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Abstract
Background: Emotional dysregulation, particularly unconscious catastrophic cognitions,
plays a pivotal role in the genesis of panic disorder (PD]). However, no studies have yet applied
the percentage of amplitude fluctuation (PerAF) metric in resting-state functional magnetic
resonance imaging to examine spontaneous neural functioning and its relation to catastrophic
cognitions in PD.
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showed that people with panic disorder have higher levels of brain activity in areas
related to emotion control, such as the ventromedial prefrontal cortex (vmPFC), striatum,
amygdala, dorsomedial prefrontal cortex (dmPFC), and cerebellum. Additionally,
connections between certain brain areas, such as the vmPFC and precuneus, and the
cerebellum and precuneus, were weaker in those with panic disorder. We also found that
higher activity in the vmPFC and amygdala was linked to stronger feelings of catastrophic
thinking, where minor issues are perceived as major problems. These findings suggest
that panic disorder is associated with changes in brain activity and connectivity,
particularly in regions involved in emotion regulation. Understanding these changes can
help us develop better treatments for panic disorder by targeting specific brain areas and

networks involved in managing emotions.

Keywords: catastrophic cognition, emotion regulation, functional connectivity, panic disorder,

prefrontal cortex
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Introduction

Panic disorder (PD) is a severe anxiety disorder
that significantly affects both mental and physical
well-being, with a lifetime prevalence of 2%-5%.!
It is characterized by recurrent, unpredictable,
and intense panic episodes, often accompanied
by a sense of impending doom or loss of control.
Following such episodes, patients commonly
experience anticipatory anxiety due to the fear of
a recurrence.? The emotion regulation theory
asserts that a disparity in strategies for regulating
emotions is a crucial element in the develop-
ment of PD,3* where the catastrophic cognition
approach plays a pivotal role in its onset.’
According to the catastrophic cognition model,
panic attacks stem from a catastrophic misinter-
pretation of physical sensations, which may
become conditioned triggers, initiating and per-
petuating episodes of PD.5:¢

Emotion regulation can be categorized into explicit
(conscious) and implicit (automatic) forms based
on conscious involvement.” However, applying
brain stimulation treatments targeting regions
associated with explicit emotion regulation in PD
did not result in significant symptom relief for
patients.® Despite efforts, recent meta-analyses
focusing on the application of repetitive transcra-
nial magnetic stimulation (rTMS) in treating PD
have not produced conclusive evidence of effi-
cacy.®10 Additional research is warranted to iden-
tify more promising therapeutic targets.

Research in psychopathology has indicated that
difficulties in emotion regulation within the
domain of anxiety are fundamentally associated
with the failure of implicit emotion regulation
strategies within individuals.!! When individuals
with PD experience negative emotions, they tend
to employ maladaptive strategies like catastrophic
thinking, resulting in uncontrollable and repeti-
tive contemplation, and exaggeration of the
impact of negative events.!? They automatically
interpret otherwise non-threatening interoceptive
and exteroceptive stimuli as threats, ultimately
culminating in panic attacks and anticipatory
anxiety.’> The above theories and clinical practices
highlight the pivotal role of implicit emotion reg-
ulation in PD onset.

ERP (event-related potentials) study has identi-
fied automatic processing abnormalities in indi-
viduals with PD, spanning responses to both
emotional and non-emotional visual and auditory
stimuli.!> These anomalies are characterized by
altered negative wave amplitudes, indicating dis-
rupted automatic information processing. Zhang
et al., employing implicit emotion regulation
tasks, coupled with ERP and functional magnetic
resonance imaging (fMRI), pinpointed emotional
automatic regulation deficits in PD. These were
marked by a diminished late positive potential
amplitude effect,!»15 along with reduced activity
in the dorsolateral prefrontal cortex (dIPFC)
and dorsomedial prefrontal cortex (dmPFC).16
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Therefore, we infer that the core mechanism
underlying emotion regulation disturbances in
PD is more likely to originate from implicit and
automatic aberrations in emotion regulation.

Resting-state MRI provides a valuable approach
for exploring the implicit emotion regulation fea-
tures in psychiatric disorders.!7 It allows the cap-
ture of spontaneous brain activity,!® crucial for
understanding how individuals, especially those
with PD, navigate their emotions during non-
task-oriented moments. Previous studies on anxi-
ety disorders using resting-state fMRI revealed a
notable increase in the amplitude of low-fre-
quency fluctuation (ALFF) values within the
medial prefrontal cortex (PFC) linked to emotion
regulation, encompassing the ventromedial pre-
frontal cortex (vmPFC) and the dmPFC,!? along
with regions within the limbic system associated
with fear processing.2’ In addition, weakened
functional connectivity (FC) between the medial
PFC and the precuneus was observed, closely
tied to pathological fear and avoidance.?! PD
patients also exhibited increased ALFF values in
the striatum related to emotional assessment and
integration.?2 These findings suggest that PD may
involve aberrant spontaneous neural activity
across multiple brain regions, manifesting in both
regional and network domains.

