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Depression is a highly prevalent psychiatric disorder affecting milions of people
worldwide. Depression is characterized by decreased mood or loss of interest in daily
activities, changes in feeding and circadian rhythms and significant impairments in
cognitive and executive function. In addition, the occurrence of recurrent thoughts of
death and suicidal ideation confers depressed patients a higher risk of suicide than
the general population. With this study, we aimed to explore the neural correlates of
suicidal ideation in drug-naive patients diagnosed with depression. Twenty-five patients
were scanned using two-different magnetic resonance imaging (MRI) modalities, resting
state functional MRI (fMRI) and diffusion tensor imaging (DTI). Resting state allowed
the exploration of connectivity patterns in the absence of a specific stimulus and
DTl allowed a detailed analysis of structural white matter integrity with measures
like fractional anisotropy (FA). Probabilistic independent component analysis (PICA),
network-based statistics and tract-based spatial statistics (TBSS) were applied to
analyze resting-state fMRI and DTl data, respectively. Our results showed that, in
our sample of drug-naive patients, suicidal ideation was negatively associated with
resting-state functional connectivity in the visual networks and with FA in the genu
of corpus callosum and in the right anterior corona radiata. In addition, a significant
association was identified between suicidal ideation and a functional connectivity network
that included connections between regions in the superior and orbitofrontal cortex, the
cerebellum, the cingulate gyrus as well as temporal and occipital regions. In conclusion,
this work has expanded our knowledge about the possible functional and structural
neuronal correlates of suicidal ideation in drug-naive patients with depression, paving
the way for future personalized therapeutic approaches.
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INTRODUCTION

Depression affected nearly 300 million people around the world
in 2019 (1) and it is considered by the world health organization
(WHO) as the single largest contributor for disability worldwide
(2). Nowadays, its prevalence might be even higher due to the
challenges imposed by the COVID-19 pandemic (3, 4). The
symptoms of depression include depressed mood or loss of
interest in daily activities but also, changes in body weight,
sleep disturbances, psychomotor retardation, fatigue, feelings
of worthlessness, diminished ability to concentrate, recurrent
thoughts of death and suicidal ideation (5). In fact, depression
is one of the most common diagnosis at the time of death by
suicide (6, 7) being depressed patients 20 times more likely to
commit suicide than the general population (8, 9). It has been
reported that more than 700,000 deaths are a result of suicide
(10, 11) and it is estimated that for each death by suicide, there
is a much higher number of suicidal attempts, increasing the
personal, social, and economic burden of the disorder (8, 12).

Suicide is a complex phenomenon in which many factors
could be implicated, especially in MDD patients. Even though the
specific pathophysiological pathways of suicide are not yet fully
understood, recent research suggest that suicide is a result of not
a single factor but rather a complex interaction between genetic
vulnerability as well as exogenous and endogenous stressors
(13, 14).

The first step on this complex pathway is suicidal ideation,
reported as one of the major risk factors for suicide (15). Its
presence as a symptom of depression was previously associated
with poorer treatment response (16) and deficits in cognitive
functions, such as executive functions (17, 18) and verbal learning
(19). One third of the patients experiencing suicidal ideation will
act on their thoughts (20). Hence, suicidal ideation is a red flag
for clinical concern, and it is an important part of the suicide risk
assessment guidelines (21).

In the past decade, there has been an exponential growth
of studies employing neuroimaging techniques to investigate
structural, functional, and metabolic brain processes related
to suicidal thoughts and behaviors (22). A commonly used
neuroimaging technique is magnetic resonance imaging (MRI),
given that its different modalities, such as structural MRI,
diftfusion tensor imaging (DTI) and functional MRI (fMRI), allow
a wide characterization of the brain. Specifically, they provide
information on gray and white matter anatomy, structure, as well
as brain activity and connectivity. In the literature, these MRI
modalities have been used to explore the neural correlates of
suicidal ideation due to its importance on the suicide pathway.

