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Purpose: Subthreshold depression (SD) is a highly prevalent mental health condition and a key precursor in major depressive
disorder. Internet-based cognitive behavioral therapy (ICBT) effectively treats SD in clinical settings, but the neuromechanisms behind
its success are not fully understood. This study aimed to examine changes in intrinsic brain activity in SD and their further alterations
after ICBT intervention.

Patients and Methods: Twenty-five individuals with SD and 25 matched healthy controls (HC) were enrolled. SD underwent the
same MRI scans and clinical assessments before and after a five-week ICBT intervention. HC underwent a single MRI scan during
enrollment. The amplitude of low-frequency fluctuation (ALFF) and degree centrality (DC) are established analytical techniques in the
field of neuroimaging to assess intrinsic brain activity. Two-sample and paired-sample t-tests were employed to examine changes in
whole-brain ALFF and DC. Pearson or Spearman correlation analysis was performed to evaluate associations between altered ALFF/
DC values and changes in clinical assessment scores in SD.

Results: Compared with HC, decreased DC in the right precuneus (PCUN) and increased ALFF in the right insula (INS) were found
in SD before ICBT intervention. After ICBT intervention, ALFF in the left hippocampus (HIP) was increased, and DC in the right
medial and paracingulate gyri (DCG) was reduced in SD. Altered ALFF values in the left HIP showed a negative correlation with
changes in PHQ-9 scores, and a positive correlation with changes in FATS-ReB scores. Altered DC values in the right DCG were
positively correlated with changes in CCTS-TR-BhA scores.

Conclusion: These findings provide new insights into the altered intrinsic brain activities in SD. More importantly, this study found
potential changes in intrinsic activity in brain regions associated with ICBT response to SD, which may help further explore the
neuropsychological mechanism underlying the efficacy of ICBT in the future.

Keywords: subthreshold depression, internet-based cognitive behavioral therapy, resting-state functional magnetic resonance imaging,
amplitude of low-frequency fluctuation, degree centrality

Introduction

Subthreshold depression (SD) is a highly prevalent mental health condition that is considered a significant precursor to
and a risk factor for major depressive disorder (MDD).! While the definition of SD is often considered overly inclusive,
several representative studies identify a Center for Epidemiologic Studies Depression Scale (CES-D) score of >16 as the
meeting criteria for SD.>* Core symptoms of SD typically include low mood, anhedonia, sleep disturbances, and
decreased energy levels. These symptoms may have a profound impact on subjective well-being, quality of life, and
social-psychological functioning.! The prevalence of SD exceeds that of MDD,* with a common occurrence among

adolescents and emerging adulthood.™® SD poses a significant burden on public mental health services, leading to
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substantial healthcare costs.” Implementing effective interventions can mitigate the symptoms of SD and potentially
impede its evolution into MDD.

Currently, the predominant interventions for SD involve psychological therapies combined with medication.
Cognitive behavioral therapy (CBT), a form of offline psychological treatment, has been demonstrated to effectively
reduce depressive symptoms in SD and mitigate the risk of MDD.® CBT skills include attention bias modification
(ABM),’ increased cognitive load,'® and behavioral activation (BhA)."' However, individuals with SD frequently
avoided seeking professional help and participating in traditional face-to-face psychological interventions due to the
perception of mild symptoms, the stigma surrounding the disorder, and the financial burden, resulting in a low rate of
consultation within this demographic.'?

This limitation has been overcome by online psychological treatments, which present several benefits, including
increased accessibility, flexibility in scheduling, reduced reliance on in-person clinical psychologists, enhanced privacy
protections, and lower costs.'® At present, internet-based cognitive behavioral therapy (ICBT) is a widespread and highly
effective modality. A previous meta-analysis showed that official organizations in numerous countries acknowledged
ICBT as a viable alternative to traditional CBT for treating MDD.'* Additionally, a prior randomized controlled trial
conducted by our research team demonstrated the efficacy of ICBT in reducing depressive symptoms in SD.'”