The percent amplitude of fluctuation (PerAF)
presents an innovative approach to resting-state
fMRI analysis.?> Unlike traditional voxel-level
assessment of blood oxygenation level-dependent
(BOLD) signals, PerAF measures the percentage
of BOLD fluctuations relative to the mean BOLD
signal intensity at each time point, offering a
direct gauge of the variability in BOLD signals
during resting-state conditions.2* PerAF metrics
exhibit reduced vulnerability to errors in signal
strength, as they do not rely on arbitrary units and
remain unaltered by the original signal. In com-
parison to standard metrics like ALFF, PerAF
allows for direct analysis of data at the group
level.24 Moreover, when using fractional ALFF,
PerAF effectively eliminates potential confounds
related to voxel-specific fluctuation amplitudes.?*
Research has shown that PerAF demonstrates
superior accuracy compared to other fMRI analy-
sis techniques such as ALFF, regional homogene-
ity, and degree centrality.2325> Consequently,
PerAF emerges as a reliable, efficient, and direct
voxel-level index for investigating resting-state
fMRI, offering insights into spontaneous neural
activity changes. Despite its extensive application

in psychiatric and neurological disorders,26-28
there remains a scarcity of research utilizing
PerAF to explore spontaneous neural activity
alterations in individuals with PD.

This study aims to explore emotional regulation
and spontaneous neural activity in PD using neu-
ropsychological assessments and resting-state
fMRI. Fronto-striatal-limbic circuits, closely tied
to catastrophic cognitions,?%30 play a pivotal role
in emotional regulation.3! Specifically, overacti-
vation of the vmPFC is associated with excessive
introspection and attention to internal emotions
and bodily sensations,3? while hyperactivity in the
amygdala (a component of the limbic system) is
associated with heightened worry and fear, result-
ing in catastrophic thinking in PD.?° In addition,
the striatum serves as a crucial mediator, integrat-
ing emotional information from the prefrontal
and limbic systems.3®> Interaction between
catastrophic thinking and brain networks has
been observed.3* Based on these findings and pre-
vious research, we hypothesize that PD patients
exhibit abnormal spontaneous neural activity in
the fronto-striatal-limbic circuits, influencing
their catastrophic-style emotional regulation.
Furthermore, this aberrant spontaneous neural
activity in PD may manifest at both regional and
network levels.

Materials and methods

Participants

The study, conducted as a case—control study,
involved 26 individuals diagnosed with PD,
alongside 25 healthy controls (HC), with match-
ing criteria including age, sex, and educational
background. The sample size for this study was
determined based on previous imaging studies of
PD.1314 They were sourced from the First
Affiliated Hospital of Dalian Medical University,
including its emergency and inpatient depart-
ments, as well as from the surrounding communi-
ties. Demographic and clinical data are consistent
with our previous report.!® PD patients met the
diagnostic criteria for PD as specified in the
Diagnostic and Statistical Manual of Mental
Disorders, 5th Edition (DSM-5).35 HC under-
went screening for DSM-5 Axis-I history to verify
the non-existence of mental disorders. The eligi-
bility prerequisites for participants were as deline-
ated below: (1) a minimum of 2weeks without
antipsychotic drugs (with a 48-h medication-free
period for benzodiazepine intake) prior to the
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scan; (2) an age range of 18-65years, regardless
of gender; (3) right-handedness; (4) no contrain-
dications for fMRI examination; (5) the Mini-
Mental State Examination (MMSE) score of 24
or higher; (6) absence of a past record of sub-
stance dependence or serious brain or other phys-
ical illnesses; and (7) voluntary participation with
the signing of informed consent. The reporting of
this study conforms to the STROBE statement
(Supplemental Material).?® This study strictly
adhered to the principles outlined in the Helsinki
Declaration and received approval from the
Ethics Committee of Dalian Medical University.

Neuropsychological assessments

Every participant underwent the Hamilton
Anxiety Rating Scale (HAMA) for the evaluation
of anxiety indicators, and the Hamilton
Depression Rating Scale (HAMD) to appraise
depressive signs. We also employed the MMSE to
assess cognitive status, and the Cognitive Emotion
Regulation Questionnaire (CERQ) to understand
individual cognitive emotion regulation strate-
gies.3” For PD patients, we used the Panic
Disorder Severity Scale (PDSS) to assess the
severity of their condition.38

MRI data acquisition

Every participant underwent scanning with a 3.0T
magnetic resonance imaging machine from GE
Healthcare in Chicago, IL, USA. Throughout the
scans, participants were in a supine position,
employing earplugs to mitigate noise, and a foam
pad to minimize head motion. They were directed
to stay awake with closed eyes, refrain from active
contemplation, and maintain a steady head pos-
ture. Prior to data collection, each participant
underwent T2-Weighted Imaging (T2WI) and
Fluid-Attenuated Inversion Recovery (FLAIR)
scans to exclude subjects with structural brain
abnormalities or evident brain disorders. Resting-
state functional images were collected employing
echo planar imaging and the subsequent parame-
ters were utilized: Repetition Time (TR) =2000 ms,
Echo Time (TE)=30ms, flip angle=90°, 36
slices, slice thickness=2.6mm, gap=1.4mm,
Field of View (FOV)=64mm X 64mm, voxel
size=3mm X 3mm X 3mm, and 180 time inter-
vals were recorded in the transverse plane. High-
resolution T1-weighted anatomical scans were
acquired via the BRAVO sequence, featuring
the subsequent settings: TR=8.8ms, TE=1ms,

flip angle=12°  slice  thickness=1mm,
FOV=256mm X 256 mm, voxel size=1mm X
1mm X 1 mm, and acquired in the sagittal plane.

