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Background: Ketamine, a robust antidepressant, has promising potential in
the treatment of major depressive disorder (MDD). However, it does not work
for all MDD patients, and the mechanism underlying its anti-depressive effects
is unclear. Researchers have explored the mechanisms of ketamine action in
MDD patients through MRI, a technique that measures brain activity intuitively.
Notably, many MRI results were inconsistent because they selected different
brain regions as seeds, particularly with respect to functional connectivity (FC)
analysis. To eliminate the influence of prior seeds as much as possible, we used
the significantly different results in degree centrality (DC) analysis as seeds to
explore the FC changes in MDD patients to identify an imaging biomarker of
ketamine’s effect.

Methods: Forty-four MDD patients and 45 healthy controls (HCs) were
included in the study. Patients, aged 18-65, received six intravenous ketamine
injections over 12 days. Depressive symptoms were estimated and MRI scans
were performed at baseline and the day after the sixth infusion. We estimated
FC differences between responders, non-responders and HCs using the
region that showed significant differences between responders and non-
responders in DC analysis as the seed. The correlation between the MADRS
changes and zFC values was performed, and the potential of zFC values
to be a neuroimaging biomarker was explored using the receiver operating
characteristic curve.

Result: Compared with non-responders, responders had significantly
decreased DC values in the right middle frontal gyrus (MFG). In the analysis
of FC using the region that showed significant differences in DC as a seed,
there was a significant difference in the region of the right supplementary
motor area (SMA) among responders, non-responders, and HCs. This region
also overlapped with the bilateral median cingulate gyrus. In post hoc
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analysis, responders had higher FC than non-responders and HCs, and non-
responders had lower FC than HCs. Importantly, the FC between the MFG and
SMA (overlapping bilateral median cingulate gyrus) was correlated with the
improvement of symptoms, which was estimated by the Mongomery-Asberg
Depression Scale (MADRS). FC has the potential to be an imaging biomarker
that can predict the ketamine effect in MDD patients according to the receiver
operating characteristic curve analysis.

Conclusion: Our results revealed that FC between the SMG and SMA and
mACC was highly correlated with depressive symptoms and has the potential
to be a neuroimaging biomarker to predict the effect of ketamine in MDD.

ketamine, major depressive disorder, degree centrality (DC), functional connectivity,

default mode network, biomarker

Introduction

Ketamine, an N-methyl-D-aspartate receptor (NMDAR)
antagonist, provides hope for patients with major depressive
disorder (MDD) due to its quick and potent antidepressant
effects (Serafini et al., 2014). Studies demonstrated that a
single intravenous infusion of ketamine (0.5 mg/kg) had an
antidepressant effect 40 min post-infusion, and the crest value
occurred 1 day after infusion (Berman et al., 2000; Zarate et al.,
2006; Murrough et al., 2013a). Previous studies have shown that
MDD patients had a prolonged response after receiving a total
of 6 ketamine injections (Murrough et al., 2013b; Zheng et al,,
2018). Nevertheless, the mechanism of the antidepressant effect
of ketamine is not known.

Recently, an increasing number of researchers have used
neuroimaging to explore the mechanism of ketamine action in
MDD through functional connectivity (FC), a neuroimaging
analysis using blood oxygenation level-dependent (BOLD)
signals obtained from the in vivo brain (Scheidegger et al,
2016; Kraguljac et al., 2017; Teng et al., 2018; Chen et al., 2019;
Mkrtchian et al., 2021; Rivas-Grajales et al., 2021). Mkrtchian
et al. (2021) revealed that FC between the ventral striatum-left
dorsolateral prefrontal cortex, dorsal caudate-right ventrolateral
prefrontal cortex, dorsal caudal putamen-pregenual anterior
cingulate cortex, and ventral rostral putamen-orbitofrontal
cortex increased in treat-resistant depressive participants after
ketamine treatment. However, Kraguljac et al. (2017) found
that there were no areas that showed increased hippocampus
connectivity during a ketamine challenge. Thus, these results are
often inconsistent.

