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Cognitive deficits are prevalent in major depressive disorder (MDD). Given that the dorsolateral prefrontal cortex (DLPFC) is a crucial
region within the executive control network, its activity and functional connectivity (FC) may serve as potential indicators of
antidepressant response. This prospective cohort study recruited 115 MDD patients and 43 healthy controls. Psychological
assessments, electroencephalogram and event-related potential recordings were performed at baseline and 1 week after
venlafaxine treatment, with a 12-week follow-up. Independent sample t-tests and Mann-Whitney U tests analyzed group

differences, while linear mixed-effects models and logistic regression evaluated associations between DLPFC activity/FC changes
and clinical outcomes. The MDD group showed significantly reduced right DLPFC current density during the N2 time window
evoked by oddball stimuli (p = 0.028). Higher right DLPFC current density during the N2 time window was correlated with lower
HAMD-21 scores one week after treatment (p = 0.041, n = 46). Furthermore, an early increase predicted remission at week 12
(p = 0.005). Decreased beta-band FC between the left DLPFC and both side of posterior cingulate cortex (PCC) (left: p = 0.003; right:
p = 0.004) were correlated with lower HAMD-21 scores (n = 71). Moreover, an early reduction in these connectivity measures (left:
odds ratio (OR) = 0.534, 95% confidence interval (Cl): 0.297-0.972, p = 0.036; right: OR = 0.533, 95% Cl: 0.299-0.950, p = 0.033)
predicted remission at week 12. Early changes in DLPFC activity and FC may serve as biomarkers for monitoring treatment efficacy

and predicting clinical outcomes, informing personalized treatment approaches.

Translational Psychiatry (2025)15:350; https://doi.org/10.1038/s41398-025-03576-0

INTRODUCTION
Major depressive disorder (MDD) is a widespread and debilitating
condition that profoundly affects quality of life [1]. Due to its
heterogeneous deficits in emotional, cognitive, and motor
functioning, the effectiveness of standard antidepressant treat-
ment is limited, with less than half of MDD patients achieving
remission [1-3]. Current treatment options, including medications,
psychotherapies, and somatic therapies, are predominantly
selected based on their tolerability, leading to uncertainty about
which patients will benefit from such treatment [4, 5]. Due to the
typical 4 to 8-week delay in antidepressant efficacy, many patients
must undergo several rounds of treatment trials before identify an
effective option often experiencing suboptimal or delayed care
until the appropriate therapy is found [6]. These challenges have
generated significant interest in identifying biomarkers that could
assist in medication selection or facilitate the early termination of
ineffective trials.

Recent conceptualizations consider MDD as a systems-level
disorder arising from dysregulation among large-scale functional
brain networks [7]. Altered emotion regulation and deficits in

cognitive control have been reported in individuals with MDD [8].
The dorsolateral prefrontal cortex (DLPFC), an essential region of
the executive control network (ECN), plays a vital role in emotion
processing and cognitive control through its functional connec-
tivity (FC) with other networks like the default mode network
(DMN) and salience network (SN) [9]. Neuroimaging studies have
reported disrupted DLPFC connectivity patterns in MDD, particu-
larly altered inter-network communication that may underlie the
cognitive and emotional deficits observed in this disorder [10].
Although there is some inconsistency, most functional magnetic
resonance imaging (fMRI) findings support antidepressant treat-
ment is associated with change in DLPFC activity in individuals
with MDD, mainly characterized by increased activity [11-15]. For
instance, one study demonstrated increased DLPFC activity during
resting-state fMRI within days of treatment initiation [12], while
another task-based fMRI study revealed heightened DLPFC activity
in response to unattended fear-related stimuli in patients with
MDD at week 8 [13]. However, other studies showed reduced right
DLPFC activity during the N-back task after vortioxetine treatment
[14], and reduced DLPFC activity during the Go/NoGo task in
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remitters compared to non-remitters [15]. Additionally, antide-
pressant treatment has been reported to be associated with
changes in DLPFC volumes and DLPFC-seed based FC based on
fMRI studies [16].