fMRI at preprocessing

The processing of resting-state fMRI data was
carried out utilizing RESTplus V1.24 software2+
in MATLAB 2014a (MathWorks, Natick, MA,
USA). The first 10 time points were excluded to
accommodate for potential scanner instability
while participants acclimated to the scanning
noise. This was followed by slice timing correc-
tion and motion realignment. The individual ana-
tomical images were aligned with the average
functional image and subsequently partitioned
into distinct tissue categories. Following this, the
realigned images underwent normalization to the
standard Montreal Neurological Institute tem-
plate with a voxel size of 3mm X 3 mm X 3 mm,
followed by a smoothing process using a 6 mm
full-width at half maximum (FWHM) Gaussian
kernel. Linear detrending was subsequently
employed on the smoothed images, and nuisance
signals (comprising Friston-24 model head
motion parameters, white matter, and cerebrospi-
nal fluid) were regressed out to mitigate physio-
logical artifacts. Finally, a band-pass filter ranging
between 0.01 and 0.08 Hz was applied to attenu-
ate low-frequency fluctuations. Following data
preprocessing, PerAF values, serving as indica-
tors reflecting the strength of neuronal activity
with high sensitivity and specificity,?* were com-
puted, resulting in the generation of PerAF,
mPerAF, and zPerAF maps. mPerAF represents
the mean percentage amplitude fluctuation, while
zPerAF represents the standardized percentage
amplitude fluctuation. PerAF computation is per-
formed for each voxel, resulting in each voxel
receiving a corresponding PerAF value. During
correlation analysis, the average value of each
region was utilized.

Functional connectivity

This study employed a seed-based approach using
brain regions that showed significant differences in
PerAF values between the PD group and the HC
group for whole-brain FC analysis. To generate
FC maps, the average time series of voxels within
each participant's seed regions was extracted.
Pearson’s correlation values were computed
between the average temporal patterns of the seed
regions and the temporal profiles of voxels across
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Table 1. Demographics and neuropsychological data of PD and HC groups.

Variable PD group HC group p Value
Gender distribution M:F (13:13) M:F (12:13) 0.892
Age [years) 35.6+8.0 35.2+6.7 0.86
Education level (years) 13.0+3.1 14.6+2.0 0.07
PDSS score 10.3+5.0 N/A N/A
HAMA (anxiety) 15.3+6.3 2.3x2.1 <0.001
HAMD (depression) 10.8 5.2 3.5*+1.8 <0.001
CERQ (catastrophizing) 5.7+2.0 34+13 <0.001

ap Value for chi-square test, 2=0.20.

CERQ, Cognitive Emotion Regulation Questionnaire; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression
Rating Scale; HC, healthy controls; PD, panic disorder; PDSS, Panic Disorder Severity Scale.

the entire brain. To enhance normality, the corre-
lation coefficients were subjected to Fisher’s r-to-z
transformation for conversion into z-values. These
resulting z-score maps were subsequently utilized
for second-level analysis.

Statistical analyses

Demographic data were analyzed using SPSS
26.0 (IBM Corporation, Armonk, NY, USA).
Continuous variables underwent independent
samples z-tests if they followed a normal distribu-
tion; otherwise, non-parametric tests were
employed. Categorical variables underwent
assessment via chi-square tests. A significance
level of p<<0.05 was established for all analyses.
Image data were statistically analyzed using
DPABI V4.0 software (Institute of Psychology,
Chinese Academy of Sciences, Beijing, China).3°
Two-sample z-tests were employed to compare
PerAF values between the two groups, with statis-
tical significance defined at p<0.05. We applied
Gaussian Random Field (GRF) theory to correct
for multiple comparisons, with a significance
threshold set at p<<0.01 at the voxel level and
p»<0.05 at the cluster level, using a two-tailed
approach. Two-sample z-tests were also used to
compare FC values between the two groups, with
a significance level of p<0.05 (GRF corrected).
Pearson correlation analyses were performed to
assess the associations between abnormal PerAF
values in the PD group, FC brain regions’ z-scores,
and patients’ scores on HAMA, HAMD, the cata-
strophizing dimension in CERQ, and PDSS. The
statistical significance level was set at p<0.05.

Results

Demographics and clinical characteristics

Table 1 summarizes the demographics and neu-
ropsychological data. Gender distribution did not
significantly differ between groups (}32=0.20,
p»>0.05), and there were no significant age dis-
parities (PD: 35.6*+8.0years, HC: 35.2=*
6.7years, p>0.05). Although the variance in
education level was marginally significant (PD:
13.0 £ 3.1years, HC: 14.4 = 2.0years, p>0.05),
it was not considered a substantial difference. In
the PD group, the PDSS score averaged
10.3 £5.0. Notably, significant disparities were
evident in anxiety (HAMA—PD: 15.3 £ 6.3, HC:
2.3+2.1, p<0.05) and depression levels
(HAMD—PD: 10.8*+5.2, HC: 3.5*1.8,
p»<0.05) between PD and HC participants.
Regarding CERQ results, the PD group demon-
strated notably lower catastrophizing scores (PD:
5.7+2.0,HC: 3.4+ 1.3, p<0.05).