At the functional level, previous studies have described
the functional networks associated with suicidal ideation in
depressed patients, showing a relation between decreased
functional connectivity with suicidal ideation (23, 24). The
functional networks included similar frontal brain regions, such
as the orbitofrontal gyrus, but also distinct regions like the middle
occipital gyrus, superior parietal gyrus, thalamus, and caudate
(23, 24). Other studies, using seed-based approaches reported
increased resting-state functional connectivity (rsFC) between
both sides of hippocampus (23), amygdala-precuneus/cuneus

(25) and between the left habenula and the left cerebellum (26)
when comparing depressed patients with and without suicidal
ideation. In contrast, decreased rsFC between the right anterior
cingulate cortex and the right middle temporal pole and the
orbitomedial prefrontal cortex (27), as well as between the right
habenula and the right precuneus and the left inferior frontal
gyrus (26) were also described when comparing the same groups
of patients with depression.

Alterations in gray and white matter have been reported
in depressed patients with suicidal ideation (23, 28, 29). In
particular, patients with suicidal ideation showed decreased
cortical thickness in the left hemisphere, mainly in the insula
when compared to patients without suicidal ideation (29);
however, there were no statistically significant differences in their
volumes (29). The authors also found that depressed patients
with suicidal ideation presented increased radial diffusivity (RD)
and decreased fractional anisotropy (FA) in the hippocampal
part of the cingulum buddle, superior and posterior corona
radiata (CR) as well as anterior thalamic radiation (ATR),
when compared to depressed controls (29). These findings
suggest a disruption in the white matter integrity of bundles
described above, responsible to connect frontal brain regions
and basal ganglia (29). Another study also reported decreased
white matter integrity in depressed patients with suicidal ideation
in tracts connecting frontal regions, namely corpus callosum
(30). Indeed, Myung and collaborators (28) also identified a
brain network with decreased structural connectivity in frontal,
parietal, occipital, and subcortical regions (i.e., thalamus, caudate
and pallidum).

These findings suggest that alterations in structure and
function of frontal-subcortical networks are implied in suicidal
ideation in MDD. Nevertheless, more studies are required in
order to consolidate these results and establish the brain patterns
related to suicidal ideation. Thus, combining multimodal MRI
techniques seems crucial to level up the characterization of the
pathophysiology and etiology of suicidal ideation in MDD, which
may lead to the development of useful approaches to identify
high-risk patients and targeted treatments for suicidal ideation.

In the present study, our main objective was to explore the
neural correlates of suicidal ideation in drug-naive depressed
patients at the whole-brain level, using two different MRI
modalities, namely resting-state fMRI, and DTI. For that
purpose, probabilistic independent component analysis (PICA),
network-based statistics (NBS) and tract-based spatial statistics
(TBSS) were applied to analyze resting-state fMRI and DTT data,
respectively. Our main hypothesis was that suicidal ideation
would be associated with decreased functional connectivity as
well as white matter integrity.

METHODOLOGY

Ethics Statement

The study was conducted in accordance with the Declaration
of Helsinki (59th Amendment) and was approved by relevant
local ethics review boards from University of Minho and
Hospital de Braga (Braga, Portugal). The study goals, as well
as the psychological and clinical assessments were explained
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to the participants, of whom all gave informed consent. The
anonymity and confidentiality of the participants in the study
were guaranteed during all research activities.

Characterization of Participants

A sample of treatment-naive (first depressive episode and
without prior exposure to antidepressant treatment) MDD
patients were recruited in the context of emergency psychiatric
evaluations or the outpatient unit of the Psychiatry Department
of the Hospital de Braga. The recruitment took place between
January of 2016 and January of 2020. The diagnosis was
confirmed with the SCID (structured clinical interview for DSM
disorders) according to DSM-IV-TR (31).

The inclusion criteria were; being drug-naive, first-episode
MDD patient, aged 18-65 years-old, without psychiatric or
neurological comorbidities, The exclusion criteria were: age
inferior to 18 years or superior to 65 years, presenting any
MRI contradictions, comorbid psychiatric disorders (e.g., bipolar
disorder, addictive disorders and schizophrenia), prior medical
history of neurological disorders or traumatic brain injury and
sign of cognitive impairment defined by scores below or equal to
24 in the Mini-Mental Sate Examination (MMSE) test (32).