Previous research has primarily focused on fMRI, which has
proven invaluable in identifying structural and functional
abnormalities in MDD [17]. However, the high temporal
resolution and direct measurement of neuronal activity offered
by electroencephalogram (EEG) could provide complementary
insights into the rapid neural dynamics and network interac-
tions underlying the cognitive and emotional dysregulation
observed in MDD [18, 19]. In addition, most studies predicting
the efficacy of depression treatment based on neuroimaging
have been conducted at baseline [17, 20]. Nevertheless,
treatment efficacy may be more closely associated with
dynamic changes in brain function during treatment, which
cannot be captured by a single baseline imaging session [16].
EEG signals have been shown to change within days after
initiating antidepressant medication. By tracking these changes
over time, researchers can investigate the temporal dynamics
and trajectories of neural activity and FC patterns related to
symptom improvement or treatment response, potentially
identifying critical time windows or stages in the recovery
process predictive of treatment outcomes [21, 22].

To address the limitations of previous research, this long-
itudinal cohort study enrolled both patients with MDD and
healthy controls (HCs). Psychological assessments, EEG, and
event-related potential (ERP) data were collected at baseline
and 1 week after initiating antidepressant treatment, with a
12-week follow-up. We hypothesized that: (1) patients with MDD
would display abnormal DLPFC activity compared to HCs under
the visual oddball paradigm; (2) DLPFC activity might change
after treatment, potentially correlating with prognosis; and (3)
changes in DLPFC FC with the DMN and SN would correlate with
depressive symptoms and treatment prognosis. The posterior
cingulate cortex (PCC) and insula cortex (IC) were selected as
regions of interest (ROIs) representing the DMN and SN,
respectively. The study aimed to determine the stability or
recovery signs in DLPFC activity and DLPFC-seed based FC,
shedding light on the impact of therapeutic interventions on
brain activity and networks. Additionally, it sought to enhance
understanding of the cognition-depression relationship and
brain functional changes during treatment, providing insights
into individual treatment responses.

MATERIALS AND METHODS

Study design

All patients with MDD were treated with venlafaxine for 12 weeks.
Depression severity was evaluated utilizing the 21-item Hamilton
Depression Rating Scale (HAMD-21) [23] at baseline, week 1 and week
12. Clinical outcomes were evaluated by Visual Analogue Scale (VAS) and
HAMD-21 scores. The criteria for clinical outcomes were defined as follows:
(1) Remission: VAS score > 5 and HAMD-21 score < 7 at week 12; (2)
Response: VAS score > 5 and a > 50% reduction in HAMD-21 scores from
baseline to week 12; (3) Non-response: VAS score < 5 or a < 50% reduction
in HAMD-21 scores from baseline to week 12 [23]. EEG and ERP recordings
were conducted at baseline and week 1.

Participants

This prospective longitudinal cohort study enrolled 115 untreated patients
with MDD at Tongji Hospital, Tongji Medical College, Huazhong University
of Science and Technology from March 2022 to September 2023. The
inclusion criteria were as follows: (1) age 18-65 years; (2) meeting the
diagnostic criteria for depressive disorder as outlined in the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-V); (3) HAMD-21
score >17; (4) educational level of elementary school or higher; (5) right-
handedness; and (6) native Chinese speaker. Exclusion criteria included: (1)
history of mental disorders such as schizophrenia, bipolar disorder, severe
depressive disorder with suicidal tendencies, alcoholism, or substance
abuse; (2) presence of severe or unstable physical disorders; (3) evidence of
current or prior head injury, central nervous system disease, or other
disorders according to the International Classification of Diseases, Tenth
Revision (ICD-10); (4) contraindications to antidepressants; (5) history of
antidepressants or long-acting antipsychotic injections within the past
month; (6) evidence of aphasia, deafness, blindness, or cognitive
impairment; and (7) breastfeeding, pregnancy, or planning pregnancy
during the trial. Additionally, 43 HCs matched for age, gender, and
education level were recruited. Exclusion criteria for the HCs were the same
as mentioned earlier, with the additional of no history of any psychiatric
iliness. The sample size in this study was determined by the availability of
eligible patients within the recruitment period. The participant enrollment
flowchart is presented in Fig. 1.