Group differences in PerAF

Significant differences in spontaneous neural
activity patterns were observed when comparing
the PD group to the HC cohort. In contrast to the
HC group, PD patients exhibited increased
PerAF values (p<0.05, GRF-corrected) in the
vmPFC, striatum (including pallidum, putamen,
and caudate), the limbic system (including amyg-
dala and hippocampus), dmPFC, and cerebellum
(see Figure 1 and Table 2). In addition, even with
a more stringent GRF correction threshold
(»p<0.001 at the voxel level and p<<0.05 at the
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Figure 1. PerAF signal comparison: PD versus HC. Panels (a) and (b) highlight regions with elevated PerAF
values in the PD group, encompassing the vmPFC, striatum, amygdala, dmPFC, and cerebellum. The color bar
indicates regions with heightened PerAF values. Panel (c] illustrates the mean PerAF values for both groups,
with significant differences observed in each brain region (all p <0.05, GRF-corrected).

dmPFC, dorsomedial prefrontal cortex; HC, healthy controls; L,

disorder; R, right; vmPFC, ventromedial prefrontal cortex.

cluster level), the striatum (including the palli-
dum and putamen) still showed significant activa-
tion (p<0.05, GRF-corrected).

Differences in resting-state FC between groups

In contrast to the HC group, PD patients
exhibited reduced FC between the right
vmPFC and the medial PFC (extending into
the dmPFC), as well as diminished FC between

left; PerAF, percentage of amplitude fluctuation; PD, panic

the vmPFC and the precuneus (extending into
the posterior cingulate cortex and inferior pari-
etal lobule; Figure 2(a)—(c), Table 3), indicat-
ing decreased FC within the default mode
network (DMN). In addition, PD patients
exhibited reduced FC between the left cerebel-
lum and the precuneus (Figure 2(d)and (f),
Table 3), suggesting reduced FC between the
DMN and cerebellar networks, all with p < 0.05
(GRF-corrected).

Table 2. Brain regions with aberrant PerAF values in the PD group compared to the HC group.

Brain regions Hemisphere Brodmann Cluster Peak t MNI coordinates

area (mm3) values

b'¢ y z

Ventromedial prefrontal Right " 675 3.6819 6 57 =27
cortex
Striatum (pallidum, putamen,  Left / 918 4.0615 -9 6 -3
and caudate)
Amygdala ext. hippocampus Left 35 324 3.4191 -15 -7 -18
Dorsomedial prefrontal Right 32 324 3.1203 13 13 35
cortex
Cerebellum Left / 675 3.7530 -6 -93  -33

Statistical threshold of Gaussian random field theory Pgre < 0.05 was utilized for cluster correction.
ext., extending into; HC, healthy controls; MNI, the Montreal Neurological Institute coordinates; PerAF, percentage of

amplitude fluctuation; PD, panic disorder.
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Figure 2. Brain functional connectivity: PD versus HC. Panels (a, b) show reduced connectivity in PD between
vmPFC and mPFC as well as precuneus. Panel (c] displays average connectivity values for vmPFC-medial
PFC and vmPFC-precuneus. Panels (d, e] indicate decreased connectivity in PD between the cerebellum and
precuneus. Panel (f] presents average connectivity values for cerebellum-precuneus. Blue in the color bar

signifies decreased connectivity.

HC, healthy controls; L, left; mPFC, medial prefrontal cortex; PD, panic disorder; R, right; vmPFC, ventromedial prefrontal

cortex.

Correlation analysis

In the PD patient group, the PerAF value of the
right vimPFC showed a positive correlation with
the catastrophizing score (R-squared=0.151,
p=0.050; Figure 3(a)). Similarly, the PerAF met-
ric of the left amygdala demonstrated a positive

association with the catastrophizing score in this
group (R-squared=0.178, p=0.032; Figure
3(b)). No substantial correlations were observed
between the PerAF value of the left putamen,
as well as the FC values of right vmPFC-
medial PFC, right vmPFC-precuneus, and left

Table 3. Whole-brain functional connectivity with vmPFC/Cerebellum as seed regions in the PD group

compared to the HC group.

Brain regions Hemisphere Brodmann Cluster Peakt MNIcoordinates
area (mm3)  values
X y z
Left ventromedial prefrontal cortex as a seed
Medial prefrontal cortex ext. Bilateral 10/32 9153 -4.038 -18 60 -6
dorsomedial prefrontal cortex
Precuneus ext. posterior cingulate  Bilateral 2/5/40 7992 -5.067 12 -42 63
cortex inferior parietal lobule
Left cerebellum as a seed
Precuneus Bilateral 7/19/23 7587 -5.092 -9 -66 30

Statistical threshold of Gaussian random field theory Pz <0.05 was utilized for cluster correction.
ext., extending into; HC, healthy controls; MNI, the Montreal Neurological Institute coordinates; PD, panic disorder;

vmPFC, ventromedial prefrontal cortex.
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Figure 3. PerAF values and emotion regulation strategies in PD patients. (a) Right vmPFC PerAF positively
correlates with catastrophizing score. (b) Left amygdala PerAF positively correlates with a catastrophizing

score.

PerAF, percent amplitude of fluctuation.; PD, panic disorder; vmPFC, ventromedial prefrontal cortex.

cerebellum-precuneus, with clinical symptoms
(HAMA total score, HAMD total score, and
PDSS total score) in the patient group (p>0.05).