In accordance with the established criteria, 32 patients were
first selected. From these, 7 were not included in this analysis
because either they were unable to perform the MRI, or they
had to be excluded due to brain abnormalities. Therefore, a total
of 25 MDD subjects (8 males, 17 females) were included in the
final analysis of resting-state MRI data and 23 MDD subjects
(7 males, 16 females) were included in the final analysis of
diffusion data (2 subjects did not perform diffusion acquisitions)
(Supplementary Figure 1).

All participants performed a psychological assessment in the
same day of the MRI acquisition. 17-item Hamilton Depression
Rating Scale HAM-D (33) and 14-item Hamilton Anxiety Rating
Scale HAM-A (34) were used for the assessment of depression
and anxiety severity in the past week, respectively. Both scales
are clinician-administered. 10-item Perceived Stress Scale PSS-
10 (35) was used to evaluate the global perceived stress in the
past month. Beck Scale for Suicidal Ideation BSSI (36) is a self-
reported scale used to detect and measure the severity of current
suicidal ideation. It comprises 21 items: the first 19 items focus
on several characteristics of suicidal ideation; the last two items
assess the number of previous suicide attempts and the intention
to die associated with it. Each item is rated on a 3-point scale (0-
2). The total score is computed by adding the first 19 items of the
scale, ranging from 0 to 38. There are no specific cut-oft scores;
higher total scores reflect higher severity of suicidal ideation.

MRI Acquisitions

MRI acquisitions were performed at Hospital de Braga with
a clinical approved Siemens Magnetom Avanto 1.5T (Siemens
Medical Solutions, Erlangen, Germany) using a 12-channel
receive-only head coil. All patients underwent the same MRI
acquisition protocol. Even though the protocol included other
acquisitions, for the present study only the resting-state
functional images and the diffusion-weighted imaging (DWI)
sequences were considered.

Functional images were acquired using a BOLD sensitive
echo-planar imaging (EPI) with the following parameters: 30
interleaved axial slices, repetition time (TR) = 2,000 ms, echo
time (TE) = 50ms, flip angle (FA) = 90°, slice thickness =
3.5mm, slice gap = 0.48 mm, in-plane resolution = 3.5 x 3.5
mm?, field of view (FoV) = 224 mm and 190 volumes. Also, a T1-
weighted structural image for anatomical reference was obtained
using a magnetization-prepared rapid acquisition (MPRAGE)
by gradient echo sequence with voxel resolution 1.0 x 1.0 x
1.0mm, FoV 234 x 234 mm?, FA of 7°, 176 slices and TE/TR
of 3.48/2,730 ms. During functional resting state acquisitions,
participants were instructed to remain in an awake and calm
state, with their eyes closed while trying not to focus on any
particular thought.

DWTI scans were performed using a spin echo-echo planar
imaging (SE-EPI) sequence: TR = 8,800 ms, TE = 99 ms, FoV
= 240 mm X 240 mm, acquisition matrix = 120 x 120, 61 two-
millimeter axial slices with no gap, 30 non-collinear gradient
directions with b = 1,000 s mm ™2, one b = 0 s mm ™2 acquisition,
and one repetition.

Before data pre-processing, the raw acquisitions from all
participants were visually inspected to discard any brain lesions,
critical head motion, or artifacts that could compromise the data.