The informed consent was obtained in accordance with the Declaration
of Helsinki. This study was approved by the Ethics Committee of Tongji
Hospital, Tongji Medical College, Huazhong University of Science and
Technology (TJ-IRB20220205). The registration number for this trial was
ChiCTR2200057365. The URL of the publicly accessible registered website
is: http://www.chictr.org.cn/.

EEG recording and preprocessing

Rest-state EEG signals, involving 12-min trials with eyes-open and eyes-
closed conditions, were recorded in a dimly illuminated, electrically
shielded, and acoustically isolated chamber utilizing a 128-channel EEG

l 158 individuals enrolled |
\

115 patients with MDD

43 HCs

6 lacked EEG data
16 had EEG data ||
of poor quality

47 lacked ERP data
— 20 had ERP data of
poor quality

93 entered 12 weeks
of venlafaxine

48 entered 12 weeks
of venl

| | 1 had ERP data

afaxine of poor quality

9 refused undergo EEG
examination again

10 had EEG data of poor
quality ]
3 discontinued
antidepressants before
reaching week 12.

1 refused undergo ERP
examination again

1 had EPR data of poor
quality

‘ EEG analysis (n=71) ‘

‘ ERP analysis (n=46) |

’ ERP analysis (n=42) |

Fig. 1 Flow diagram of individuals from enroliment to electroencephalogram (EEG) and event-related potential (ERP) analyses. Note.

MDD major depressive disorder, HC healthy control.
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Fig. 2 Associations between right dorsolateral prefrontal cortex (DLPFC) activity and depression symptom improvement under the
visual oddball paradigm. A The process of the visual oddball paradigm task; B Correlations between change in right DLPFC current density
(uA/mm?) during different time windows under the oddball stimulus and change in 21-item Hamilton Depression Rating Scale (HAMD-21)

scores in patients with major depressive disorder (MDD).

system (BrainVision Recorder software, Brain Products GmbH, Germany).
Participants maintained stillness, minimizing blinks and eye movements,
while fixating on a central cross during eyes-open conditions. Electrodes
were positioned according to the standard international 10/5 system at a
sampling frequency of 1000 Hz, with the FCz electrode serving as the
default reference electrode. Electrode impedance was meticulously
maintained below 20 KQ during recording. EEG data preprocessing was
performed using BrainVision Analyzer software (version 2.2, Brain Products
GmbH, Germany) (see Supplemental Methods).

Visual oddball paradigm and event-related potential

The visual oddball paradigm was conducted in a soundproof chamber. It
consisted of two visual stimuli: a red car as the oddball stimulus and a blue
car as the standard stimulus. The experimental process is illustrated in
Fig. 2A and Supplemental Methods. In the study, the ERP analysis focused
primarily on the stimulus-associated N1, P2, N2, and P3 components. The
selection of time windows and electrodes was guided by a prior study [24],
as shown in Supplemental Table S1.

Source localization analyses

Source localization analyses were conducted using the built-in low
resolution electromagnetic tomography analysis (LORETA) within the
BrainVision Analyzer software. LORETA calculates the current density
(i.e., the amount of electrical current flowing through a volume; unit:
puA/mm?) of intracranial sources responsible for scalp-recorded EEG
signals [25]. The study focused on the current density within the DLPFC
during the visual oddball paradigm. The DLPFC ROI was defined by the
following coordinates (x, y, z): left DLPFC (—45, 32, 20) and right DLPFC
(47, 32, 19).