These heterogeneous results are due to the different “seeds”
in FC analysis, a priori brain regions selected based on
information obtained from task activation studies, functional
neuroanatomy, or even structural deficits (Craddock et al., 2009;
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Zhang et al, 2016). To avoid this influence, we used the
degree centrality (DC) to select the seed (Zuo et al, 2012),
which is a kind of network analysis that estimates each node’s
correlation with the others to measure the importance of
each node (Wang et al, 2011; Yang et al, 2014). This is a
measure of the importance of each voxel from a whole-brain
network perspective, and getting seeds from it can partly reduce
the influence (Cheng et al, 2022). Increased DC values in
a brain region mean this region plays a key role in brain
activity.

In the present study, we obtained seed from DC analysis
to reduce bias based on previous brain regions. Then we
estimated the different FC among responders, non-responders,
and HCs at baseline. The relationship between Mongomery-
Asberg Depression Scale (MADRS) score changes and FC
values was investigated. In addition, the receiver operating
characteristic curve analysis was used to explore the potential
of the zFC values as a neuroimaging biomarker of ketamine’s
antidepressant effect in MDD patients. We wish we could
find a reliable neuroimaging biomarker to predict the effect of
ketamine in MDD patients.

Patients and method
Study participants

Participants were recruited from a clinical trial (ChiCTR-
00C-17012239) in the Affiliated Brain Hospital of Guangzhou
Medical University. Two experienced psychiatrists used the
Diagnostic and Statistical Manual of Mental Disorders-5 (DSM-
5, SCID) to screen patients. Our study was approved by the
Clinical Research Ethics Committee of the Affiliated Brain
Hospital of Guangzhou Medical University.
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The inclusion criteria for the MDD group were as follows:
(a) aged 18-65, (b) 17-item Hamilton Depression Rating Scale
(HAMD-17) score > 17 at baseline, (c) failure of two adequate
antidepressant treatments or Beck Scale for Suicide Ideation-
Part I score > 2 at baseline.

Healthy controls (HCs) and their family members must have
had no DSM-5 diagnosis.

The exclusion criteria for both MDD patients and HCs were
as follows: (a) psychotic symptoms; (b) alcohol or substance
abuse, (c) any serious or unstable medical conditions at present,
or (d) MRI contraindications.

Patients with psychiatric medication treatment, were
required to maintain a stable dosage over 4 weeks before
ketamine infusion and take stable medications throughout the
infusion period.

Forty-four patients were recruited and all signed the consent
form. Excluding four patients with maximum head motion
parameters over 2 mm or 2°, finally, 40 patients were included in
the analysis. Forty-five MRI scans from HCs were also included
in the analysis.

Study design

Forty-four MDD patients received six ketamine infusions in
12 days, they were on days 1, 3, 5, 8, 10, and 12, respectively.
After an overnight fast, ketamine (0.5 mg/kg) was diluted in
saline and injected intravenously through a pump over 40 min.
Depressive symptoms and MRI scans were collected at baseline
(1 day before the first infusion), and post-treatment (1 day after
the sixth infusion). The detailed study design has been described
in our previous studies (Zheng et al., 2018; Zhou et al., 2018a,b).

Rating scales

Depressive  symptoms estimated using the
Montgomery-Asberg Scale (MADRS) and the responders
were defined as having an improvement in MADRS scores
(AMADRS%) > 50%. This was calculated as follows: baseline
MADRS score minus posttreatment MADRS score, then
divided by the baseline MADRS, and finally multiplied by 100%.

were

Acquisition of MRI data

Participants completed fMRI scans at baseline and
posttreatment. Participants were required to close their
eyes but stay awake during the scans. BOLD signals were
collected wusing a 3.0-T Philips Achieva MRI scanner
(Philips, the Netherlands). An eight-channel SENSE head
coil was used to record fast field echo (FFE) echo-planar
images (EPI), the parameters were as follows: repetition
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time = 2,000 ms; echo time = 30 ms; flip angle = 90°; 33 slices;
matrix = 64 x 64; field-of-view = 220 x 220 x 150 mm?; voxel
size = 3.44 x 3.44 x 4 mm?>; gap = 0.6 mm; and the number of
signal averages (NSA) = 1. The resting fMRI scan (8 min, 43 s)
comprised 240 contiguous volumes.

Preprocessing of MRI data

The MRI data were preprocessed using the toolbox of
data processing and analysis for (resting-state) Brain Imaging
(DPABI version 6.0),! running in MATLAB R2019b (The
Mathworks, Natick, MA, USA).