Discussion

Currently, research on the neural underpinnings
of emotion regulation in PD patients has primar-
ily focused on task-related brain functional
circuits. This study, based on the theory of cata-
strophizing emotion regulation, is the first to uti-
lize the PerAF metric from resting-state fMRI to
explore the connection between spontaneous
neural activity and automatic emotion regulation
in PD patients. Our results revealed that, com-
pared to HC, PD patients exhibited a significant
increase in catastrophizing scores and elevated
PerAF values in the vmPFC, striatum, amygdala,
and cerebellum. Furthermore, we observed
decreased FC between the vmPFC and the pre-
cuneus, as well as reduced FC between the cere-
bellum and the precuneus in PD patients
compared to HC. In addition, we found positive
correlations between the PerAF values of the
vmPFC and amygdala and catastrophizing scores.
These findings highlight the pivotal role of the
vmPFC-striatum-amygdala circuit in PD’s cata-
strophizing emotion regulation, manifesting not
only at the regional but also at the network level.

In line with our previous research,!? PD patients
demonstrated significantly higher catastrophizing
scores compared to healthy individuals using the
CERQ. This suggests a tendency in PD individu-
als to engage in a cognitive pattern characterized
by catastrophizing involving an exaggeration of

both internal and external stimuli threats, a
heightened emphasis on negative event aspects,
and increased self-reflection.!? Consequently, this
catastrophizing emotion regulation pattern leads
to reduced emotional regulation abilities, result-
ing in heightened negative emotions, diminished
positive emotions, and ultimately, increased
severity and frequency of panic attacks.4?

Enhanced spontaneous neural activity was
observed in key regions closely associated with
emotion regulation, including the vmPFC, stria-
tum, amygdala, dmPFC, and cerebellum. The
vmPFC plays a pivotal role in cognitive functions
such as emotional regulation, self-awareness, and
introspection,3? and is involved in processing self-
relevant emotional information.*! Studies indi-
cate that increased spontaneous activity in the
vmPFC is a prominent feature of affective disor-
ders.*2 The heightened PerAF in the vmPFC may
indicate increased resting-state activity in PD
patients. This could lead to a tendency toward
internal thoughts and self-focus, resulting in
excessive attention to internal emotions and bod-
ily sensations—characteristic of catastrophizing
cognition. Ultimately, this may contribute to the
onset of panic attacks.

The amygdala, as a component of the limbic sys-
tem, is closely connected to the vmPFC and plays
a crucial role in emotion regulation, particularly
in relation to threat perception and fear.43
Elevated PerAF values may indicate that the
amygdala is hyperactive in PD patients during
resting state, leading to an exaggerated sensitivity
to potential threats and resulting in heightened
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levels of anxiety and fear.20%4 In addition, the stri-
atum serves as a crucial mediator, integrating
emotional information from the prefrontal and
limbic systems.??> Studies indicate that striatal
activation plays a significant role in anticipatory
anxiety in PD patients.4* The dmPFC is linked to
elucidating the emotional significance of stimuli
and overseeing emotional experiences?> and it
also pertains to implicit emotion regulation in
PD.16:46 OQur findings suggest that in spontaneous
situations, PD patients exhibit enhanced activity
in monitoring and reflecting upon emotional
stimuli.1®

In our study, the vmPFC, dmPFC, striatum, and
amygdala collectively constitute the fronto-stri-
atal-limbic circuits. Neurocircuits of fear and
anxiety propose that coordinated activity between
the medial PFC, striatum, and amygdala assesses
the presence of threats.3! These brain regions are
closely interconnected, and emotions of fear and
anxiety involve multiple pathways, including
those from the amygdala to the striatum and
mPFC, and from the mPFC to the striatum and
amygdala.4”48 In this study, PD patients exhibit
heightened spontaneous neural activity in the
fronto-striatal-limbic circuits, indicating dis-
rupted neurocircuitry function, leading to exces-
sive rumination and attention to threat
information, ultimately triggering panic attacks
and anticipatory anxiety. The observed positive
correlations between PerAF values in the vmPFC
and amygdala and catastrophizing scores suggest
that as catastrophizing emotion regulation
becomes more pronounced in PD patients, there
is a corresponding increase in the abnormal spon-
taneous neural activity within the fronto-striatal-
limbic circuits. This further underscores the
pivotal role of this circuitry in implicit emotion
regulation in PD.

Interestingly, we noted a diminished resting-state
FC between the vmPFC and the medial PFC as
well as the precuneus. The vimPFC, medial PFC,
and precuneus are integral components of the
DMN.4 The DMN is a network of brain areas
associated with introspection, self-assessment,
memory, and future planning, among other
inward-focused cognitive activities,*¢ and its dys-
regulation has been closely linked to the occur-
rence of anxiety disorders.#® This reduction may
indicate potential difficulties in self-assessment
and emotion regulation in PD patients. In addi-
tion, individuals with PD often exhibit catastro-
phizing cognitions, characterized by excessive

worry and negative interpretations of external
stimuli.!® This tendency may render them more
susceptible to perceived threats, potentially trig-
gering anxiety symptoms. The diminished DMN
activity may further compound their challenges in
processing emotions and affective states.

We observed increased spontaneous activity in
the cerebellum, consistent with previous find-
ings.* In addition, we noted reduced resting-
state FC between the cerebellum and the
precuneus. While traditionally associated with
motor control and coordination, emerging
research suggests the cerebellum’s involvement in
emotion regulation and processing.’® Studies
indicate that the cerebellum communicates with
emotion-regulating regions in the brain, exerting
a modulatory role in emotion generation and reg-
ulation through the adjustment of emotion-
related neural circuits.>%51 Similar abnormalities
in the cerebellum and DMN have been observed
in other emotion-regulation-related psychiatric
disorders.5? Therefore, the weakened connectiv-
ity between the cerebellar network and the DMN
in PD patients may contribute to difficulties in
effectively regulating emotions through adjust-
ment of emotion-related neural circuits.