Region-of-interest selection

To examine the longitudinal changes in FC between the DLPFC and other
brain networks (DMN and SN), and their association with alternations in
depression symptoms, we identified the PCC and IC as ROIs for DMN and SN,
respectively, according to findings by Whitton et al. [22]. The coordinates (x, y,
2) for the ROIs were as follows: left PCC (—7, —48, 33), right PCC (7, —47, 33),
left IC (—38, —4, 5), and right IC (40, —5, 7). The locations of the DLPFC, PCC

Translational Psychiatry (2025)15:350

and IC ROIs are showed in Fig. 3A. Finally, as described above, the intracortical
current density within each ROl was computed using LORETA.

SOURCE-BASED FUNCTIONAL CONNECTIVITY

Given the practical constraints inherent in measuring FC using scalp
electrodes, which are vulnerable to volume conduction effects, this
study employed the phase lag index (PLI) to compute FC between
sources [26]. As a phase-based connectivity analysis method, PLI
relies on the distribution of phase angle differences between two
sources [26]. The underlying concept is that oscillatory sequences
synchronize in phase when neural clusters are functionally coupled.
PLI was calculated for the delta (1-4 Hz), theta (4-8 Hz), alpha
(8-12 Hz) and beta (12-30 Hz) frequency bands.

STATISTICAL ANALYSIS

The general characteristics of the study population were described
as percentages for categorical variables, means + standard
deviations (SDs) for continuous variables with normal distribu-
tions, and medians (interquartile ranges, IQRs) for continuous
variables without normal distributions. Z-score standardization
was performed for DLPFC current density and DLPFC-seed based
FC due to their relatively small and scattered nature. Group
comparisons were conducted using chi-square tests, independent
samples t-tests, and Wilcoxon rank-sum tests.

All statistical analyses were performed using SPSS for Windows,
version 26.0, with two- tailed tests set at a significance level of
a = 0.05. Pearson correlation analysis was employed to examine the
bivariate associations between the changes in DLPFC current density
and DLPFC-seed based FC, and the changes in HAMD-21 scores.

To investigate whether baseline measures could predict long-
term treatment outcomes, a linear regression model was
employed. Variables were entered into the model in the following
steps: Step1: Age, gender, and baseline HAMD-21 score included

SPRINGER NATURE
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Fig. 3 Treatment-induced alterations in dorsolateral prefrontal cortex (DLPFC), posterior cingulate cortex (PCC), and insula cortex (IC)
connectivity and their links with symptom reduction in major depressive disorder (MDD). A Regions of interest (ROls) that were created in
DLPFC, PCC, and IC; B Correlations between changes in DLPFC- IC functional connectivity (FC) in the theta-band and alpha-band and change
in 21-item Hamilton Depression Rating Scale (HAMD-21) scores in patients with MDD. Note. L left, R right.
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Table 1. Comparison of baseline characteristics between patients
with MDD and HCs.
HC group MDD group p
(n=43) (n=115)
Age (years) 51.1+7.1 53.5+10.0 0.092
Female (n, %) 33 (76.7) 84 (73.0) 0.637
Educational level 0.128
Elementary 7 (16.3) 37 (32.2)
school or lower
Secondary school 25 (58.1) 57 (49.6)
or vocational
school
College or higher 11 (25.6) 21 (18.3)
Marriage status 0.220
Married 41 (95.1) 100 (87.0)
Single, divorced 2 (4.7) 15 (13.0)
or widowed
HAMD-21 scores 1 (0-2) 21 (17-24) <0.001

MDD major depressive disorder, HC healthy control, HAMD-21 21-item
hamilton depression rating scale.

as control variables. Step 2: DLPFC activity and DLPFC-seed based
FC, were entered as the independent variables. Step 3: HAMD-21
at week 12 were used as dependent variable.

