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Accumulating studies have highlighted the links between stress-related networks and the HPA axis for emotion regulation and
proved the mapping associations between altered structural and functional networks (called SC-FC coupling) in depression.
However, the signatures of SC-FC coupling in subthreshold depression (StD) individuals and their relationships with HPA axis
reactivity, as well as the predictive power of these combinations for discriminating StD, remain unclear. This cross-sectional study
enrolled 160 adults, including 117 StD and 43 healthy controls (HC). The propensity score matching method was applied for match-
pair analysis between StD and HC. Herein, we measured depression level, cortisol level, and brain imaging outcomes. The functional
MRI and diffusion tensor imaging methods were employed to acquire the network SC-FC couplings and topological attributes.
Support vector machine models were employed to discriminate StD from HC. Herein, 43 pairs were matched, but four participants
were excluded due to over-threshold head motion, leaving 41 participants in each group. General linear model results revealed a
significant SC-FC coupling increase in the default mode network (DMN) and decrements of global efficiency in DMN and
frontoparietal control network (P < 0.05), while the cortisol secretion significantly increased (P < 0.001) in StD individuals. Partial
correlation analysis revealed positive associations between DMN coupling and cortisol values (r= 0.298, P= 0.033), and their
combination provided greater power for discriminating StD than another single model, with the classification accuracy and AUC
value up to 85.71% and 0.894, respectively. In summary, this study clarified the relationship between stress-related network SC-FC
coupling and cortisol secretion in influencing depressive symptoms, whose combination would contribute to discriminating
subthreshold depressive states in the future.
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INTRODUCTION
Subthreshold depression (StD) individuals undergo two or more
depressive symptoms without reaching major depressive disorder
(MDD) diagnostic criteria [1, 2]. A recent meta-analysis estimated
the prevalence of StD to be 11.02% [3]. Despite not meeting the
full criteria of MDD, StD individuals often experience chronic
fatigue, memory impairment, insomnia, and poor concentration,
all of which can significantly affect their quality of life and increase
their risk of suicide risk [4, 5]. Therefore, understanding the
underpinning mechanism and recognition of StD can aid in the
prevention of depression.
Accumulating evidence has demonstrated that high-level stress

is a major threat to the onset and development of subthreshold
depression and depression [6]. When perceiving the stressors, the
hypothalamic-pituitary-adrenal (HPA) axis was activated to release
stress-related hormones, such as corticotropin-releasing hormone
and cortisol, to cope with the high-level perceived stress [7]. It was
proved that the HPA axis was dysregulated in the pathophysiology
of depression-related disorders [8, 9]. One of the primary theories
proposed for the HPA axis in depression was that elevated

cortisols interfere with glucocorticoid receptor-mediated negative
feedback and excitatory toxicity [10]. The elevated circulating
cortisol could potentially inhibit neurogenesis in stress-related
networks and key nodes that are rich in glucocorticoid receptors,
such as the default mode network, frontoparietal network, and
salience network [11, 12].
Previous observations in StD individuals showed impaired

functional connectivity within the frontoparietal network and
enhanced default network connectivity [13, 14]. Neuroimaging
studies also identified structural loss in these networks in young
StD individuals [15]. Anatomically, structural connectivity imposes
a constraint on functional connectivity, which in turn influences
structural connectivity through cerebral plasticity [16, 17]. The
interplay between structural and functional connectivity is called
structural-functional coupling (SC-FC coupling). It could provide
more information about the underlying workings of the brain than
either feature alone and detect subtle pathological abnormalities
more sensitively [18–20]. Notably, previous studies of depression-
related disorders (MDD and post-stroke depression) have high-
lighted the significant loss of SC-FC coupling and disrupted
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topology in the global network that correlated with depressive
symptoms [21, 22]. These findings underscored the mechanism
underlying depression pathophysiology from the perspective of
global network SC-FC coupling. Recently, the macroscale SC-FC
couplings have been demonstrated to differ across the cortex and
subcortex [23]. And the brain subnetwork SC-FC couplings exhibit
diverse changes due to respective network functions in psychiatric
disorders [24], revealing the importance of further exploring
subnetwork SC-FC coupling changes.
Herein, we would like to specify the distinctive characteristics of