Magnetic resonance imaging (MRI) studies have identified disruptions in the local synchrony of neural activity and
regulatory processes in brain regions linked to the default mode network (DMN) in SD, notably in the medial prefrontal
cortex, anterior cingulate cortex (ACC), and hippocampus (HIP).'®!” Several studies have explored the neuroimaging
mechanisms underlying the effectiveness of CBT skills in treating SD. After CBT intervention, a reduction in functional
connectivity (FC) between the anterior DMN subnetwork and the dorsal ACC was observed in SD.'® Previous research
also indicated that BhA enhanced diminished activity in the left lateral prefrontal cortex and angular gyrus of SD." Li
et al found that ABM training may lead to altered spontaneous brain activity in the right anterior insula (INS) and middle
frontal gyrus in young women with SD.’

ICBT and CBT share the same theoretical foundation, while their differences in intervention format and therapist
involvement may lead to divergent therapeutic effects and potential neural changes. The studies on ICBT for social
anxiety disorder demonstrated that a reduction in left amygdala reactivity following intervention,® and the BOLD
response patterns of the dorsal ACC-amygdala regions was a significant predictor of the long-term efficacy of ICBT.?!
A study indicated that a larger volume of the right rostral ACC prior to ICBT intervention significantly predicted greater
improvement in depressive symptoms.”” Additionally, another investigation into ICBT for depression revealed that
reduced FC between the right anterior insula and the temporoparietal junction, along with increased FC between the right
anterior insula and left anterior insula, were associated with improvements in depression.”® The aforementioned studies
found alterations in brain function and structure associated with the treatment of anxiety and depression through ICBT.
Nevertheless, there is a paucity of neuroimaging research investigating changes in brain activity in SD following ICBT
intervention.

The amplitude of low-frequency fluctuation (ALFF) and degree centrality (DC) are established analytical techniques
utilizing brain blood oxygen level-dependent (BOLD) signals obtained during resting-state functional MRI (rs-fMRI).
ALFF quantifies the intensity of brain signal fluctuations within the low-frequency range of 0.01-0.08 hz, providing
a comprehensive assessment of spontaneous brain activity.?* DC assesses the degree to which a node within a network is
interconnected with other nodes, reflecting the intrinsic connectivity of a specific brain region within the larger network
of the brain.*> Both methods have been used simultaneously to investigate a range of mental disorders, such as MDD*®
and schizophrenia,®’ to examine alterations in brain activity.

Therefore, the present study endeavored to examine changes in whole-brain ALFF and DC in SD. In addition,
alterations in ALFF and DC in specific brain regions in SD before and after ICBT intervention were investigated. Finally,
the relationships between the altered ALFF and DC and psychiatric symptoms, as well as the acquisition and utilization
frequency of CBT skills, were also assessed. It was hypothesized that SD exhibit significant differences in brain regions
compared with healthy controls (HC), and SD demonstrate altered intrinsic spontaneous brain activities following ICBT
intervention. Furthermore, we posited that the brain regions affected by the ICBT intervention are associated with
psychiatric symptoms and CBT skills.
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Materials and Methods

Participants

Individuals aged 18-23 who were enrolled in college or undergraduate programs in Ningbo City, Zhejiang Province,
were recruited between December 2021 and June 2023. The exclusion criteria were as follows: (1) suicidal ideation (with
a score for question 9 on the Patient Health Questionnaire-9 (PHQ-9) of >2); (2) a history of neurological or psychiatric
disorders; (3) evidence of structural brain abnormalities such as trauma, tumors, or infections; (4) drug or alcohol abuse;
and (5) any contraindications for undergoing an MRI scan. The included participants were categorized into two distinct
groups based on their total CES-D scores: individuals with a CES-D score of 16 or higher were designated as the SD
group, while those with a CES-D score below 16 were assigned to the HC group.

The SD group underwent two MRI scans and two clinical assessments, with the first MRI scan and clinical
assessment conducted at the time of recruitment, followed by a five-week ICBT intervention. The second MRI scan
and clinical assessment were conducted immediately after the completion of intervention. The HC group only underwent
one MRI scan and clinical assessment after enrollment. The SD group comprised solely of patients newly diagnosed with
SD. Participants did not receive any psychotherapeutic treatments other than ICBT intervention. After the completion of
the study, participants can receive individualized treatment regimens tailored to their specific conditions and medical
recommendations.