The changes of these variables were calculated by subtracting
the week 1 values from the baseline. To further investigate these
associations while accounting for multiple factors, a linear mixed-
effects model (LMM) based on maximum likelihood estimation
(MLE) was conducted. LME, a statistical model suitable for
hierarchical or repeated measures data with fixed and random
effects, allows for more accurate characterization of variability
without distribution restrictions and is widely utilized across
various fields [27]. In the current study, participants were treated
as random effects, while age, gender and DLPFC current density or
DLPFC-seed based FC were designated as fixed effects, with
HAMD-21 score as the dependent variable.

Binary logistic regression analysis was utilized to examine the
association between early changes in DLPFC current density and
DLPFC-seed based FC, and clinical outcomes at week 12, with
corrected odds ratio (OR) and its corresponding 95% confidence
interval (Cl) serving as the effect size. The variables were entered
into the regression model in the following steps: Step1: Age, sex,
and baseline HAMD-21 score included as control variables. Step 2:
Early change in DLPFC activity and DLPFC-seed based FC, calculated
by subtracting the week 1 values from baseline, were entered as the
independent variable. Step 3: Clinical outcomes (remission or no-
remission) at week 12 were used as dependent variables.

RESULTS

Baseline characteristics

A total of 69 patients completed two ERP recordings, out of which
46 patients participated in the follow-up stage. Additionally, 93
patients underwent two EEG recordings, with 71 of these patients
completing the follow-up stage. The detailed screening process is
depicted in Fig. 1.

As shown in Table 1, there were no significant differences
between the MDD group and the HC group in terms of age,
gender, education level, and marriage status (p>0.05). After
treatment, 58.7% of patients who completed ERP and 64.8% of
patients who completed EEG met the remission criteria. No
significant differences were observed between remitters and non-
remitters concerning age, gender, and baseline HAMD-21 scores
(p>0.05) (Supplemental Table S2).

Translational Psychiatry (2025)15:350
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DLPFC ACTIVITY DIFFERENCE IN THE MDD GROUP AND THE
HC GROUP

As showed in Supplemental Table S3, the current density of the
right DLPFC during the N2 ((—5.46)x 10" pA/mm? vs.
60.28 x 10" pA/mm?, p=0.028) and P3 (14.68 x 10" A/
mm? vs. 60.58 X 10" yA/mm?, p = 0.037) time windows under
the oddball stimulus were significantly lower in the MDD group
compared to the HC group. Liner regression model was used to
examine whether baseline DLPFC activity and DLFPC seed-based
FC could predict HAMD-21 scores at week 12. However, no
significant results were found after controlling for age, gender and
baseline HAMD-21 scores, as shown in Tables S4-5.

Comparison of DLPFC activity and DLFPC seed-based FC
during the first week of treatment in MDD group

As shown in Supplemental Table S6, the current density of the
right DLPFC during the N1 ((—21.54) x 107> uA/mm? vs. 21.71 x
10A53) pA/mm?, P =0.015 and P2 ((—8.34) x 10A"%) yA/mm? vs.
28.89 x 10ACY uA/mmz, p=0.006) time windows under the
oddball stimulus were significantly lower at week 1 compared to
the baseline. In addition, theta-band FC between the right DLPFC
and the left IC significantly decreased at week 1 compared to
baseline (p = 0.028) (Supplemental Table S7). Besides, theta-band
FC between the left DLPFC and the right PCC significantly
increased (p = 0.044) (Table S8).