MRI Data Pre-processing

Resting-State fMRI

Preprocessing of fMRI data was performed using custom scripts
using FMRIB Software Library (FSL v6.01) tools (37). In
order to exclude possible magnetic field inhomogeneities at the
beginning of the acquisition, the first step of preprocessing
was the removal of the first 5 volumes (10s). Then, because
fMRI is measured using 2D imaging, there are temporal
offsets between volumes that needed to be corrected. The slice
timing correction was done with a temporal data interpolation
that used the first acquired volume as reference. The next
step was correcting the head motion, by using a function
from FSL that searches motion parameters and uses them
to correct movement in the time-series. Motion correction
is an important step in fMRI preprocessing as the slightest
movement can induce motion related artifacts. To further
reduce contamination on functional connectivity due to motion,
motion scrubbing was also performed to identify and exclude
time-points where head motion could be critical. A non-linear
spatial normalization to Montreal Neurological Institute (MNI)
standard space was performed to register the set of brains to
a common space/template. The procedure involved: (i) skull
stripping of the mean image of the functional acquisition; (ii)
rigid-body registration of the mean functional image to the skull
stripped structural scan; (iii) affine registration of the structural
scan to the MNI T1 template; (iv) non-linear registration of
the structural scan to the MNI T1 template using the affine
transformation estimated previously as the initial alignment;
(v) non-linear transformation of the functional acquisition to
MNI standard space through the sequential application of the
rigid-body transformation, followed by non-linear warp and
resampling to 2 x 2 x 2 mm? voxel size. A linear regression using
the mean of white matter and cerebrospinal fluid (CSF) signals

Frontiers in Psychiatry | www.frontiersin.org

March 2022 | Volume 13 | Article 838111


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Reis et al.

Neuroimage Correlates of Suicidal Ideation

as well as motion outliers was performed, and the residuals of
the regression were smoothed using a Gaussian kernel smoother
with a full width half maximum of 6 mm (¢ = 2.55mm),
band-pass temporal filtered (0.01-0.08 Hz) and used for the
subsequent analysis.

Resting-State Networks

Probabilistic independent component analysis (PICA) was
performed with MELODIC (Multivariate Exploratory Linear
Optimized Decomposition into Independent Components),
distributed with FSL v6.01. PICA is a data driven analysis
that isolates components or non-overlapping spatial maps
corresponding to regions evidencing coherent time-courses
(38, 39). The software estimates group-wise spatial maps that
correspond mainly to Resting State Networks (RSNs). A total
number of 30 independent components were used. In order to
study subject-specific components, a dual regression analysis was
performed as well.

Twelve RSNs (Supplementary Figure 2) of interest were
identified by visual inspection in combination with spatial
correlations between the obtained components and RSN
templates available from a public dataset from the Functional
Imaging in Neuropsychiatric Disorders (FIND) Lab at Stanford
University (40).

Matrices of Functional Connectivity

The matrices of functional connectivity were constructed using
the 116 cortical, subcortical, and cerebellar areas of the
Anatomical Automatic Labeling (AAL) atlas (28). The mean
signal for each brain region was extracted and the Pearson’s
correlations coefficients between each possible pair of regions
were calculated, originating a symmetric adjacency matrix, R.
Coeflicients in matrix R were then transformed to Z-scores using
Fisher’s r-to-z transform.

DWI Image Pre-processing and Tensor Fitting
Diffusion data were pre-processed using the FMRIB Diffusion
Toolbox (FDT) provided with FSL v6.0.3. DWI images were
corrected for motion artifacts and eddy current distortions. Then,
the affine transformations were used to register each volume and
were applied to rotate gradient vectors. Afterwards, the first by
volume of each subject was extracted and skull stripped, creating
a brain mask applied to the remaining volumes to remove non-
brain structures.

Tensor fitting and the scalar maps computation steps were
performed with DTIFIT, also included in the FDT toolbox. In this
step, a diffusion tensor model is fitted at each voxel and scalar
maps of FA and Mean Diffusivity (MD), as well as eigenvector
and eigenvalue maps, were generated. Axial Diffusivity (AD)
was defined as the principal diffusion eigenvalue, and RD was
computed using the mean of the second and third eigenvalues.