different brain networks’ SC-FC coupling and examine the
associations between cortisol levels and specific brain networks
involved in emotional regulation in StD individuals. Additionally,
we utilized support vector machine models with the Gaussian
kernel method to assess the potential of their combinations as
biological markers for distinguishing subthreshold depression
from healthy adults. In this study, we hypothesized that (1) StD
individuals have unique SC-FC coupling traits in stress-related
networks, potentially linked to elevated cortisol levels; and (2)
combining network SC-FC coupling traits and cortisol levels can
provide strong predictive capabilities for distinguishing StD from
HC individuals.

METHODS AND MATERIALS
Participants and procedures
This study was conducted in a cross-sectional study design that enrolled
160 participants, including 117 adults with subthreshold depression (StD)
and 43 healthy control (HC) subjects. This research received approval from
the Ethics Committee of Rehabilitation Hospital Affiliated with Fujian
University of Traditional Chinese Medicine (No.2019KY-003-01) and was
conducted in accordance with the Declaration of Helsinki. The study
protocol was registered in the Chinese Clinical Trial Registry (Registration
number: ChiCTR1900028289). Participants were recruited from the local
universities and communities in Fuzhou City, China, via online posters from
December 2019 to December 2021.
Eligible participants were aged 18–44, with no gender restriction. In the

StD group individuals had to meet the diagnosis criteria of subthreshold
depression according to Judd et al., have no major depression or suicidal
tendency based on the DSM-V and Mini International Neuropsychiatric
Interview (MINI version 5.0), obtain a Center for Epidemiologic Studies
Depression Scale (CES-D) score of 16 or higher, have no history of
antidepression treatment in the past 6 months, and have no MRI
contraindications. For the HC group, inclusion criteria included having a
CES-D score of less than 16 and having no MRI contraindication. Exclusion
criteria for both groups involved meeting the diagnosis criteria of MDD,
bipolar disorders, and psychosis based on DSM-V, usage of psychiatric
medication or addiction disorder, as well as having any significant medical,
neurological, or psychological illness or history of head trauma. Written
informed consent was obtained from all participants.

Measures
We used several measures in this study to assess depression, anxiety, and
stress levels among the subjects. These measures include the Hamilton
Depression Scale (HAMD), Generalized Anxiety Disorders (GAD-7), and
Perceived Stress Scale (PSS). The HAMD scale is a widely used clinical
measurement for depressive symptoms, which is a sensitive indicator of
the severity of depressive symptoms, with higher scores indicating greater
depression [25]. The GAD-7 is a self-rating scale used to assess anxiety
status, whose scores range from 0 to 21, with higher scores indicating
more severe anxiety [26]. The PSS-14 scale Chinese version is used to
evaluate the perceived stress levels, which consists of 14 items, with each
item scoring from 0 to 4, with higher scores indicating higher levels of
stress perception [27].

MRI data collection and processing
MRI data collection and scanning parameters. All participants completed
the brain fMRI scanning in the following multi-model sequence. The
structural T1 image: weight-sequence in the sagittal plane, repetition
time= 2000ms, echo time= 1.73ms, field of view= 240 × 240mm, flip

angle= 15°, 1 mm slice thickness with 160 slices, matrix size= 256 × 256.
The resting-state image: EPI sequence, repetition time= 2000ms, echo
time=30ms, flip angle= 90°, field of view= 230 × 230mm, 3.6 mm slice
thickness with 37 slices, matrix=64 × 64, Voxel size=3.6×3.6×3.9 mm3. The
diffusion tensor image: repetition time= 5000ms, echo time= 69ms, flip
angle= 90°, field of view= 230 × 230mm, 3.5 mm slice thickness with
35 slices, matrix=64 × 64, Voxel size= 1.8 × 1.8 × 3.5 mm3.