DLPFC activity and DLFPC seed-based FC correlated with
HAMD-21 scores

Pearson correlation analysis was performed to assess the associations
between DLPFC activity, DLPFC seed-based FC, and depression
symptoms across 1 week of treatment. Figure 2B shows the
unadjusted correlations between the changes in right DLPFC current
density during the N1 (r=-0464, p=0.001), P2 (r=-0424,
p=0.003) and N2 (r=-0348 p=0.018) time windows were
negatively associated with change in HAMD-21scores. Additionally,
as shown in Fig. 3B, the changes in theta-band FC between the left
DLPFC and both the left IC (r=—0.340, p = 0.004) and the right IC
(r=—0.285, p = 0.015) exhibited negative associations with change in
HAMD-21 scores, while change in alpha-band FC between the right
DLPFC and the right IC showed a positive association with change in
HAMD-21 scores (r =0.382, p =0.001).

To further assess the relationships, LMM were performed to
control for age and gender. Heightened right DLPFC current
density during the N1 (3=-1.447, 95% Cl: —2.524-(—0.369),
p=0.009), P2 (3=—-1.260, 95% Cl: —2.416-(—0.103), p =0.033),
and N2 (3=-1.243, 95% Cl: —2.433-(—0.054), p =0.041) time
windows under the oddball stimuli were correlated with lower
HAMD-21 scores across 1 week of treatment (Table S9). Moreover,
as reported in Table S10, elevated theta-band FC between the left
DLPFC and both the left PCC (B =1.001, 95% Cl: 0.032-1.970,
p=0.043) and right PCC (3=1.289, 95% Cl: 0.384-2.194,
p =0.006), alpha-band FC between the right DLPFC and right IC
(3=1.152, 95% ClI: 0.179-2.125, p=10.021), and beta-band FC
between the left DLPFC and both the left PCC (B = 1.326, 95% Cl:
0.446-2.207, p=0.003) and right PCC (B=1.415 95% Cl:
0.473-2.357, p=0.004) were correlated with higher HAMD-21
scores across 1 week of treatment. Conversely, theta-band FC
between the left DLPFC and right IC were correlated with lower
HAMD-21 scores across 1 week of treatment (3 = —1.154, 95% Cl:
—2.094-(—0.214), p =0.017).

DLPFC activity and DLFPC seed-based FC predicted
remission status

Binary logistic regression analysis was conducted to examine the
associations between changes in DLPFC activity and DLPFC seed-
based FC from baseline to week 1, and remission status at week
12. As demonstrated in Supplemental Table S11, after controlling
for age, gender, and baseline HAMD-21 scores, increases in right
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DLPFC current density during the N1 (OR=4.295 95% ClI:
1.437-12.833, p=0.009), P2 (OR=4.748, 95% Cl: 1.527-14.763,
p =0.007), N2 (OR =5.235, 95% Cl: 1.638-16.730, p = 0.005), and
P3 (OR=4.499, 95% Cl: 1.457-13.893, p =0.009) time windows
under the oddball stimuli predicted a higher likelihood of
achieving remission at week 12. As illustrated in Fig. 4A, changes
in right DLPFC current density during these time windows were
significantly higher in remitters compared to non-remitters.

Moreover, as reported in Supplemental Table S12, after
controlling for age, gender, and baseline HAMD-21 scores,
reductions in beta-band FC between the left DLPFC and both
the left PCC (OR = 0.534, 95% Cl: 0.297-0.972, p = 0.036) and right
PCC (OR =10.533, 95% Cl: 0.299-0.950, p = 0.033) from baseline to
week 1 were predictive of a greater probability of achieving
remission at week 12. As depicted in Fig. 4B, alterations in beta-
band FC between the left DLPFC and both the left PCC and the
right PCC were significantly lower in remitters compared to non-
remitters.

DISCUSSION

Numerous studies have emphasized the aberrant nature of the
DLPFC and its FC with large-scale brain networks in MDD.
However, prior research has predominantly focused on MRI
methodologies, with EEG and ERP receiving limited attention.
Notably, baseline resting-state EEG may serve as a trait-like
biomarker for predicting treatment response and identifying
depression subtypes, while early EEG changes following anti-
depressant initiation likely reflect state-dependent alterations in
brain activity and connectivity. These state-dependent biomarkers
may be more sensitive to the specific neural changes induced by
the drug, potentially making them better predictors of treatment
response compared to trait-like baseline measures.