We converted the data from the digital imaging and
communications in medicine (DICOM) to a standard format
(Neuroimaging Informatics Technology Initiative). The first
10 time points were removed to keep the signal stable.
The remaining images were corrected using slice timing and
realignment to reduce the interval scanning time difference and
head motion. Four images were excluded for their maximum
head motion parameter of over 2 mm or 2°. The remaining
images were normalized to the Montreal Neurological Institute
(MNI) using EPI templates. Nuisance signals from 24-parameter
head motion profiles, white matter signals, cerebrospinal fluid
signals, and global signals were removed using linear regression.
Detrending was performed to remove the linear drift. To
decrease physiological noise, images were filtered at 0.01-
0.08 Hz.

Degree centrality

After preprocessing, the DC value was calculated using
DPABI software. The BOLD signal of each voxel was
extracted and collected with every other voxel. The number
of correlations, which was over 0.25 (r > 0.25), was the DC
value (Buckner et al, 2009; Wang et al., 2021). Then the
DC values were z-transformed to acquire the Z score DC
value images. Finally, these images were smoothed using a
6 mm x 6 mm x 6 mm full width at half the maximum Gaussian
kernel.

Functional connectivity

The significantly different clusters in the DC map were
used as seeds. The average time series of these regions were
separately correlated with the remaining voxels to calculate the
FC values and then z-transformed to obtain zFC maps of all
MDD patients and HCs.

1 http://rfmri.org/DPARSF
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Statistical analysis

Demographic characteristics, including educational level,
duration of illness, baseline MADRS score, posttreatment
MADRS score, and the dose of antidepressant (converted
to standard fluoxetine equivalents) were compared between
responders and non-responders using the Kruskal-Wallis H
test. Body mass index (BMI) between responders and non-
responders was analyzed using two-sample t-tests, and the
gender was compared using the chi-square test. The age data and
head motion were analyzed among responders, non-responders
and HCs using analysis of variance (ANOVA). All of the above
were run on SPSS 25.0 software, and the significance threshold
was p < 0.05.

DC values were compared between responders and non-
responders using a two-sample ¢-test analysis with age, BMI, and
head motion as covariates in SPM12. AAL 90 was used as a mask
in the analysis.

A one-way ANOVA with age, gender, and head motion
as covariates was used in SPM12 to explore zFC differences
among responders, non-responders, and HCs. The mean zFC
values in the different clusters were extracted to conduct a
post hoc analysis.

Moreover, we explored the relationship between the mean
zFC values of MDD patients and AMADRS% using Spearman’s
correlation analysis. The mean zFC values of responders and
non-responders were extracted separately and assessed the
diagnostic efficiency using the receiver operating characteristic
curve analysis in GraphPad Prism 5 (GraphPad Software Inc.,
USA).

Results

Demographic characteristics and
clinical symptoms

The demographic and clinical results are shown in Table 1.
There was no significant difference in gender, educational level,

10.3389/fnins.2022.956056

duration of illness, head motion, dose of antidepressant, or
baseline MADRS score. However, responders were older and
had a higher BMI than non-responders (p < 0.05). As expected,
the responder group showed a higher posttreatment MADRS
score than the non-responder group (p < 0.05).

Degree centrality analysis

Compared with responders, non-responders had higher
values in the DC map (voxel-level p < 0.001; peak-level p < 0.05
corrected by FDR). It is a cluster located in the right middle
frontal gyrus (MFG; x = 36, y = 15, z = 45, k = 32), shown in
Figure 1.

Functional connectivity analysis

Among the 3 groups, MFG-related zFC maps were
different in a region centered in the right supplementary
motor area (SMA) (x = 6, y = 3, z = 45, k = 90; voxel-
level P < 0.001, cluster-level P < 0.05 corrected by
FDR). This region also contained parts of the bilateral
median cingulate gyrus (SMA and mACC), as shown in
Figure 2. The post hoc analysis revealed that responders
had higher zFC values than non-responders and HCs,
and non-responders had lower zFC values than HCs
(Figure 3).

Relationship between the zFC value
and AMADRSY%

As Figure 4 shows, Spearman’s correlation analysis revealed
that the zFC values between MFG and SMA and mACC
were positively correlated with AMADRS% in MDD patients
(r = 0495, P < 0.05). Importantly, the zFC value has
the potential to be a predictor of the effect of ketamine
(AUC = 0.872, P < 0.001).