Limitations

There are several constraints in this study. First,
the relatively small sample size calls for broader
validation in a more diverse population. According
to recent research,33 small sample sizes in neuro-
imaging studies can increase the risk of unreliable
and non-reproducible results, limiting the gener-
alizability of our findings. Therefore, larger sam-
ple sizes are essential to enhance the robustness
and reproducibility of the results. Second, the
cross-sectional design limits causal inferences
between catastrophizing emotion regulation and
brain activity abnormalities. Future research,
employing longitudinal designs, is warranted.
Third, despite all participants abstaining from
antipsychotic drugs for at least 2 weeks before the
scan, individual medication differences in the
patient group may still affect the results. In addi-
tion, variations in education, anxiety, depression,
and CERQ scores among patients could influ-
ence outcomes. Given the small sample size,
future research will expand the sample to further
explore these variables’ impact on brain activa-
tion results. Finally, assessing PD patients’ spon-
taneous brain activity was solely based on
resting-state fMRI data. Utilizing multimodal
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fusion techniques like simultaneous
Electroencephalography (EEG)-fMRI imaging>*
and brain-computer interfaces®® in future studies
could offer deeper insights.

Conclusion

Our study highlights the crucial role of the fronto-
striatal-limbic circuits, especially the vmPFC-stri-
atum-amygdala pathway, in the catastrophic style
regulation of emotions in PD patients. The posi-
tive correlation between PerAF values in the
vmPFC and amygdala and catastrophizing scores
underscores the significance of this circuit in
implicit emotion regulation in PD. In addition,
weakened resting-state FC within the DMN and
between the cerebellum and DMN may contrib-
ute to difficulties in emotion regulation. In sum-
mary, our research advances the understanding of
implicit emotion regulation in PD by emphasizing
the interplay between spontaneous neural activity
and catastrophic cognition. These nuanced
changes in regional activity and network connec-
tivity provide a comprehensive model for PD
emotion regulation and offer potential insights for
targeted interventions, such as rTMS and cogni-
tive behavioral therapy.

Declarations

Ethics approval and consent to participate

Ethics approval for this study was obtained from
the Ethics Committee of the First Affiliated
Hospital of Dalian Medical University (Approval
Number: KY2014-30). Written informed con-
sent was obtained from all participants or their
legal guardians where applicable.

Consent for publication

Patients were included only if they or their legal
representative provided written consent for the
publication of patient-related data.

Author contributions

Hai-Yang Wang: Conceptualization; Data cura-
tion; Formal analysis; Funding acquisition; Writing
— original draft; Writing — review & editing.

Bei-Yan Guan: Data curation; Investigation;
Writing — review & editing.

Shi-Yao Wang: Data curation; Writing — review
& editing.

Ming-Fei Ni: Data curation; Writing — review &
editing.

Yan-Wei Miao: Data curation; Writing — review
& editing.

Feng Tian: Funding acquisition; Writing —
review & editing.

Yumin Chen: Funding acquisition; Writing —
review & editing.

Meng-Li Wu: Conceptualization; Writing —
review & editing.

Rui Li:
editing.

Visualization; Writing — review &

Bing-Wei Zhang: Formal analysis; Funding
acquisition; Methodology; Project administra-
tion; Software; Supervision; Writing — review &
editing.

Acknowledgements
We extend our heartfelt gratitude to the individu-
als who participated in this study.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: This work was
supported by the Key R&D Program of Jining
(Major Program, Grant Nos. 2023YXNS004
and 2022YXNS136), Shandong Provincial
Medical and Health Science and Technology
Project (Grant Nos. 202003070713 and
202103070424), and the National Natural
Science Foundation of China (Grant No.
81871080).

Competing interests
The authors declare that there is no conflict of
interest.

Availability of data and materials

The datasets used in this study can be made avail-
able upon reasonable request by contacting the
corresponding author.

ORCID iDs
Hai-Yang Wang
6148-4924

https://orcid.org/0000-0001-

Bing-Wei Zhang
2331-5342

https://orcid.org/0000-0002-

Supplemental material
Supplemental material for this article is available
online.

journals.sagepub.com/home/tpp


https://journals.sagepub.com/home/tpp
https://orcid.org/0000-0001-6148-4924
https://orcid.org/0000-0001-6148-4924
https://orcid.org/0000-0002-2331-5342
https://orcid.org/0000-0002-2331-5342

H-Y Wang, B-Y Guan et al.

References

1.

10.

11.

12.

13.

Craske MG and Stein MB. Anxiety. Lancet 2016;
388: 3048-3059.

Roy-Byrne PP, Craske MG and Stein MB. Panic
disorder. Lancer 2006; 368: 1023—-1032.

. Hofmann SG, Sawyer AT, Fang A, et al.

Emotion dysregulation model of mood and
anxiety disorders. Depress Anxiery 2012; 29:
409-416.

Zilverstand A, Parvaz MA and Goldstein RZ.
Neuroimaging cognitive reappraisal in clinical
populations to define neural targets for enhancing
emotion regulation: a systematic review.
Neuroimage 2017; 151: 105-116.

Clark DM. A cognitive approach to panic. Behav
Res Ther 1986; 24: 461-470.

. Rapee RM, Ancis JR and Barlow DH. Emotional

reactions to physiological sensations: panic
disorder patients and non-clinical Ss. Bekav Res
Ther 1988; 26: 265-269.