Preprocessing of MRI data and construction of connection matrix. The
resting-state and diffusion tensor images were preprocessed on the Matlab
2020a platform using the GRETNA (https://www.nitrc.org/projects/gretna)
software and PANDA software (https://www.nitrc.org/projects/pamda).
Preprocessing of the resting-state image involved the following steps:
removal of the first ten time points, slice timing, realignment, co-
registration, segment, spatial normalization, full width at half maximum
of 6 mm for smoothing, and filtering between 0.01 and 0.1 Hz. Preproces-
sing of the diffusion tensor image included skull removal, cropping gap at
3.0 mm, generation of dispersion matrix parameters (seven voxels),
normalization using the FMRIB58_FA template, and smoothing. The brain
was divided into 300 nodes based on the Schaefer-300 atlas [28], with 150
nodes in each of the left and right sides of the brain, involving seven
subnetworks, including default mode network (DMN), dorsal Attention
network (DOR), executive control network (FPC), limbic network (LIM),
ventral attention network (VEN), visual network (VIS), and somatomotor
network (SOM) [28].

Analysis of structural-functional couplings and topological attributes in
multiscale networks. The non-zero structural connections as well as
positive functional connections were included in the analysis of this study.
Pearson correlation analysis was performed between the structural and
functional connectivity matrices for each subject to obtain correlation
coefficients representing the strength of structural-functional coupling.
Network topological properties were analyzed using the GRETNA software
to calculate global and nodal topological properties for each binary
network state. To obtain a full picture of the neural changes and avoid bias
from a single threshold, this study examined the topological property
within a wide sparsity range of 5 to 50% (step 1%) [29]. Topological
properties analyzed in this study comprised global properties such as
global efficiency, clustering coefficient, and characteristic path length, as
well as nodal properties such as nodal efficiency and degree centrality.

Measures of HPA axis activities: Salivary cortisol
Saliva samples were collected from each participant at four time points
immediately after awakening: time point 1 (0 min), time point 2 (30 min),
time point 3 (45min), and time point 4 (60min). Before collection day,
participants were provided with four Salvette saliva tubes (Sarstedt, Italy)
by staff and instructed to avoid eating, drinking, brushing their teeth,
smoking, or exercising until the sample collection was complete. The
Salivary Cortisol Enzyme-Linked Immunosorbent Assay Kit (DRG Diagnos-
tics, Germany) was used to analyze the cortisol concentration in the
salivary sample. In this study, we calculated the salivary cortisol levels using
two metrics: the Area Under the Curve relative to the ground (AUCg) and
the Area Under the Curve with respect to increase (AUCi), which represent
the total amount of cortisol secreted after awakening and the dynamic
changes in cortisol levels following awakening, respectively, based on the
formula proposed by Pruessner et al. [30].

Statistical analysis
Statistical analyses were conducted using SPSS software version 24.0. To
balance the demographic characteristics between the StD group and the
HC group, we utilized the propensity score matching (PSM) method.
Covariates used for matching included ages, sex, educational years, and/or
BMI with a matching tolerance of 0.02. In this study, the continuous
variables such as age, educational years, and testing scale scores were
presented as mean (standard deviation) or median (P25, P75) depending
on the normality of data distribution and examined the differences
between groups using the independent t-test or Mann-Whitney U-tests.
The absences of salivary cortisol measurements at time point 3 and time
point 4 of two healthy control individuals were encountered. Considering
the negligible proportion of missing data, not exceeding 5%, we employed
the multiple imputation method to deal with the missing data, thereby
preserving the completeness and reliability of our data set [31]. General
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linear model (GLM) analysis was used to compare the group differences in
brain network structure-function coupling and topological properties. We
controlled for age and sex as covariates in this analysis. Additionally, partial
correlation analyses were conducted to explore the associations among
clinically negative symptoms and brain network structure-function
couplings and topological attributes. Statistical significance was deter-
mined at a P value less than 0.05 (uncorrected).
To classify the StD and HC individuals, we applied SVM with the

Gaussian kernel method to separately achieve classification accuracy,
sensitivity, specificity, F1 values, and AUC values using the R software 4.3.1
version. These values were estimated by the simple cross-validation
method with 80% participants for the training sets and 20% participants
for the testing sets. Due to the significant group differences in DMN
network characteristics and salivary cortisol levels, we included these
variables in the SVM models, respectively, and constructed the four SVM
models in addition to the basic variables (age, sex, educational years, and
HAMD scores).

