included the right superior frontal gyrus. In FC2 and
SC2, the activation areas of the two were close, but the activation
was opposite. The positive activation of FC2 mainly appeared in
the bilateral medial frontal gyrus and some appeared in the supe-
rior frontal gyrus, and the negative activation mainly appeared in
the right middle frontal gyrus and partly appeared in the superior
frontal gyrus, inferior frontal gyrus. On the contrary, the positive
activation of SC2 mainly appeared in the right middle frontal
gyrus; the negative activation mainly appeared in the bilateral
medial frontal gyrus and partly appeared in the activation of the
superior frontal gyrus and inferior frontal gyrus.

By comparing the spectral-spatial network under the three
emotions, the band consistency of the decision-making spectral-
spatial network under the emotion was found. The bands were
mainly the gamma band and beta band, and the activation inten-
sity of the gamma band was stronger. On the cross-frequency
network, the areas activated by the two bands were consistent,
that was the network was cross-frequency interaction in the same
area. For example, although HC2 involved the cross-frequency
interaction of gamma and beta bands, they were all positive acti-
vations of the left middle temporal gyrus and inferior temporal
gyrus, that was the activation areas and activation directions of
the two bands were consistent.

Although the decision-making network under the three emo-
tions had the above consistency, it can also be found that there
were differences among the three emotions. Compared with the
difference between negative emotions, the spectral-spatial net-
work differences between positive and negative emotions were
larger. Firstly, HC1 was negatively activated in the right PFC,
whereas FC1 and SC1 were positively activated in the right PFC.
Secondly, HC2 was the activation of the left temporal lobe area,
while FC2 and SC2 activation areas were similar, still the pre-
frontal area, especially the right prefrontal area. The activation
areas of negative emotions were relatively small, mainly reflected
in the opposite positive and negative activation areas of FC2 and
SC2.

Common decision-making spectral-spatial
networks under different emotions
In order to find the common decision-making spectral-spatial
network, we performed sLORETA-fICA analysis on the decision
data under the three emotions together. We obtained 15 com-
mon spectral-spatial networks under the three emotions through
fICA analysis, as shown in Fig. 5. For a better description, we
abbreviated component 1 to C1. The rest of the components
were similar. According to the results of all 15 spectral-spatial
networks, the common decision-making networks under different
emotions mainly involved the prefrontal and parietal regions, and
a few involved the temporal lobe. Its bands involved delta, theta,
beta, and gamma. Specifically, there were 11 networks activated
in the frontal lobe (C1–C7, C9–C11, C13), involving the activation of
all bands except alpha. The activation of the spectral-spatial net-
works in the parietal lobe (C8, C14) was all in the theta band. The
network activated in the temporal lobe contained only C12, which
was beta band activation. Similarly, the frontoparietal network
contained only C15, which was the activation of the theta band.
In terms of activation direction and intensity, the components of
the parietal lobe in the theta band were all positively activated,
and it can be found that they all had lateralization. Activation
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Fig. 2. The two most prominently activated spectral-spatial networks activated under the happy stimulus. The presentation of each spectral-spatial
network contains four pictures, the first picture corresponded to its 3D picture, and the second, third, and fourth pictures corresponded to three cross-
sectional views of this network. HC1 was the negatively activated gamma-band network of the right superior frontal gyrus and middle frontal gyrus (A).
HC2 was the positively activated cross-frequency network of beta and gamma bands of the left middle temporal gyrus and inferior temporal gyrus (B),
and the activation intensity of the gamma band was higher.

in the left parietal area was stronger than in the right parietal
area. Similarly, activation in the temporal lobe was also positive
and lateralized, involving only the activation of the left temporal
lobe. There were many components in the frontal lobe area, and
different components involved different activation directions and
intensities, but there was also obvious lateralization. In terms of
positive activation, the activation intensity of the right frontal
cortex was greater than that of the left (C1, C2, C3, C4, C5, C6,
C9, C10, C13). In terms of negative activation, both C2 and C3

showed lateralization of the left frontal lobe, while C10 showed
lateralization of the right frontal lobe.