Tract-Based Spatial Statistics

Voxel-wise analyses of the scalar maps between subjects were
performed using TBSS procedures (41), also part of FSL. To
remove potential outliers from the tensor fitting, all FA templates
were slightly eroded, and the end slices were zeroed. Afterward,
all the FA templates were non-linearly registered into a 1-mm

x 1-mm X 1-mm standard space. This step was performed by
non-linearly registering each subject’s FA template to each other
to find the “most representative one” (i.e., the one that requires
the least warping to align all images), subsequently used as the
study-specific target image. Next, the selected target image was
affine transformed into the MNI 152 standard space, and each
subject’s FA template was transformed into this standard space
by combining the non-linear transformation to the study-specific
target with the affine transformation into the MNI space. Then,
the FA templates of all subjects were averaged, and the resulting
image skeletonized. After visual inspection of the skeletonized
image, we threshold it at 0.35 to remove from the skeleton regions
encompassing other tissues, such as gray matter or CSF. Finally,
all scalar maps (FA, AD, MD, and RD) were projected into
this FA skeleton using the same transformation applied to the
FA templates.

Statistics

Psychometric and Demographic Data

Descriptive statistics of psychometric and demographic data were
performed using IBM® SPSS® Statistics (version 27; IBM Corp.,
Armonk, NY, United States). Normality was assessed using the
Shapiro-Wilk Test. All demographic and psychometric variables
followed a normal distribution except for the BSSI scale where the
distribution was tailed toward left-hand. Correlations between
non-parametric variables were performed using the Kendall’s tau
(7). Results were considered significant for a p-value below 0.05.

RSN Analysis

RSN FC were correlated with the standardized score (z-
score) obtained in the BSSI scale using a regression model
with the non-parametric permutation procedure implemented
in the randomise tool from FSL (42). Threshold-free cluster
enhancement (TFCE) was used to detect widespread significant
differences and control the family-wise error rate (FWE-R) at «
= 0.05. 5,000 permutations were performed for each contrast.
Results were corrected for sex, age, and years of education.

Network Based Statistics

To assess whether suicidal ideation (BSSI score) was associated
with the functional connectome, a regression model using
the Network Based Statistics (NBS) was applied (31). The
NBS method provides a correction for multiple comparisons
equivalent to FWE-R by estimating the probability of identifying
in a random permutation of the data, networks larger in
extent than the ones identified by the hypothesis tested. The
method consists in two parts. In the first part, the statistical
hypothesis is tested for each connection, filtered by a user-chosen
statistical edge threshold and significant network components
are identified. In a significant network component, a node can
be reached from any other through significant connections.
The size of the component is calculated by the number of
significant connections in it and although the user-defined
threshold is not a determinant of the significance of the
network, larger thresholds reveal more widespread networks and
smaller thresholds produce smaller and more focused results.
A set of different primary thresholds (0.005, 0.001, 0.0005
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and 0.0001) was used, as suggested by the toolbox authors,
to access different levels of sensibility. In the second part,
random permutations of the data were created, and the same
methodology described in the first part is applied to each
permutation and the size of the network components found is
calculated. The calculated distribution of components size is used
to estimate the probability of finding random components with a
size greater than the one found in our hypothesis. A total of 5,000
permutations were used, together with a FWE corrected network
significance of 0.05. Results were corrected for sex, age, and years
of education.

Diffusion Data

In a similar way to the analyses performed with RSN FC,
non-parametric permutation methods were employed using
the randomise tool from FSL (42), in order to analyze the
skeletonized maps of FA, AD, MD, and RD. Particularly, linear
regression models were performed to investigate whether WM
microstructure measures were associate with suicidal ideation
(z-scores of BSSI score). These models were adjusted for age,
gender/sex and years of education.

Widespread significant differences were detected with TFCE,
and multiple comparisons were corrected using FWE-R at o =
0.05 and cluster extent threshold of K > 50. Clusters showing
significant results were identified using the John Hopkins
University ICBM-DTI-81 WM Labels Atlas and dilated with the
tbss_fill tool (included in FSL) for visualization purposes.

RESULTS

Psychometric and Demographic Data
Descriptive statistics of psychometric and demographic data are
detailed in Table 1. Our cohort was composed of 25 drug-naive
MDD patients (9 males and 16 females) with an age mean of
37 years (ranging from 19 to 59 years of age). In our sample 10
patients presented no current suicidal ideation (BSSI score = 0)
and 22 patients presented no previous history of suicide attempt.