RESULTS
Demographics and outcomes between StD and HC and
between sex subgroups
A total of 82 participants were included in the final analysis, with
41 participants in both the StD and HC groups. Initially, a total of
43 StD individuals were matched with the HC group based on age,
sex, and educational years. However, four participants were
excluded due to over-threshold head motion, with two individuals
from each group. The MRI head motion parameters (the mean
translation and rotation in the X, Y, and Z axes as well as the mean
FD_Jenkinson score) of the remaining individuals in both groups
were not significant (P > 0.05) (See Supplementary Table S1).
There were no significant demographic differences between the

StD group and HC group in terms of age, sex, educational years,
BMI, or MoCA score (P > 0.05). Concerning emotional symptoms,
statistically significant differences were observed between the StD
group and HC group for CES-D scores (P= 0.001), HAMD scores
(P= 0.001), PSS scores (P= 0.001), and GAD-7 scores (P= 0.001)
(See Table 1).

Difference of SC-FC coupling between StD and HC
The comparison of SC-FC coupling of the seven networks was
conducted between the StD group and HC group and between
sex subgroups of StD individuals. The GLM analysis of SC-FC
coupling revealed a significant difference in the SC-FC coupling of
the DMN network (t=−2.217, P= 0.030) between the StD and HC
group (See Fig. 1A), while no significant between-group difference
in the DOR, FPC, LIM, SOM, VEN, and VIS networks (See
Supplementary Table S2).

Difference of global topological attributes between StD and
HC groups
Due to the significant difference in SC-FC coupling between the
StD individuals and HC groups, we further investigate the within-
network characteristics in view of the functional and structural
network global topological attributes. In terms of functional
networks, the DMN and FPC network global efficiency of StD
individuals were significantly decreased (t= 2.026, P= 0.046;
t= 3.011, P= 0.004, respectively) when compared to the HC
group after controlling for age and sex variable (See Fig. 1B, C and
Supplementary Table S3). Besides, the FPC network characteristic
path length was significantly increased (t=−3.382, P= 0.001)
after controlling for these covariates (See Fig. 1D and Supple-
mentary Table S4). However, no significant between-group
differences were found in the functional clustering coefficient,
structural global efficiency, structural characteristic path length,
and structural clustering coefficient in these seven networks
(P > 0.05) (See Supplementary Tables S5–8).

Difference of nodal topological attributes within the DMN and
FPC networks between StD and HC groups
To further explore the subtle changes within the network
accompanied by functional global changes, we conducted the
comparison of nodal topological attributes in DMN and FPC
networks between the StD and HC groups. Our results showed
that the StD individuals exhibited significant increases in degree
centrality of the left Temporal lobe (Temp), posterior cingulate
cortex (PCC), and increases in nodal efficiency of the left PCC in
the functional DMN network (P < 0.05, Bonferroni correction).
Besides, there were significant decreases in degree centrality and
nodal efficiency of the right dorsal medial prefrontal cortex
(dmPFC) (P < 0.05, Bonferroni correction) (See Fig. 1H).
Regarding the functional FPC network, the StD individuals

demonstrated significant decreases in degree centrality and nodal
efficiency of the lateral prefrontal cortex (PFCI) (P < 0.05,
Bonferroni correction). There was also a significant increase in
the right precuneus nodal degree centrality when compared to
the HC group (P < 0.05, Bonferroni correction) (See Fig. 1I).