Two measures were implemented as follows to facilitate participant compliance. (1) The ICBT was developed as
a WeChat mini-program tailored specifically for the Chinese population, enhancing its accessibility and convenience for
students. Additionally, the research team monitored the completion of participants’ treatment through the program’s
backend system and reminded participants to complete treatment tasks on time. (2) The research team was available to
address any questions from participants throughout the study. Therapists can comprehensively assess participants’
compliance based on their feedback and platform data.

This study was approved by the Medical Ethics Committee of Ningbo University (NBU-2020-139). All participants
were given comprehensive information about the experimental protocols and potential risks, and willingly signed
informed consent forms. This study complies with the Declaration of Helsinki. This protocol was retrospectively
registered at the Chinese Clinical Trial Register (ChiCTR) on February 22, 2022, with Identifier: ChiCTR2200056884.

ICBT Intervention

Our research team cooperated with a third-party company to develop ICBT software and create a WeChat Mini-Program.
This project was based on the Chinese version of the Handbook of Cognitive-Behavioral Therapies,”® including five
lessons and corresponding case stories to teach practical skills of CBT. The lesson content encompassed text, images, and
videos, with homework assignments provided after the completion of each session. Each lesson lasted about 30 minutes.
ICBT lesson content specifications are detailed in our previous study.'® Participants were required to complete five
lessons (Lesson 1-5) in order within five weeks following the same treatment schedule. The case stories corresponding to
the lessons were drawn from real cases of Chinese patients who had received CBT and recovered from anxiety and
depression.

Clinical Measurements

Depressive symptoms were assessed utilizing the Chinese versions of the CES-D and PHQ-9 scales,?~°

and anxiety
symptoms were evaluated through the Chinese version of the Generalized Anxiety Disorder-7 (GAD-7) scale.’! These
clinical measurement instruments exhibited strong reliability and validity within the Chinese population.

Participants’ acquisition and utilization frequency of CBT skills were assessed using the Competencies of Cognitive
Therapy Scale-Therapist Report (CCTS-TR) and the Frequency of Actions and Thoughts Scale (FATS) scales.’”* The
CCTS-TR scale encompasses automatic thoughts (AuT), BhA, and core beliefs (CoB). The FATS scale consists of
cognitive restructuring (CoR), social interactions (Sol), rewarding behaviors (ReB), and activity scheduling (AcS).
CCTS-TR is a measure administered by raters, where trained CBT therapists evaluate participants’ proficiency in CBT
techniques while remaining unaware of other research-related details.
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The SD group underwent the same contents of clinical assessments before and after ICBT intervention, to evaluate
changes in anxiety and depression levels, as well as the acquisition and frequency of utilization of CBT skills.

MRI Data Acquisition

All MRI data were acquired using a 3T MRI scanner (MAGNETOM Vida, Siemens, USA) equipped with a 64-channel
phased-array head coil. Participants were instructed to remain awake, maintain physical stillness, and refrain from
engaging in cognitive activities during the scanning procedure, with earplugs provided to mitigate the scanner noise.
Participants underwent standard cranial MRI scans, including T1-weighted, T2-weighted, T2-fluid-attenuated inversion
recovery (FLAIR), and diffusion-weighted imaging sequences, which were reviewed by a proficient radiologist to rule
out any brain structural abnormality. rs-fMR data were acquired using gradient echo planar imaging (GRE-EPI)
sequences with the following scan parameters: slice number = 54, field of view (FOV) = 216x216 mm?, repetition
time (TR) = 2000 ms, echo time (TE) = 30 ms, flip angle (FA) = 90°, matrix size = 72 x 72, slice thickness = 3 mm, voxel
size = 3 x 3x3 mm?, and no gap.