In our cohort, suicidal ideation (BSSI) was not found to be
significantly correlated with depression (HAM-D, t = 0.155, p
= 0.375), anxiety (HAM-A, t = 0.069, p = 0.659) or perceived
stress (PSS-10, T = 0.083, p = 0.602) as well as demographic
variables such as years of education (v = 0.165, p = 0.292) or
age (t =0.101, p = 0.511).

RS-FC Correlates of Suicidal Ideation in
Drug-Naive MDD

Resting State Networks

Thirty independent components were obtained using
the MELODIC approach. From these components, 12
were consistent with the typical and identifiable RSN
(Supplementary Figure 2) (43).

Our results revealed positive and negative correlations
between suicidal ideation and functional connectivity to the
primary and high visual networks (Figure 1). Statistical analysis
revealed that in our cohort of drug naive MDD patients, the
FC between the high visual network and the right inferior
occipital gyrus was positively correlated with suicidal ideation

(FWE-corrected p value = 0.013, Figures 1A,C). In the other
hand, the FC between the same network and the left precuneus
and cerebellum were negatively correlated with suicidal ideation
(FWE-corrected p-value = 0.011, FWE-corrected p-value =
0.007, respectively, Figures 1A,C). As for the primary visual
network, the connectivity to the right cuneus had a positive
association with suicidal ideation, inversely the connectivity
to the frontal superior orbital gyrus was negatively correlated
(FWE-corrected p-value = 0.015, FWE-corrected p-value =
0.007, respectively, Figures 1B,C). Figure 1C presents details
on statistical analysis obtained for each cluster (including MNI
coordinates, FWE-corrected peak p-values and cluster sizes).

Network-Based Statistics
From the connectivity analysis performed using the NBS method,
a single network was found to be significantly correlated with
suicidal ideation (BSSI). In our cohort of MDD patients, a higher
FC in this network was related to lower scores in the BSSI scale.
The NBS analysis was performed using thresholds between 0.005
and 0.0001 (Supplementary Tables 1, 2). In Figure 2, we present
the results found for the significant threshold p-value = 0.001
t(threshold) = 3.78, df = 23, p-value (network) = 0.025, 15 nodes
and 15 edges. From the set of tested thresholds this was the
network that showed a higher mean FC for the lowest p-value.
Of this network we emphasize the connections between the
cerebellum (node #106) and the nodes in the left superior frontal
gyrus (node #3), the frontal middle orbital cortex (nodes #25 and
#26), the rectus (nodes #27 and #28) and the right inferior and
superior occipital gyrus (nodes #54 and #50). This network also
presented relevant connections between the left superior frontal
gyrus (node #3) and the left middle temporal gyrus (node #85)
and the cuneus (nodes #45 and #46) and the posterior cingulate
gyrus (nodes #35 and #36).

WM Microstructure Correlates of Suicidal Ideation in
Drug-Naive MDD

The statistical analysis of the skeletonized maps revealed a
statistically significant negative correlation between suicidal
ideation scores and FA maps (Figure 3A). Patients with higher
suicidal ideation scores showed a significant decrease in FA
maps in clusters including the genu of the Corpus Callosum
and the right anterior Corona Radiata (Figure 3B). Figure 3C
presents details on statistical analysis obtained for each cluster
(including MNI coordinates, FWE-corrected peak p-values and
cluster sizes). No significant correlations were found between
suicidal ideation score and AD, MD, and RD maps.

DISCUSSION

The present study aimed to investigate the neuronal correlates
of suicidal ideation in drug-naive depressed patients using a
multimodal MRI approach, specifically resting-state fMRI, and
DTL In our sample of MDD patients, three (12%) reported
previous history of suicide attempt, whereas in previous studies
including drug-naive depressed patients 16%-20% reported
suicide attempts in the past (44-46).
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TABLE 1 | Demographic and psychological characterization of the sample.