The present cohort study aimed to better elucidate the neural
mechanisms underlying MDD by leveraging the ability of high-
density EEG to directly measure neural activity and to assess the
early dynamic changes in brain function associated with treatment
response. This approach allows for the identification of state-
dependent biomarkers that may be more closely linked to the
specific neural changes induced by antidepressant medication, in
contrast to the more trait-like baseline measures examined in prior
research.

Compared to HCs, patients with MDD exhibited significantly
diminished current density in the right DLPFC during the N2 and
P3 time windows under the oddball stimulus. These altered
activation patterns may reflect impaired attentional modulation
and resource allocation when processing rare stimuli, aligning
with previous findings from oddball paradigm studies [28, 29],
which are widely used to examine attentional and executive
control mechanisms. It is consistent with previous findings
indicating reduced right hemispheric involvement in emotional
processing in MDD, our study extends this concept by demon-
strating right-lateralized deficits specifically within task-evoked
DLPFC ERP components, providing source-localized evidence
under cognitive demands. Importantly, heightened right DLPFC
current density during the N1, P2 and N2 time windows were
correlated with lower HAMD-21 scores across 1 week of treatment.
Furthermore, remitters showed a significantly greater increase in
the right DLPFC current density during the N1, P2, N2 and P3 time
windows compared to non-remitters. These findings indicate that
DLPFC activity patterns are closely linked to depressive symptoms,
and increased current density in certain time windows is
associated with better treatment outcomes for MDD patients.
The N1 and P2 components represent early sensory processes
elicited by stimuli, including detection, initial perceptual char-
acterization, and inhibition [30-33]. In contrast, the N2 and P3
components constitute mid- to late-latency components evoked
by oddball stimuli, reflecting automatic attentional mechanisms
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and cognitive control [34]. The observed changes in these ERP
components provide insights into the cognitive and neural
processes that are impaired in MDD and those that are involved
in the recovery or remission of depressive symptoms.

Prior studies on repetitive transcranial magnetic stimulation
(rTMS) or electrical stimulation to activate the DLPFC has shown
promise for ameliorating clinical symptoms in patients with MDD,
further indicating that increasing DLPFC activity may help alleviate
depressive symptoms [35, 36]. However, the discovery of
increased DLPFC activity in remitters during the visual oddball
paradigm in the present study contradicts findings from a
previous task-based fMRI study, which reported decreased DLPFC
activity in remitters during the Go/NoGo paradigm [15]. This
discrepancy may reflect divergent cognitive and neurobiological
processes across different task paradigms. Notably, ERPs can
capture distinct stages of cognitive processing, such as early
attentional orienting and later cognitive control, whereas fMRI
primarily reflects average activity levels across the entire task
duration, making it difficult to differentiate activity patterns at
different cognitive stages [37, 38]. Additionally, the differences in
the temporal measurement time windows of ERPs and fMRI during
task performance may also contribute to the observed
discrepancies.

Further investigating the influence of DLPFC activity on the
DMN and SN, we discovered that higher theta-band FC between
the left DLPFC and the right IC, as well as lower alpha-band FC
between the right DLPFC and right IC, correlated with lower
HAMD-21 scores after one week of treatment. This finding
suggests that enhanced communication between the DLPFC,
which is associated with cognitive control processes, and the right
IC, a key node in the SN responsible for processing salient stimuli
and regulating attention, may facilitate more rapid alleviation of
depressive symptoms during the initial stages of treatment. This
result is partly in line with prior fMRI studies which have
documented decreased FC between the ECN and SN in patients
with MDD [11]. Additionally, a body of fMRI literature has
consistently indicated that MDD primarily manifests as dysfunc-
tions within the prefrontal-limbic circuitry [9, 39, 40]. Notably, the
SN has been shown to exhibit increased connectivity with the
DMN but reduced connectivity with the ECN individuals with MDD
[11]. This pattern may reflect an over-allocation of attention
towards internal negative information coupled with a neglect of
external stimuli, as well as reduced recruitment of ECN resources
for cognitive control processes [11].