MRI Data Preprocessing

On the Matlab R2018b platform, rs-fMRI data were preprocessed using Data Processing Assistant for Resting-State
fMRI Advanced (DPARSFA version 5.4, http://rfmri.org/DPARSF) and Statistical Parametric Mapping (SPM version 12,
http://www.fil.ion.ucl.ac.uk/spm). The first 10 time points of the images were excluded to accommodate the stabilization

of the gradient magnetic field and the participant’s acclimation to scanning noise. Afterward, the remaining 190 images
were subjected to slice timing and head motion correction. Participants who met the criteria of maximum translational
movement <3 mm and rotational angles <3° were included. Subsequently, functional images were registered with T1
structural images, subjected to spatial normalization to the Montreal Neurological Institute (MNI) space, and resampled
to a voxel resolution of 3 x 3x3 mm?. Finally, nuisance covariates such as white matter signal and cerebrospinal fluid
signal were regressed out and linear trends were performed.

Calculation of ALFF and DC

Preprocessed functional images were imported into the DPARSFA software to calculate ALFF and DC. The procedure
for computing ALFF was as follows.>* First, a fast Fourier transform was applied to convert the pulse signal from the
time domain to the frequency domain, resulting in a power spectrum. Then, the square root was computed at each
frequency within the power spectrum. Finally, an average of the square roots which were obtained within the
0.01-0.08 hz range for each voxel was analyzed as ALFF. DC was calculated by summing up the weights of all
correlations that exceeded a predefined optimized threshold for a given voxel. The Pearson correlation coefficient was
computed between the BOLD time series of every pair of voxels in the brain, with an r threshold set at 0.25.%
Additionally, ALFF and DC data were spatially smoothed with a Gaussian kernel of 4 x 4x4 mm® full-width at half-
maximum.

Statistical Analysis

Statistical analyses of functional images were performed with SPM12. Two-sample t-tests were applied to compare the
whole-brain differences in ALFF and DC between HC and SD before ICBT intervention, with age, gender, and mean
head motion parameters as nuisance covariates. Paired-sample t-tests were used to determine the whole-brain differences
in ALFF and DC in SD before and after ICBT intervention, with the above parameters as nuisance covariates. The
Gaussian Random Field (GRF) correction was conducted with the statistical threshold set at two-tailed voxel-level p <
0.01 and cluster-level p < 0.05.>* Brain regions showing significant differences were defined as regions of interest, from
which ALFF and DC values were extracted.

A Shapiro—Wilk test was performed to assess the normality of demographic data. A two-sample #-test was applied to
compare normally distributed data, with the choice of statistical results depending on the evaluation of homogeneity of
variance. Meanwhile, non-normally distributed data were compared using a Mann—Whitney U-test. Gender differences
were analyzed using a chi-square test. In addition, a Shapiro—Wilk test was used to check the normality of the altered
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scores between the two clinical measurements. A paired f-test was employed for normally distributed altered scores to
assess the differences in clinical measurements before and after the intervention, whereas a Wilcoxon signed-rank test
was utilized for non-normally distributed altered scores. In the SD group, Pearson or Spearman correlation analysis was
applied to evaluate the association between the altered ALFF and DC values in significantly different brain regions and
the changes in clinical measurement scales (SD after ICBT intervention minus SD before ICBT intervention).

Statistical analyses were conducted utilizing SPSS, version 25.0 (IBM SPSS Statistics for Windows, Armonk,
New York, USA) and R software, version 3.5.3 (R Foundation for Statistical Computing, Vienna, Austria), with
a significance level of p < 0.05.

Results

Participants

Twenty-seven individuals with SD and 25 hC were recruited. In the SD group, one participant did not complete the ICBT
intervention and follow-up MRI examination, while another exhibited significant artifacts in the MRI images before
ICBT intervention. Finally, these two participants were excluded from the analysis due to the absence of essential MRI
data. All participants in the HC group completed the MRI scans. Finally, a total of 25 individuals with SD who completed
the entire process and 25 matched HC were included in the analysis. The mean age of the SD and HC groups was 235.20
months and 244.28 months respectively. All participants were right-handed. No statistically significant differences were
found between the two groups in terms of age, gender, weight, height, and body mass index (BMI) (p > 0.05). The
baseline demographic information of participants is detailed in Table 1. A flowchart is presented in Figure 1.