. Braunstein LM, Gross JJ and Ochsner KN.

Explicit and implicit emotion regulation: a multi-
level framework. Soc Cogn Affect Neurosci 2017,
12: 1545-1557.

Aksu S, Soyata AZ, Mursalova Z, et al.
Transcranial direct current stimulation does not
improve clinical and neurophysiological outcomes
in panic disorder: a randomized sham-controlled
trial. Psychiatry Clin Neurosci 20225 76: 384—-392.

Cox ], Thakur B, Alvarado L, et al. Repetitive
transcranial magnetic stimulation for generalized
anxiety and panic disorders: a systematic review
and meta-analysis. Ann Clin Psychiatry 20225 34:
e2—e24.

Li H, Wang J, Li C, et al. Repetitive transcranial
magnetic stimulation (rTMS) for panic disorder
in adults. Cochrane Database Syst Rev 2014; 2014:
CDO009083.

Etkin A, Prater KE, Hoeft F, et al. Failure of
anterior cingulate activation and connectivity
with the amygdala during implicit regulation
of emotional processing in generalized anxiety
disorder. Am ¥ Psychiatry 2010; 167: 545-554.

Zhang B, Xu J, Wang H, et al. Cognitive emotion
regulation strategies in subjects with panic
disorder. Chin ¥ Behav Med Brain Sci 2014; 23:
18-20.

Chang Y, Xu J, Pang X, et al. Mismatch
negativity indices of enhanced preattentive
automatic processing in panic disorder as
measured by a multi-feature paradigm. Biol
Psychol 20155 105: 77-82.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Zhang BW, Xu J, Chang Y, et al. Impaired
cognitive reappraisal in panic disorder revealed by
the late positive potential. Neuroreport 20165 27:
99-103.

Li XL and Wang HY. Unconscious cognitive
dysfunction in emotion dysregulation and
psychopathology of panic disorder: evidence from
the late positive potential. Neuroreport 2018; 29:
6-7.

Wang HY, Xu GQ, Ni MF, et al. Neural basis of
implicit cognitive reappraisal in panic disorder: an
event-related fMRI study. ¥ Transl Med 2021; 19:
304.

Viering T, Hoekstra PJ, Philipsen A, et al.
Emotion dysregulation and integration

of emotion-related brain networks affect
intraindividual change in ADHD severity
throughout late adolescence. Neuroimage 2021;
245:118729.

Smitha KA, Akhil Raja K, Arun KM, et al.
Resting state fMRI: a review on methods in
resting state connectivity analysis and resting state
networks. Neuroradiol ¥ 2017; 30: 305-317.

Tian X, Wei D, Du X, et al. Assessment of trait
anxiety and prediction of changes in state anxiety
using functional brain imaging: a test-retest
study. Neuroimage 20165 133: 408-416.

Chen Y, Wu Y, Mu ], et al. Abnormal fear
circuits activities correlated to physical symptoms
in somatic anxiety patients. ¥ Affect Disord 2020;
274: 54-58.

Yuan C, Zhu H, Ren Z, et al. Precuneus-related
regional and network functional deficits in social
anxiety disorder: a resting-state functional MRI
study. Compr Psychiarry 2018; 82: 22-29.

Lai CH and Wu YT. Patterns of fractional
amplitude of low-frequency oscillations in
occipito-striato-thalamic regions of first-episode
drug-naive panic disorder. ¥ Affect Disord 2012;
142: 180-185.

Zhao N, Yuan LX, Jia XZ, et al. Intra- and
inter-scanner reliability of voxel-wise whole-brain
analytic metrics for resting state fMRI. Front
Neuroinform 2018; 12: 54.

Jia XZ, Sun JW, Ji GJ, et al. Percent amplitude
of fluctuation: a simple measure for resting-state
fMRI signal at single voxel level. PLoS One 2020,
15:e0227021.

Yang YC, Li QY, Chen M], et al. Investigation
of changes in retinal detachment-related brain

region activities and functions using the percent
amplitude of fluctuation method: a resting-state

journals.sagepub.com/home/tpp


https://journals.sagepub.com/home/tpp
http://tpp.sagepub.com

THERAPEUTIC ADVANCES in

Psychopharmacology

Volume 14

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

functional magnetic resonance imaging study.
Neuropsychiatr Dis Treatr 2021; 17: 251-260.

Chen Q, Bi Y, Zhao X, et al. Regional amplitude
abnormities in the major depressive disorder:

a resting-state fMRI study and support vector
machine analysis. ¥ Affect Disord 2022; 308: 1-9.

Liu C, Pan W, Zhu D, et al. Altered intrinsic
brain activity in patients with late-life depression:
a resting-state functional MRI study. Front
Psychiarry 20225 13: 894646.

Xie W, Shu Y, Liu X, et al. Abnormal
spontaneous brain activity and cognitive
impairment in obstructive sleep apnea. Nat Sci
Sleep 20225 14: 1575-1587.

Johnson PL, Federici LM and Shekhar A.
Etiology, triggers and neurochemical circuits
associated with unexpected, expected, and
laboratory-induced panic attacks. Neurosci
Biobehav Rev 20145 46 Pt 3: 429-454.

Vinogradov S, Hamid AA and Redish AD.
Etiopathogenic models of psychosis spectrum
illnesses must resolve four key features. Biol
Psychiarry 20225 92: 514-522.