Differences in salivary cortisol secretion between StD and
HC group
Both StD and HC participants showed increases in salivary cortisol
secretion from time point 1 (0 min after waking up) to time point 2
(30 min after waking up), followed by a decreasing trend from
time point 2 to time point 3 (45 min after waking up) and time
point 4 (60 min after waking up). There were significant
differences between StD and HC groups at time point 1

Table 1. Demographic information and measures of neuropsychological tests.

StD Group ALL (N= 117) Match-paired comparison t/Z/χ2 P

StD (N= 41) HC (N= 41)

Age (years) 19.00 (18.00, 20.00) 19.00 (19.00, 20.00) 19.00 (18.00, 20.00) 1.262 a 0.207

Sex (Male/Female) 44/73 15/26 16/25 0.052 b 0.820

BMI (Kg/m2) 20.98 (18.63, 23.95) 20.81 (18.81, 23.27) 20.55 (18.91, 23.31) 0.450 a 0.653

Educational years 14.00 (13.00, 14.00) 14.00 (13.00, 14.50) 13.00 (13.00, 14.50) 1.598 a 0.110

CESD 20.00 (16.00, 27.00) 19 (17.00, 23.00) 6.00 (3.00, 11.00) 7.807 a <0.001

MoCA 29.00 (28.00, 30.00) 29.00 (28.00, 30.00) 29.00 (28.00, 30.00) 0.554 a 0.580

HAMD 9.00 (7.00, 11.50) 9.00 (7.00, 11.00) 3.00 (0.00, 5.50) 5.973 a <0.001

GAD7 7.00 (4.00, 10.00) 6.00 (5.00, 9.50) 2.00 (1.00, 5.00) 4.645 a <0.001

PSS 29.00 (25.00, 34.00) 28.90 ± 6.61 22.88 ± 8.61 −3.556 c 0.001
aThe Mann–Whitney U test was applied due to the non-normal distribution of the continuous variable;
bThe chi-square test was applied for the categorical variable;
cThe independent t-test was employed due to the normal distribution of the continuous variable.
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(P= 0.002), time point 2 (P < 0.001), and time point 3 (P < 0.001)
(Fig. 1E and Supplementary Table S9). Furthermore, the AUCg
values were significantly higher in StD individuals than in HC
individuals (P < 0.001), while there was no significant difference in
AUCi values between groups (P > 0.05) (Fig. 1F, G and Supple-
mentary Table S9).

Partial correlation analysis
The partial correlation analyses revealed significant associations
between the DMN network’s SC-FC coupling values and CES-D
scores (r= 0.420, P= 0.008) (See Fig. 2A). The StD individuals also
exhibited significant negative correlations between HAMD scores
and degree centrality of right dmPFC (r=−0.461, P= 0.003) and
right PFCL (r=−0.464, P= 0.003), as well as nodal efficiency of
right dmPFC (r=−0.420, P= 0.008) and right PFCL (r=−0.427,
P= 0.007) (See Fig. 2B–E). Furthermore, the AUCg values were
significantly correlated with DMN SC-FC couplings in StD
individuals (r= 0.298, P= 0.033) (See Fig. 2F).

Classification of support vector machine (SVM)
The SVM results showed the classification accuracy, sensitivity,
specificity, and F1 score up to 76.47%, 85.71%, 70.00% and

0.750 based on the DMN SC-FC coupling values in the model 1;
78.57%, 71.43%, 85.71% and 0.769 based on the functional
dmPFC nodal efficiency and degree centrality in the model 2;
66.67%, 63.64%, 71.43% and 0.700 based on the salivary cortisol
level in the model 3; and 85.71%, 84.62%, 87.50%, and 0.880
based on the combination of DMN SC-FC coupling values and
salivary cortisol level in the model 4 (See Table 2). Moreover, the
AUC values in these four models presented values of 0.871,
0.837, 0.766, and 0.894, respectively (See Table 2 and Fig. 3).
These findings indicated that the combination of DMN SC-FC
coupling values and salivary cortisol level provided better
power for discriminating the StD individuals from the HC
individuals.