TABLE 1 Demographics and clinical characteristics of the MDD and HCs at baseline.

Responders Non-responders HCs P
Subjects 24 16 45 -
Gender (female/male) 15/9 9/7 27/18 0.925
Age (Year, mean =+ SD) 39.79 +11.58 30.69 + 11.09 31.44 +7.98 0.002
Education (year) 12 (9, 15) 13.5(9, 15) - 0.594
Duration (month) 60 (24, 153) 42 (8.25,105) - 0.345
BMI (mean + SD) 24.23 £2.70 21.36 £3.24 - 0.004
Baseline MADRS 31.5 (26, 34.75) 33 (23.5,39.25) - 0.503
Post-treatment MADRS 8(4.25,11) 27 (20, 31.5) - 0.000
Head motion (FD) 0.048 (0.039, 0.063) 0.044 (0.035, 0.055) 0.052 (0.047, 0.066) 0.05
The dose of antidepressant (convert 51 (20, 60) 35 (20, 63.75) - 0.733

to standard fluoxetine equivalents)

HCs, healthy control.
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FIGURE 1

Differences in DC between responders and non-responders.
(Two sample t-test, voxel- level p < 0.001, peak p < 0.05
corrected by FDR).

Discussion

In this study, we used the seed obtained from the DC
map to explore the FC alterations in patients with MDD. The
results revealed that the non-responder group had increased DC
compared with the responder group in the region of the right
MEG, a part of the DMN. The seed-based FC analysis showed a
significant difference in the SMA and mACC among responders,
non-responders, and HCs. The zFC in this region had a highly
sensitive response to ketamine in MDD after six infusions. It can
be used as a neuroimaging biomarker.

The MFG was a major part of the default mode network
(DMN). The DMN is a key network in MDD and plays the
role of cognitive control and integrating information (Yeshurun
et al,, 2021; Liu et al,, 2022; Pang et al., 2022b). According to
the prevalent triple network model, the symptoms of depression

10.3389/fnins.2022.956056
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FIGURE 3

Differences in zFC values among responders, non-responders
and HCs. (one-way ANOVA, Bonferroni's Multiple Comparison
Test. *p < 0.05, ***p < 0.0001).

can be explained by dysfunction between the DMN, salience
network, and central executive network, especially the increased
FC in the DMN (Hamilton et al., 2015; Kaiser et al., 2015; Li
et al., 2022). Using graph theory-based methods in the data of
821 MDD and 765 HCs, Yang et al. (2021) revealed that patients
with MDD were characterized by decreased nodal efficiency in
the DMN. Another study compared 848 MDD patients with 794
HCs and also found decreased FC in the DMN (Yan et al., 2019).
Our results went one step further and revealed a difference
within the MDD group. Liang et al. found two MDD subgroups
with differing FC profiles of the DMN from 690 MDD patients;
one group exhibited increases in connectivity, and the other
subgroup showed decreases in connectivity (Liang et al., 2020).
Price et al. (2017) also revealed two subgroups in MDD patients
by assessing the difference in connectivity patterns across DMN

L o L = —
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FIGURE 2

:

Slice: 2

Differences in xFC among responders, non-responders and HCs. (one- Way ANOVA, voxel-level p < 0.001, cluster-level p < 0.05 corrected by

FDR).
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(A) Correlation between zFC values and LIMADRS% in MOD patients. (B) ROC curve showing an area under the curve (AUC) of 0.8672
(p < 0.001) for the zFC values, with a sensitivity of 100%, and specificity of 68.75%.

nodes. A prior study found that ketamine can reduce FC (Price
et al.,, 2017). Moreover, research has found that changes in FC
at baseline could predict the effect of ECT (Pang et al., 2022a).
In our results, the FC of responders will be toward HCs while
non-responders will be far away from HCs if the FC has been
reduced. It seems that the two groups qualitatively had different
FC in the DMN, although the FC was negative in both groups.
This finding supports the theory mentioned above: there were
two subgroups in MDD, one of which is sensitive to ketamine
while the other is not.