Changes in Clinical Measurements

The SD group showed a significant decrease in CES-D, PHQ-9, and GAD-7 scores, and a significant increase in FATS-
CoR/Sol/ReB and CCTS-TR-AuT/BhA/CoB scores after ICBT intervention (p < 0.05). However, no significant differ-
ence was found in FATS-AcS scores in the SD group before and after ICBT intervention (p > 0.05). Further details on the
changes in clinical measurements in the SD group before and after ICBT intervention are provided in Table 2.

Altered ALFF and DC

Compared to HC, increased ALFF in the right INS and decreased DC in the right precuneus (PCUN) were found in SD
before ICBT intervention (corrected p < 0.05, Table 3 and Figure 2). After ICBT intervention, ALFF in the left HIP was
increased, and DC in the right medial and paracingulate gyri (DCG) was reduced in SD (corrected p < 0.05, Table 4 and
Figures 3A and 4A).

Correlations Between Altered ALFF/DC and Clinical Measurement Scores
Altered ALFF values in the left HIP showed a significant negative correlation with changes in PHQ-9 scores (r = —0.442,
p = 0.027), and a significant positive correlation with changes in FATS-ReB scores (» = 0.448, p = 0.025) (Figure 3B).

Table | Demographic Information of Participants

Characteristics SD HC p zIX%It
Age (month) 235.20+5.09 | 244.28+14.96 | 0.062 | —1.866"
Gender (male/female) | 2/23 4/21 0.384 | 0.758°
Weight (kg) 57.88x11.72 | 55.60+7.84 0.683 | —0.409°
Height (m) 1.61£0.06 1.64+0.07 0.055 | 1.971°¢
BMI (kg/m2) 22.30+3.99 | 20.53%2.25 0.177 | —1.349°

Notes: Values are mean * standard deviation, * indicates z for Mann—Whitney U-test; b
indicates x* for chi-square test; € indicates t for two-sample t-test.

Abbreviations: SD, subthreshold depression; HC, healthy control; BMI, Body Mass
Index.
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Exclusion criteria:
(1) suicidal ideation
(2) neurological or psychiatric disorders
(3) structural brain abnormalities
(4) drug or alcohol abuse
(5) MRI contraindications

Participants
(age > 18 years)
CES-D< 16 CES-D>16
HC group SD group
(n=25) (n=27)
rs-fMRI scan rs-fMRI scan
(n=25) (n=27)

severe motion artifacts

(n=1)

Clinical measurements
(n=26)

ICBT intervention
(n=26)

withdrawal from the intervention and
follow-up MRI
(n=1)

rs-fMRI scan and clinical measurements

(n=25)

Figure | Study flowchart. Support was provided by Figdraw.
Abbreviations: CES-D, Center for Epidemiologic Studies Depression; HC, healthy control; SD, subthreshold depression; MRI, magnetic resonance imaging; rs-fMRl, resting-

state functional MRI; ICBT, internet-based cognitive behavioral therapy.

Altered DC values in the right DCG were positively correlated with changes in CCTS-TR-BhA scores (r = 0.455, p =

0.022) (Figure 4B).

Discussion

SD is a prevalent mental health condition that has the potential to develop into MDD over time. ICBT has been
recognized as an effective therapeutic approach for SD in the clinical setting. The current study aimed to utilize ALFF

Table 2 Changes in Clinical Measurements in the SD Group Before and After ICBT

Intervention

Characteristics | Before Intervention | After Intervention | p tiz
CES-D 25.92%1.12 15.16+0.90 <0.001* | 35.046°
PHQ-9 12.56+2.55 8.24+2.55 <0.001* | 5.996*
GAD-7 14.20£1.85 8.28+1.31 <0.001* | 13.836°
FATS-CoR 3.60+1.44 10.20+1.35 <0.001* | —4.389°
FATS-Sol 3.52+1.42 8.12+1.56 <0.001% | —4.386"
FATS-ReB 2.80%1.53 3.80%1.23 0.030% -2.171°
FATS-AcS 2.80x1.61 3.28%1.10 0.270 -1.130*
CCTS-TR-AuT 5.60+2.20 14.72+3.23 <0.001* | —4.355°
CCTS-TR-BhA 5.32+1.89 7.60+2.65 0.001* -3.979*
CCTS-TR-CoB 5.72+1.70 11.92£3.61 <0.001* | -7.730%