In summary, we obtained 15 common decision-making
spectral-spatial networks under three emotions. The results
showed that the frontal network, the theta-band parietal network,
the beta-band temporal network, and the theta-band frontopari-
etal network played an important role in the decision-making
process of three emotions. The above-mentioned networks have
lateralization in both positive and negative network activations.
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Fig. 3. The two most prominently activated spectral-spatial networks activated under the fear stimulus. Some networks had more than one activation
area in the same band. For a clearer presentation, we have drawn the cross-sectional views of networks of multiple locations of this network, such as
FC2. FC1 was the positively activated gamma-band network of the right superior frontal gyrus, medial frontal gyrus, and middle frontal gyrus. FC2 was
a cross-frequency network of beta and gamma bands. The positive activation of FC2 mainly appeared in the bilateral medial frontal gyrus and some
appeared in the superior frontal gyrus, and the negative activation mainly appeared in the right middle frontal gyrus and partly appeared in the superior
frontal gyrus, inferior frontal gyrus.
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Fig. 4. The two most prominently activated spectral-spatial networks activated under the sad stimulus. SC1 was the positively activated gamma-band
network of the right superior frontal gyrus. SC2 was a cross-frequency network of beta and gamma bands. The positive activation of SC2 mainly appeared
in the right middle frontal gyrus, and the negative activation mainly appeared in the bilateral medial frontal gyrus and partly appeared in the activation
of the superior frontal gyrus and inferior frontal gyrus.
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Fig. 5. Common frontal spectral-spatial network of decision-making under three emotions. The name of each component and its activation region of
brain and activation bands are presented on the right side of each component map.

There are significant differences in the activation
intensity of the common decision-making
spectral-spatial network under three emotions
We performed ANOVA analysis on the above 15 common spectral-
spatial networks under the three emotions to obtain networks
with significant differences (p≤0.01) in intensity. The results of
ANOVA analysis were presented in Table 1. Due to space limita-
tion, we only showed the results of components with significant
differences in this paper (C2,C4,C7,C8). We conducted a compar-
ison of the activation intensity between any two emotions using
the Tukey post-hoc test, and the results are presented in Table 2.
We used >, <for the part with significant differences in activation
intensity to express the comparison of activation intensity under
two kinds of emotions. Among the above independent compo-
nents with significant differences, happy and fear, sad and fear
all had significant differences in the activation intensity of C2,

Table 1. Results of ANOVA analysis.

C2 C4 C7 C8

F-value 18.86 19.07 18.00 9.75
p-value 1.12e−6 1.00e−06 1.80e−06 3.04e−4

C4, and C7, and happy and sad had significant differences in the
activation intensity of C2 and C8. C2, C4, C7, and C8 have been
shown in Fig. 5.

The spectral-spatial network of C2 was mainly the positive
activation of the inferior frontal gyrus, middle frontal gyrus, and
superior frontal gyrus and the negative activation of the superior
frontal gyrus, medial frontal gyrus, and rectal gyrus in the gamma
band. Among them, the positive activation was in the right PFC,
and the negative activation was in both the left and right PFC,
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Table 2. Comparison of activation strengths of common
networks with significant differences.

C2 C4 C7 C8

Happy vs. Fear < < >

Happy vs. Sad > <

Sad vs. Fear < < >

but the left side was lateralized. This component had significant
differences among the three emotions, and its activation intensity
was fear>happy>sad.

The spectral-spatial network of C4 was mainly the positive
activation of the medial frontal gyrus and superior frontal gyrus
in the delta band. This component had a significant difference
between fear and happy, fear and sad, and the activation intensity
of fear was greater than that of the other two emotions. No
significant difference was found between happy and sad.

The spectral-spatial network of C7 was mainly the positive
activation of the superior frontal gyrus in the beta band. This
component had a significant difference between fear and happy,
fear and sad, and the activation intensity of fear was smaller
than that of the other two emotions. No significant difference was
found between happy and sad.

The spectral-spatial network of C8 was the positive activation
of the superior parietal lobule in the theta band. This component
only had a significant difference between happy and sad, and the
activation intensity of sad was greater than that of happy.

This result provided further evidence of the important role of
the PFC in the influence of emotion on decision-making. In partic-
ular, C2, which was activated in the PFC of the Gamma band, was
not only the most prominently activated spectral-spatial network
among the above four components but also the only spectral-
spatial network whose intensity all had significant differences
between the three emotions. Not only does the prefrontal lobe
played an important role in the impact of emotion on decision-
making, but the parietal lobe also played an important role in
the impact of emotion on spatial decision-making. The activation
intensity of the superior parietal lobule network (C8) in the theta
band can effectively distinguish between sad and happy.