Finally, the present study observed that higher FC in the theta-
band and beta-band between the left DLPFC and both the left
PCC and right PCC correlated with higher HAMD-21 scores over
1 week of treatment. Furthermore, an early decrease in the beta-
band FC between the left DLPFC and both the left PCC and right
PCC predicted a greater probability of achieving remission at week
12. These findings align with previous fMRI studies indicating
increased FC between the ECN and DMN in MDD [11, 41, 42].
Reduced DLPFC activity may impair cognitive control and emotion
regulation abilities in MDD patients, the increased FC between the
DLPFC and DMN regions in the beta-band may be a compensatory
mechanism adopted by the brain to cope with the reduced DLPFC
function, aiming to maintain the regulation of DMN activity
[43, 44]. However, further research is needed to validate this
hypothesized mechanism.

Strengths and limitations

This study offers several key strengths compared to prior research
in this area. Firstly, this prospective longitudinal study encom-
passed both MDD patients and HCs, and collected psychological
assessment, EEG and ERP data at baseline and week 1 post-
treatment, enabling continuous observation of dynamic alterna-
tions in brain network and depressive symptoms, as well as
evolving associations between brain networks alterations and
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stimulus between remitters and non-remitters; B Comparison of changes in beta-band FC between the left DLPFC and both the left posterior
cingulate cortex (PCC) and right PCC between remitters and non-remitters.
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symptoms progression. Secondly, by examining changes in brain
activity states and FC before and after treatment, this study
reduces the impact of individual variances and the inherent
diversity of MDD symptomatology. Thirdly, the concurrent
examination of DLPFC activity and DLPFC seed-based FC provided
further insights into the pathophysiological mechanisms of MDD.
Fourthly, unlike previous research predominantly relying on MRI,
this study utilized EEG, offering several advantages, including
higher temporal resolution, lower cost, greater portability, and
insensitivity to motion artifacts. Additionally, the source seed-
based FC analysis of the EEG data enhanced interpretability
compared to direct calculations between scalp channels, facilitat-
ing a more comprehensive understanding of brain areas interac-
tions. Lastly, and importantly, this study revealed that the EEG
changes observed soon after initiating antidepressant medication
reflect state-dependent modifications in brain function and
connectivity. By investigating early treatment response and
long-term remission, this study provides crucial insights that have
the potential to optimize treatment selection and outcomes for
MDD patients, thereby reducing morbidity and economic burden
by facilitating timely transitions to more effective interventions
when initial antidepressants are predicted to have limited benefit.

However, future research should address several limitations.
Firstly, the single-center recruitment and relatively small sample
size necessitate further validation. Secondly, the exclusive use of
SNRI medications limits generalizability. Additionally, while EEG
offers high temporal resolution, cost-effectiveness, and portability
compared to MR, its spatial resolution remains limited. Finally,
individual differences in symptoms and treatment response
should be carefully considered and controlled for in future
research.

CONCLUSIONS

In summary, this study indicates that the activity of the DLPFC and
its FC with the DMN and SN are associated with overall depression
severity, as measured by total HAMD-21 scores. Specifically, for
patients with MDD receiving treatment with venlafaxine, early
alterations in DLPFC activity and its beta-band FC with the DMN
could potentially act as predictive biomarkers of improvement in
depressive symptoms. Utilizing these early changes detected via
EEG during the treatment course may reflect individual variations
in neural response to this specific antidepressant medication,
enabling more tailored predictions of treatment outcomes based
on each patient’s unique neural pattern changes.

AVAILABILITY OF DATA AND MATERIALS

The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly
available due to privacy or ethical restrictions.
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