Notes: Values are mean = standard deviation. The symbol * denotes p < 0.05. SD, subthreshold depression.
* indicates t for paired t-test; ® indicates z for Wilcoxon signed-rank test.
Abbreviations: ICBT, internet-based cognitive behavioral therapy; CES-D, Center for Epidemiologic
Studies Depression; PHQ-9, Patient Health Questionnaire-9 Items; GAD-7, Generalized Anxiety
Disorder-7; FATS, Frequency of Actions and Thoughts Scale; CoR, cognitive restructuring; Sol, social
interaction; ReB, rewarding behaviors; AcS, activity scheduling; CCTS-TR, Competencies of Cognitive
Therapy Scale-Therapist Report; AuT, automatic thoughts; BhA, behavioral activation; CoB, core beliefs.
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Table 3 Brain Regions Showing Significant Differences
in ALFF/DC Between SD Before ICBT Intervention and

HC
Brain Regions | Voxels | MNI T values
x |y z
ALFF
INS.R 94 39 | 21 —21 | 3.85
DC
PCUN.R 82 3 | 57|72 | -4.04

Note: SD before ICBT intervention vs HC.

Abbreviations: ALFF, amplitude of low-frequency fluctuation; DC,
degree centrality; SD, subthreshold depression; ICBT, internet-based
cognitive behavioral therapy; HC, healthy control; MNI, Montreal
Neurological Institute; INS, insula; PCUN, precuneus; R, right.

and DC rs-fMRI metrics to explore the abnormalities of brain activity in SD and significantly different brain regions
before and after ICBT intervention. We hypothesized that SD would exhibit altered intrinsic brain activity compared to
HC, and that these individuals would demonstrate further changes in intrinsic brain activity following ICBT intervention.
It was found that compared with HC, ALFF in the right INS was increased and DC in the right PCUN was decreased in
SD before ICBT intervention. After ICBT intervention, increased ALFF in the left HIP and decreased DC in the right
DCG were found in SD. Furthermore, correlation analyses revealed a negative relationship between altered ALFF values
in the left HIP and changes in PHQ-9 scores, and a positive relationship with changes in FATS-ReB scores. Meanwhile,
altered DC values in the right DCG were positively correlated with changes in CCTS-TR-BhA scores. The results of our
study supported the hypothesis posited in this research.

Our study revealed a decrease in DC of the right PCUN in the SD compared with HC groups. The PCUN, an integral
component of the DMN, is involved in processes such as mentalizing, self-referential thinking, scene construction, and
episodic memory subsystem linked to visual-spatial imagery.®>*® Evidence has shown that the PCUN serves as a highly
interconnected core hub with high energy demands due to its involvement in cognition and emotion.>® A previous rs-
fMRI study found that college students with SD exhibited altered ALFF and regional homogeneity (ReHo) in the right
PCUN compared with HC.?>” Li et al reported increased gray matter volume in the PCUN in young women with SD.*®

R L DC R

-
”~

INS.R
PCUN.R
- . ~ (&%‘:
[l ] [l I
-4.3388 4.2571 -4.2296 4.089

Figure 2 Comparison of ALFF and DC between SD before ICBT intervention and HC. Compared with HC, increased ALFF in the right INS and decreased DC in the right
PCUN were found in SD before ICBT intervention (two-tailed voxel-level p < 0.0l and cluster-level p < 0.05, GRF correction).