Discussion
At present, a large number of studies have proved the close
relationship between emotion and the PFC (Dixon et al. 2017;
Fitzgerald et al. 2019; Page and Coutellier, 2019; Kebets et al. 2021).
Additionally, an extensive body of research has indicated a close
connection between decision-making and PFC (Domenech and
Koechlin, 2015; Vassena et al. 2017; Dezfouli et al. 2021; Hunt,
2021). For example, Ouerchefani et al. (2017) studied decision-
making in the PFC with different damaged regions and found
that decision-making depends on a large brain network, including
the dorsolateral and ventromedial regions of the PFC. However,
few studies have investigated the decision-making brain net-
work under the influence of different emotions, and how specific
regions of the PFC play a role in this process. Furthermore, it is yet
to be explored whether other brain regions are also implicated in
this process. Some research studied the mechanism of emotions
from the perspective that different emotions affect different areas
of the brain (Silberman and Weingartner, 1986), while others
have examined that the processing of various emotions may
pass through the same circuit, such as the related theory of the
limbic system (Molenberghs et al. 2007). Inspired by this, this

paper used sLORETA-fICA to compare the differences in decision-
making brain networks under different emotions. The EEG data of
decision-making under happy, fear, and sad were analyzed from
the perspectives of varying decision-making networks (e.g. HC1,
HC2, FC1, FC2, SC1, SC2), common decision-making networks (e.g.
C1-C15), and common decision-making networks with significant
differences in strength of activation (e.g. C2, C4, C7, and C8). Based
on the above results, we have drawn some inferences regarding
spatial decision-making under the influence of emotions.

In various emotional states, there are common and different
decision networks involving common or different decision
regions. This underscores that the investigation of spatial
decision-making should not solely concentrate on the ratio-
nal aspect but should also acknowledge its susceptibility to
emotional influences. Viewing the different decision-making
networks associated with various emotions, notable regional and
directional differences existed in HC, SC, and FC. Regarding the
common decision-making network under different emotions, C1–
C15 demonstrated a degree of consistency in decision networks.
Within these common decision networks, there were networks
with significantly different strengths. This reinforces the idea
that studying spatial decision-making requires the consideration
of emotional influences, whether in terms of differences in the
strength of the common network or variations in regional and
directional activations across different networks.

The PFC plays a crucial role in spatial decision-making under
different emotional influences. However, the prefrontal networks
associated with decisions under different emotions exhibited
regional and directional differences, as well as variations in
activation intensity. Furthermore, the activation of the left
temporal region suggested that positive emotions, compared with
negative emotions, may evoke decision networks associated with
nonspatial responses. Whether examining the different decision
networks or the common decision networks we obtained, the
majority of networks still belonged to the internal networks of the
PFC (HC1, FC1, FC2, SC1, SC2, C1–C7, C9–C11, C13). This further
substantiated the crucial role of the PFC in spatial decision-
making. From different network perspectives, positive emotions
elicited the activation of the left middle temporal gyrus and
inferior temporal gyrus (HC2), which was not observed in negative
emotions. Existing research confirmed that spatial response
selection involved the right PFC, while nonspatial response
selection involved the left middle temporal gyrus (Schumacher
et al. 2003; Talati and Hirsch, 2005). Therefore, we inferred
that positive emotions may more significantly activate decision
networks associated with nonspatial responses compared with
negative emotions.

Based on the significant strength differences in common
spectral networks under different emotional states, we inferred
that C2, an internal frontal lobe network, was a decision network
with a higher degree of emotional relevance. This may imply that
emotions influence decision-making by impacting the strength
differences in this network. According to the results of the ANOVA
analysis, C2 was the only one that could effectively distinguish
between the three emotions. The spectral-spatial network of C2
was mainly the positive activation of the right inferior frontal
gyrus, middle frontal gyrus, and superior frontal gyrus and
the negative activation of the superior frontal gyrus, medial
frontal gyrus, and rectal gyrus in the gamma band. Previous
fMRI research has shown that the right inferior frontal gyrus is
sensitive to the mismatch between real decision and individual’s
expectation. Lower decision confidence will activate the higher
activity of right inferior frontal gyrus (Sherman et al. 2016).
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Deppe et al. (2005) found that activity was increased in the
right superior frontal gyrus when the participant’s favorite target
brand appeared. They believed that this area participated in the
self-reflections and processing of emotions in the process of
decision-making. These studies validated the correlation between
the regions involved in C2, emotions, and decision expectancy
processing, further confirming the association between C2 and
emotion. As a result, we believed that the decision spectral-spatial
network of C2 was an important circuit for differentiating decision
processing under different emotions and deserved further study.