DISCUSSION
This study clarified the brain network SC-FC coupling and inner
topological characteristics in StD adults and first employed the
combination of brain activity and HPA axis activities for early
discrimination of subthreshold depression. The findings suggested
that the DMN network exhibited increased SC-FC couplings, along
with decreased functional global efficiency, while the FPC

Fig. 1 Comparison of group differences in measured outcomes. Comparisons of networks’ SC-FC couplings, cortisol levels, and nodal
topological characteristics. A Differences in DMN network structural-functional (SC-FC) couplings between groups; B differences in functional
DMN network global efficiency (Eg) between groups; C differences in functional FPC network global efficiency between groups; D differences
of functional FPC network characteristic path length (Lp) between groups; E differences in cortisol secretion levels between groups over four-
time point after awaken up; F differences in area under the curve relative to the ground (AUCg) between groups; G differences in area under
the curve with respect to increase (AUCi) between groups; H differences in degree centrality and nodal efficiency within the DMN network
between groups; I differences in degree centrality and nodal efficiency within the FPC network between groups.
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functional network showed decreased global efficiency. Further
explorations through graph theory identified subtle changes in
degree centrality and nodal efficiency within these networks.
Herein, we also found a significant correlation between cortisol
secretion level and DMN coupling, and their combination
performed the greater power than other single models in
discriminating subthreshold depression from healthy controls.
Previous literature supported the notion that networks with

protracted development, such as DMN and salience networks,
exhibited relatively weak SC-FC coupling in healthy individuals [32,
33]. In the emotional regulation process, the DMN network played
crucial roles in generating affective states via modulation of
autonomic and endocrine activity and impacted affect-based
decision-making, understanding of affective cues, and perceptions
of valence in facial expressions [34]. In the StD individuals, this
study revealed increased DMN network SC-FC coupling that
correlated with depressive symptoms, which might represent
more needs for DMN network information interaction for StD
individuals to maintain emotional regulation ability. This phenom-
enon was in line with previous findings of enhanced DMN
network connectivity in StD individuals [14]. Additionally, recent
static SC-FC coupling work has quantified temporal fluctuations
across time. It pointed out that transmodal regions across DMN,

FPC, and limbic network displayed more fluctuations than
unimodal regions and the brain regions occupying intermediated
positions displayed the greatest fluctuations [23]. Hence, this
study employed the graph theory analysis to further explore the
inner changes of the DMN network. Our findings revealed the
decrements of degree centrality and nodal efficiency in the
dmPFC while increments of PCC regions in StD individuals, which
were in line with previous findings in depressed patients [35, 36].
As key hubs within the DMN network, the dmPFC functions in self-
referential processing and social cognition, while the PCC works
for episodic memory retrieval, emotional processing, and self-
referential processing [37]. Compared with dmPFC, the PCC plays
more role in information interaction with other networks and
cross-mode connection [38]. Hence, the enhanced connections of
PCC in StD individuals were more likely to affect the DMN SC-FC
coupling fluctuation and might contribute more to the increment
of DMN network SC-FC coupling to some extent.
Moreover, this study found lower global efficiency of the FPC

network in StD individuals compared to healthy controls, as well
as reduced degree centrality and nodal efficiency of the lateral
prefrontal cortex, which indicate decreases in information
transmission ability and functional activation of the FPC network.
This phenomenon in StD individuals is similar to that in MDD

Table 2. Results of four included SVM models.

Accuracy Sensitivity Specificity F1 score AUC

Model 1 76.47% 85.71% 70.00% 0.750 0.871

Model 2 78.57% 71.43% 85.71% 0.769 0.837

Model 3 66.67% 63.64% 71.43% 0.700 0.766

Model 4 85.71% 84.62% 87.50% 0.880 0.894

Basic variables included age, sex, educational years, and HAMD scores; Model 1: Included basic variables and the DMN network SC-FC coupling; Model 2:
Included basic variables and the dmPFC node efficiency and degree centrality; Model 3: Included basic variables and salivary cortisol; Model 4: Included basic
variables, salivary cortisol, and the DMN network SC-FC coupling.