Abbreviations: ALFF, amplitude of low-frequency fluctuation; DC, degree centrality; SD, subthreshold depression; ICBT, internet-based cognitive behavioral therapy; HC,
healthy control; INS, insula; PCUN, precuneus; GRF, Gaussian Random Field.
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Table 4 Brain Regions Showing Significant Differences in
ALFF/DC in SD Before and After ICBT Intervention

Brain Regions | Voxels MNI T values
x y z

ALFF

HIPL 151 =30 | -I5 | 9| 490

DC

DCG.R 171 I8 | -33 | 51 | -5.16

Note: SD after ICBT intervention vs SD before ICBT intervention.
Abbreviations: ALFF, amplitude of low-frequency fluctuation; DC,
degree centrality; SD, subthreshold depression; ICBT, internet-based cog-
nitive behavioral therapy; MNI, Montreal Neurological Institute; HIP,
hippocampus; DCG, medial and paracingulate gyri; L, left; R, right.

Another study related to MDD revealed widespread disruption in FC networks involving the PCUN, which was
associated with the manifestation of depressive symptoms.>’

The INS plays a significant role in attention and working memory, specifically in social judgments, empathy
processes, and accurate internal perception.*®*' The current study found that compared with the HC group, ALFF in
the right INS was increased in the SD group, consistent with previous research indicating elevated ALFF in the right
anterior INS in SD.’ Additionally, a previous rs-fMRI study found abnormal FC between the INS and dorsolateral
prefrontal cortex in SD, which was associated with impaired cognitive control and emotion processing.** Philippi et al
reported that decreased FC between the anterior INS and anterior subgenual ACC was correlated with increased severity
of depressive symptoms in SD.*

Our data also revealed that the SD group showed increased ALFF in the left HIP after ICBT intervention. The HIP is
essential in modulating mood, cognition, and memory consolidation. It also influences behavior in response to emotional
or threatening stimuli, displaying heightened sensitivity to stress and negative affect.*** Several neuroimaging studies
found a significant improvement in hippocampal function following CBT intervention for MDD. A positron emission
tomography (PET) study further revealed that CBT resulted in improved clinical symptoms and increased HIP metabo-
lism, whereas paroxetine, a commonly used antidepressant, was associated with decreased HIP metabolism.*® These
findings suggested that distinct therapeutic approaches were employed between CBT and pharmacotherapy in treating

L ALFF y R L S FATS Ry~ 0448 0025
. \ . 4 L4
2] -2
04 o

/
altered FATS-ReB

altered PHQ-9
IS
L
T
IS

8 — * * -8
10 F-10
12 4 --12
T T T T T T
HIPL -0.2 -0.1 0.0 0.1 0.2 0.3
A - W B altered ALFF in HIP.L
-4.4067 4.8911

Figure 3 (A) Comparison of ALFF in SD before and after ICBT intervention. Increased ALFF in the left Hip was found in SD after ICBT intervention (two-tailed voxel-level
p < 0.0l and cluster-level p < 0.05, GRF correction). (B) Correlations among the altered ALFF values and clinical measurement scores. Altered ALFF values in the left HIP
were negatively correlated with changes in PHQ-9 scores, and positively correlated with changes in FATS-ReB scores.

Abbreviations: ALFF, amplitude of low-frequency fluctuation; SD, subthreshold depression; ICBT, internet-based cognitive behavioral therapy; HIP, hippocampus; GRF,
Gaussian Random Field; PHQ-9, Patient Health Questionnaire-9 Items; FATS, Frequency of Actions and Thoughts Scale; ReB, rewarding behaviors.
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P R

.
Y \ r=0.455, p=0.022
\ 7

DCG.R

L ( A

altered CCTS-TR-BhA

T T T T T T T T T
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

A I E— B altered DC in DCG.R

-5.1633 4.6683

Figure 4 (A) Comparison of DC in SD before and after ICBT intervention. Decreased DC in the right DCG was found in SD after ICBT intervention (two-tailed voxel-level
p < 0.01 and cluster-level p < 0.05, GRF correction). (B) Correlations among the altered DC values and clinical measurement scores. Altered DC values in the right DCG
were positively correlated with changes in CCTS-TR-BhA scores.

Abbreviations: DC, degree centrality; SD, subthreshold depression; ICBT, internet-based cognitive behavioral therapy; DCG, medial and paracingulate gyri; GRF, Gaussian
Random Field; CCTS-TR, Competencies of Cognitive Therapy Scale-Therapist Report; BhA, behavioral activation.