Based on C8, we inferred that, compared with the happy emo-
tion, sad emotion may exhibit a more robust activation of spa-
tial analysis and attention in the context of spatial decision-
making. Our results showed that the superior parietal lobule’s
positive activation in the theta band (C8) of sad was significantly
greater than that of happy. In the existing research on superior
parietal lobule, Readers with dyslexia have been found to have
abnormally low superior parietal lobule activation (Vialatte et al.
2023). Molenberghs et al. (2007) found that changes in spatial
coordinates related to attention priority were associated with the
superior parietal lobule. Peyrin et al. (2011) also found that the
superior parietal lobule was involved in attention and visuospatial
analysis. And it was related to the attention assigned to a specific
task. Based on these studies, we believe that compared with happy
emotion, sad emotion may have a stronger activation of spatial
analysis and attention for spatial decision-making.

The spatial decision network under the influence of emotion
also had the characteristics of lateralization, which was con-
sistent with some existing research on decision and emotion.
The common decision-making network under different emotions
showed obvious lateralization, and the positive activation of the
left parietal area in the theta band was significantly stronger
than that of the right parietal area (C8, C14). Similarly, activation
in the temporal lobe was also positive and lateralized, involving
only activation in the left temporal lobe (C12). There were many
components in the frontal lobe area, and different components
involved different activation directions and intensities but also
had obvious lateralization. In terms of positive activation, the
activation intensity of the right frontal cortex was greater than
that of the left (C1, C2, C3, C4, C5, C6, C9, C10, C13). These
decision-making networks further proved that in the decision-
making process, there was a lateralization of network activation
in the frontal, parietal, and temporal lobes. Several studies have
identified lateralization in emotion or decision-making. Gläscher
et al. (2012) found that left vmPFC lesions had a strong impact on
Iowa decision task performance. Reber and Tranel (2017) explored
the impact of vmPFC lesions on social, emotional, and decision-
making functions, specifically focusing on gender differences.
They observed that men with right-sided vmPFC lesions and
women with left-sided vmPFC lesions experienced more severe
disturbances in these domains. Our study further found that
in spatial decision-making, the decision network also involved
lateralization of positive activation in the left temporal, right
parietal, and right frontal regions.

The gamma band is a frequency range that demands addi-
tional attention in decision-making research. By comparing dif-
ferent networks of HC, FC, and SC under different emotions, we
found that the prefrontal and temporal lobe networks of the
gamma band played an important role. On the common decision-
making network with significant differences under different emo-
tions, C2, as the only network with significant differences among
all three emotions, was also the PFC of the gamma band. Cur-
rent studies on emotion and decision-making have also found

that gamma band has important research value. For example,
Ma et al. (2012) conducted a study to examine the organization
of functional brain networks during various emotional processing
tasks. In the low gamma band (30–50 Hz), they observed that the
characteristic path length was significantly lower during negative
emotion processing compared with positive emotion processing.
Zhao et al. (2022) also found a significant negative correlation
between characteristic path lengths in the gamma band and deci-
sion accuracy. Therefore, the gamma band played an important
role in the influence of emotions on decision-making. We spec-
ulate that emotions can further affect people’s decision-making
judgments by affecting the activation of brain networks in the
gamma band.

Although the paper discovered some important findings, it
still has some limitations. The number of EEG channels can be
further increased, and EEG devices with 128 channels or more
should be further considered in the future. At present, there are
few brain network studies on the impact of fear and sadness on
decision-making, and the difference in influence between the two
should also be further explored to explain the reasons for the
differences in brain networks. The regions involved in C2 and their
connectivity require further study to gain a deeper understanding
of the coordination role between regions. Furthermore, decision-
making models that consider emotions still need to be built based
on the above findings. We suggest that future research should
work on the above limitations to further explore the mechanism
of the influence of emotions on decision-making.

Conclusion
This paper designed an experiment to collect the EEG data of
the participants completing the decision-making task under the
three emotions of happy, fear, and sad. In various emotional
states, there were common and different spatial decision
networks involving common or different decision regions. This
underscored that the investigation of spatial decision-making
should not solely concentrate on the rational aspect but should
also acknowledge its susceptibility to emotional influences. The
left middle temporal gyrus and inferior temporal gyrus were
activated in positive emotions, but this rule was not found
in negative emotions. Almost all bands of the prefrontal lobe
network (except the alpha band), the theta band parietal lobe
network and the frontoparietal lobe network, and the beta
band temporal lobe network all played an important role in the
decision-making process under different emotions. The activation
strength of Component 2, a gamma-band prefrontal network, was
found to be able to effectively distinguish the three emotions;
a clear lateralization phenomenon in the above network was
also found.
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