Malezieux M, Klein AS and Gogolla N. Neural

circuits for emotion. Annu Rev Neurosct 2023; 46:

211-231.

Lieberman MD, Straccia MA, Meyer ML, et al.
Social, self, (situational), and affective processes
in medial prefrontal cortex (MPFC): causal,
multivariate, and reverse inference evidence.
Neurosci Biobehav Rev 2019; 99: 311-328.

Donofry SD, Roecklein KA, Wildes JE, et al.
Alterations in emotion generation and regulation

neurocircuitry in depression and eating disorders:

a comparative review of structural and functional
neuroimaging studies. Neurosci Biobehav Rev
2016; 68: 911-927.

Ji C, Zhou Q, Qiu Y, et al. Decline of anterior
cingulate functional network efficiency in first-
episode, medication-naive somatic symptom

disorder and its relationship with catastrophizing.

F Psychiatr Res 20215 140: 468-473.

American Psychiatric Association. Diagnostic
and Statistical Manual of Mental Disorders, Fifth
Edition (DSM-5). Washington, DC: American
Psychiatric Publishing, 2013.

von Elm E, Altman DG, Egger M, et al. The
Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) statement:
guidelines for reporting observational studies.
Lancer 2007; 370: 1453-1457.

Garnefski N and Kraaij V. Cognitive Emotion
Regulation Questionnaire—development of a

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

short 18-item version (CERQ-short). Pers Individ
Dif 2006; 41: 1045-1053.

Shear MK, Brown TA, Barlow DH, et al.
Multicenter collaborative panic disorder severity
scale. Am ¥ Psychiarry 1997; 154: 1571-1575.

Yan CG, Wang XD, Zuo XN, et al. DPABI:
Data processing & analysis for (resting-state)
brain imaging. Neuroinformatics 20165 14:
339-351.

Teachman BA, Marker CD and Clerkin EM.
Catastrophic misinterpretations as a predictor
of symptom change during treatment for panic
disorder. ¥ Consult Clin Psychol 2010; 78:
964-973.

Koenigs M and Grafman J. The functional
neuroanatomy of depression: distinct roles for
ventromedial and dorsolateral prefrontal cortex.
Behav Brain Res 2009; 201: 239-243.

Li X, Liu Q, Chen Z, et al. Abnormalities

of regional brain activity in patients with
schizophrenia: a longitudinal resting-state fMRI
study. Schizophr Bull 20235 49: 1336-1344.

Shekhar A, Sajdyk TJ, Gehlert DR, et al.

The amygdala, panic disorder, and cardiovascular
responses. Ann N'Y Acad Sci 2003; 985:
308-325.

Brinkmann L, Buff C, Feldker K, et al. Distinct
phasic and sustained brain responses and
connectivity of amygdala and bed nucleus of the
stria terminalis during threat anticipation in panic
disorder. Psychol Med 2017; 47: 2675-2688.

Wang HY, Zhang XX, Si CP, et al.
Prefrontoparietal dysfunction during emotion
regulation in anxiety disorder: a meta-analysis of
functional magnetic resonance imaging studies.
Neuropsychiatr Dis Trear 2018; 14: 1183-1198.

Raichle ME. The brain’s default mode network.
Annu Rev Neurosci 20155 38: 433-447.

Calhoon GG and Tye KM. Resolving the neural
circuits of anxiety. Nat Neurosci 2015; 18:
1394-1404.

Wang HY, Zhang L, Guan BY, et al. Resting-
state cortico-limbic functional connectivity
pattern in panic disorder: relationships with
emotion regulation strategy use and symptom
severity. ¥ Psychiatr Res 2024; 169: 97-104.

Yuan M, Liu B, Yang B, et al. Dysfunction of
default mode network characterizes generalized
anxiety disorder relative to social anxiety disorder
and post-traumatic stress disorder. ¥ Affect Disord
2023; 334: 35-42.

Guell X, Gabrieli JDE and Schmahmann JD.
Triple representation of language, working

journals.sagepub.com/home/tpp


https://journals.sagepub.com/home/tpp

H-Y Wang, B-Y Guan et al.

51.

52.

memory, social and emotion processing in the
cerebellum: convergent evidence from task and
seed-based resting-state fMRI analyses in a single
large cohort. Neuroimage 2018; 172: 437-449.

Van Overwalle F, Manto M, Cattaneo Z,
et al. Consensus Paper: Cerebellum and social
cognition. Cerebellum 2020; 19: 833—-868.

Cai XL, Wang YM, Wang Y, et al. Neurological
soft signs are associated with altered cerebellar-
cerebral functional connectivity in schizophrenia.
Schizophr Bull 2021; 47: 1452-1462.

53.

54.

55.

Marek S, Tervo-Clemmens B, Calabro FJ, et al.
Reproducible brain-wide association studies
require thousands of individuals. Nature 2022;
603: 654-660.

Cichy RM and Oliva A. A M/EEG-fMRI fusion
primer: resolving human brain responses in space
and time. Neuron 2020; 107: 772-781.

Gao X, Wang Y, Chen X, et al. Interface,
interaction, and intelligence in generalized brain-
computer interfaces. Trends Cogn Sci 20215 25:
671-684.

Visit Sage journals online
journals.sagepub.com/
home/tpp

S Sagejournals

journals.sagepub.com/home/tpp


https://journals.sagepub.com/home/tpp
http://tpp.sagepub.com
https://journals.sagepub.com/home/tpp
https://journals.sagepub.com/home/tpp