MDD. In addition, a separate task-based functional MRI study reported heightened arousal responses in the HIP of
patients with MDD following CBT intervention.*” A neuroimaging study of ICBT intervention for social anxiety
suggested that the effective mechanism of ICBT may be similar to that of traditional CBT.?° ICBT and CBT are both
constructed based on the cognitive-behavioral theory, with similar overall treatment goals and therapeutic processes, yet
they differ in their format of delivery.

The DCG belongs to the cingulate gyrus, which has been identified as a crucial element in higher cognitive functions,
emotional circuits, and internal sensory adaptation.*® Several studies have reported that abnormal DCG function is
associated with depression. A rs-fMRI study showed elevated ALFF in the right DCG of adolescents with MDD who
engaged in non-suicidal self-injury.** Another study found that the FC between the right precentral gyrus and right DCG
was enhanced and positively correlated with Edinburgh Postpartum Depression Scale (EPDS) scores in postpartum
depression.”® Other studies noted that anterior cingulate cortex played an important role in the intervention of depression
with ICBT.?>*! The present study observed a significantly decreased DC in the right DCG in the SD group after ICBT
intervention.

ICBT was constructed based on the cognitive-behavioral theory. ICBT aims to equip individuals with essential
cognitive and behavioral skills to identify and modify negative cognitions, address depressogenic biases in information
processing, engage in behavioral activation, and implement effective problem-solving strategies.>> Building on our
group’s prior research,' this study necessitated that the team utilize the program’s backend system to monitor and
remind participants to complete their treatment tasks punctually. SD participants who were ultimately included in the
analysis adhered to an identical treatment process and schedule. The HIP and DCG play a vital role in controlling and
regulating cognition and emotion. Our findings revealed that an increase in ALFF in the left HIP was associated with the
improvement of depressive symptoms and the frequency of participating in ReB in the SD group, consistent with the
findings of previous neuroimaging studies suggesting that structural or functional improvements in the HIP may be
linked to symptom alleviation in depressive symptoms,”*>* and CBT-related skills.’>>® Moreover, decreased DC in the
right DCG was positively correlated with improved BhA skills but not with depressive/anxiety symptoms. The correla-
tion results suggested that ICBT in this study may improve the negative emotion and cognition of SD by helping them to
increase the mastery or use frequency of BhA and ReB. This finding implied that future studies should focus on
improving the functions of ICBT related to engaging in BhA and ReB skills to enhance the intervention effect of ICBT in
SD population.
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Nonetheless, this study has several limitations. First, although this is a longitudinal study, only one round of MRI
scans and psychological assessments was conducted after the ICBT intervention, preventing us from tracking long-term
effects. Future research should include long-term follow-ups to observe the sustained effects of ICBT and changes in
brain structure and function over time. Second, the sample size in this study was relatively small. Although our findings
preliminarily identify target brain regions for ICBT efficacy in SD, large-scale studies are needed for further validation.
Lastly, this study lacked an intervention control group, which may limit the accuracy of our findings since we cannot
definitively attribute the observed brain region improvements to the ICBT intervention versus the natural remission of
depressive symptoms. Therefore, future research should incorporate a waitlist control group and an offline CBT group.

Conclusions

In summary, this study has demonstrated that SD exhibited alterations in ALFF in the HIP and DC in the DCG after
ICBT intervention. These changes were correlated with depressive symptoms, ReB, and BhA. Additionally, ALFF in the
INS and DC in the PCUN were altered in SD compared with HC. These findings exhibit a degree of consistency with
prior neuroimaging research on SD or ICBT. More significantly, this study concentrated on the alterations in ALFF and
DC within SD, as well as the impact of ICBT on these variables. Our findings indicate that the alterations in intrinsic
brain activity associated with SD, as well as the specific brain regions targeted by the short-term effects of ICBT, are
linked to cognitive and emotional processes. These insights may facilitate future exploration of the neuropsychological
mechanisms underlying the efficacy of ICBT.
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