Fig. 2 The correlations analysis results among measured outcomes. The partial correlation analyses were conducted for (A–F), adjusting age
and sex variables. A Correlations between CES-D scores and the DMN network structural-functional (SC-FC) coupling; B correlations between
HAMD scores and degree centrality of the right dorsal medial prefrontal cortex (dmPFC); C correlations between HAMD scores and degree
centrality of the right lateral prefrontal cortex (PFCI); D correlations between HAMD scores and nodal efficiency of the right dmPFC;
E correlations between HAMD scores and nodal efficiency of the right PFCI; F correlations between the DMN network SC-FC coupling and the
area under the curve relative to the ground (AUCg) value. The blue circle represents the subthreshold depression group (StD) and the orange
square represents the healthy control group (HC).
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patients. For instance, a meta-analysis has shown that the FPC
network’s functional connectivity is lower in depressed patients
compared to non-depressed individuals, which is associated with
emotional regulation defects [39]. As known, the FPC network,
particularly the lateral prefrontal cortex, is responsible for
regulating cognitive and emotional tasks and plays a crucial role
in regulating negative emotions [40–42]. Previous studies have
demonstrated the functional imbalance of the lateral prefrontal
cortex in depression patients, with reduced activity of the lateral
prefrontal cortex, leading to emotional and cognitive changes
[43, 44]. Therefore, the available evidence may reveal that
disruption of the FPC network contributes to the negative effect
on emotional regulation in individuals with depressive symptoms,
which the same applies to StD individuals.
Our findings revealed significantly higher levels of salivary

cortisol secretion in the StD adults, which was in line with previous
findings on MDD. The increased cortisol level may be attributable
to the high-level perceived stress, which was corroborated by the
higher depression and stress scores in StD patients. It is plausible
that high levels of stress exacerbate depression symptoms by
triggering short-term increases in HPA axis activity and salivary
cortisol secretion. More importantly, growing evidence supported
that elevated cortisol levels could prospectively predict the
subsequent onset of depression [10, 45, 46]. Herein, we combined
the brain SC-FC coupling with cortisol levels to identify the
subthreshold depression and reported greater predictive power
(AUC 0.894, accuracy 85.71%) for subthreshold depression than
other single models using only gray matter volume (AUC 0.69,
accuracy 70.51%) [47] or resting functional connectivity (AUC 0.84,
accuracy 80%) [48] in previous studies. Thus, these findings may
indicate the robust predictive role of the combination of stress-
related network activity and cortisol levels in the identification of
subthreshold depression.

Limitations
There are still some limitations in this study. Firstly, it should be
noted that the cross-sectional design of this study and its
relatively small sample size might limit the generalizability of
our findings and the ability to examine a longitudinal evolution of
multiple levels of depressive symptomatology over time. However,
we were able to preliminarily reveal the characteristics of SC-FC
coupling in StD adults that could provide insights for future StD
research. Secondly, we only measured the salivary cortisol level in
the morning within an hour of waking up. It was suggested that
measuring cortisol in saliva over three consecutive days and at
different time points throughout the day could provide a more
accurate picture of cortisol levels, as cortisol levels are affected by
circadian rhythms and daily disturbances [49, 50]. Therefore, it
could be considered for future research to measure the salivary

cortisol levels more times to yield more comprehensive data to
explore the relationship between cortisol secretion and subthres-
hold depression.

CONCLUSION
In conclusion, this study highlights the critical role of stress-related
network SC-FC coupling in influencing depressive symptoms in
StD adults. The combination of stress-related network SC-FC
couplings with cortisol levels could hopefully help to discriminate
StD from HC. These findings may provide a new perspective on
the underlying mechanism of StD and may help to distinguish the
subthreshold depressive states in the future.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding author upon reasonable request.
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