An increasing number of studies have partly revealed
the function of the SMA. Gabbay et al. (2013) revealed that
anhedonia scores were positively correlated with the intrinsic FC
strength of the SMA; Westlund Schreiner et al. (2017) revealed
a hyperconnectivity between the amygdala in self-injured
adolescents without suicidal, which may show that negative
effects have an important link with habitual behaviors; while
other researchers showed that the FC value of the right SMA was
negatively correlated with depressive symptoms in depressed
patients with irritable bowel syndrome (Li et al.,, 2021). There
were also some results regarding the cortical thickness in
the SMA. Some studies have shown depressed patients had
significantly smaller volumes of the right pre-SMA than control
subjects (Exner et al., 2009; Cheng et al., 2010; Gabbay et al,,
2013; Westlund Schreiner et al., 2017). Salomons et al. (2012)
revealed fractional anisotropy of connected white matter tracts
along the corticospinal tract were associated with helplessness
and mediated the relationship between the SMA cortical
thickness and helplessness. Besteher et al. (2017) revealed that
somatization symptoms showed a negative correlation with the
gray matter volume of the right SMA. Moreover, Li et al. (2015)
found that regional cerebral glucose metabolism (rCMglu) in
the bilateral SMA was decreased in the medication-resistant
depression (MRD) group than in the non-MRD group, the
MRD group patients also had decreased rCMglu in the SMA
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than the control group, while Chen et al. (2018) revealed that
TRD patients who received the 0.5 mg/kg ketamine infusion
had significantly higher glucose metabolism in the SMA than
those who received the 0.2 mg/kg ketamine infusion, these
authors suggest that the persistent antidepressant effect of a
0.5 mg/kg ketamine infusion may be mediated by increased
activation in the SMA. These results indicate that the SMA
has a tighter connection with MDD and plays an important
role in habitual behaviors, depressive symptoms, and helpless
feelings.

It's worth noting that the significant cluster located in
the right SMA also overlapped with the bilateral median
cingulate gyrus. The cingulate participates in the control of
cognition and emotion, and executive attention (Botvinick
et al, 2004; Etkin et al, 2006). Recently, an increasing
number of studies have shown that the cingulate plays a
key role in MDD and bipolar disorder (BP). A large meta-
analysis, including 148 MDD patients and 7,957 HCs, indicated
that patients with MDD had a thinner cortical anterior
cingulate cortex and posterior cingulate cortex (Schmaal
et al,, 2017). Several studies indicated that the volume of
the anterior cingulate cortex was associated with BP, the
volume of the anterior midcingulate cortex at baseline was
associated with greater symptom improvement after follow-
up and patients who remitted had less volume decline
than non-remitted patients in the left anterior cingulate
cortex during a 3-year follow-up period (Lochhead et al,
2004; McDonald et al., 2004; Frodl et al., 2008; Phillips
et al, 2015). Regarding FC, Greicius et al. (2007) found
that the FC of the subgenual anterior cingulate cortex was
correlated with the depressive episode length. A study using
rTMS to treat treatment-resistant depression used sgACC-
DLPFC and rACC-IPL connectivity as features, and found
responder-non-responder classification accuracies of 84 and
76% (end-of-treatment), 88 and 81% (3-month follow-up)
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(Ge et al, 2020). Enhanced FC between the right middle
cingulum and right medial prefrontal cortex was positively
correlated with the duration of depression since onset (Marazzi
et al,, 2021). This region is a key node in MDD that we cannot
ignore.

Our findings should be considered with some limitations.
First, patients took antidepressants and received ketamine
injections at the same time. Although there was no difference
in the dose, it may have affected the FC in the whole brain,
thereby, impacting our final result. However, in the present
study, it was closer to a real situation in patients’ daily lives.
Second, we only explored the FC values in the cerebrum (using
the mask of AAL90), excluding the cerebellum. This may cause
us to ignore the role of the cerebellum in brain activity. Third,
we did not include the baseline MADRS score as a covariate
because we did not collect it from HCs. It may improve results
in our future studies. Finally, the MDD patients in our study
include treatment-resistant depressive patients and patients
with suicidal ideation. This could have biased our results.

Our results partially support the DMN’s key role of the DMN
in MDD and MDD patients could be identified as two subgroups
by FC in the DMN. We also revealed that FC between the
DMN and SMA and mACC was more highly correlated with
depressive symptoms. In addition, FC has the potential to be a
neuroimaging biomarker to predict the ketamine effect.
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