N Mean Std. error mean 95% Cl lower 95% CI upper Min Max

Age (years) 25 37.44 2.47 32.35 42.53 19 59
Sex (Male/Female) 9/16

Education (years) 25 11.64 0.99 9.6 13.68 4 20
HAM-D 25 20.72 1.45 17.72 23.72 9 33
HAM-A 25 22.96 1.77 19.3 26.62 8 40
PSS-10 25 27.36 1.07 25.15 29.57 17 36
BSSI 25 512 1.46 2.1 8.14 0 23
Previous SA 3

HAM-D, Hamilton Depression Rating Scale; HAM-A, Hamilton Anxiety Rating Scale; PSS-10, Perceived Stress Scale 10 items; BSSI, Beck Suicidal Ideation Scale; SA, suicide attempts;
Cl, confidence interval; Min, minimum; Max, maximum.
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FIGURE 1 | Resting state networks (RSNs) using ICA. (A) Significant correlations between suicidal ideation and functional connectivity with the high visual network
and the (B) primary visual network. Significance threshold was set to p < 0.05 (FWE-R correction for multiple comparisons). (C) Table illustrating the clusters positively
and negatively associated with suicidal ideation score in each network.
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FIGURE 2 | Network Based Statistics (NBS). (A) Significant negative correlation between suicidal ideation and a functional connectivity network (adjusted for age, sex,
and years of education) using the NBS method. Network presented for the significant threshold p = 0.001, tjnreshoiq) =3.78, df = 23, p-value (network) = 0.025, 15
nodes and 15 edges. (B) Nodes comprising the network and the correspondent AAL label. (C) Scatterplot illustrating the negative correlation between FC and suicidal
ideation for each patient. The x-axis represents average values of FC and y-axis the standardized suicide ideation severity score on BSSI. The gray line represents the
overall regression line. (D) Circular graphical representation of the nodes and edges of the network.

Our results showed that, in our cohort of MDD patients,
suicidal ideation was negatively correlated with rsFC in the visual
networks and FA in the genu of corpus callosum and the right
anterior CR. Moreover, we identified a specific rsFC network
associated with suicidal ideation that included connections
between regions in the superior and orbitofrontal cortex, the
cerebellum, as well as temporal and occipital regions. Moreover,
patients’ scores on HAM-D were not correlated with BSSI scores,
suggesting that in our cohort of patients with depression, higher
suicidal ideation is not associated with higher depression severity.

Regarding the functional correlates of suicidal ideation in
MDD, the results in our cohort showed that suicidal ideation was
correlated with functional connectivity with the visual RSN, both
high and primary visual networks. These results seem to indicate
a dysregulation in rsFC involving brain regions such as the right
inferior occipital gyrus (positive correlation), the left precuneus
and cerebellum (negative correlation) and their interaction with
the regions that compose the high visual network. In accordance,
the connectivity between primary visual network and the right
cuneus was positively correlated with suicidal ideation. Finally,
the connectivity between left frontal superior orbital gyrus and
the primary visual network was negatively correlated with the
suicidal ideation in MDD. These results in the RSN seem to
be in line with the ones obtained using a different approach

to FC. In fact, the NBS method revealed a network of FC
that was also shown to be negatively correlated with suicidal
ideation in our cohort of MDD patients before the initiation
of an antidepressant. The regions of this network overlap, to
some extent, with the ones previously found using the typical
RSNs, reinforcing the idea of their involvement in the suicidal
ideation processes. The areas that compose this network range
from regions involved in higher order cognitive functions (such
as the medial frontal orbital gyrus, left frontal superior gyrus,
posterior cingulate and rectus) to visual processing functions
(such as the calcarine, superior and inferior left occipital gyrus
and cuneus) and semantic and conceptual processing (left middle
temporal gyrus) and motor control (cerebellum).

In a previous study using NBS, Chen et al. reported a specific
network of FC that distinguished MDD patients with and without
suicidal ideation (23). The reported network was composed by
areas that overlap partially with the network found in our cohort,
specifically the orbital frontal gyrus, the posterior cingulate
cortex, the rectus, and the occipital gyrus. Moreover, another
study by Kim et al., also using NBS (24), reported a network of
FC that distinguished MDD patients with and without suicidal
ideation. That network also presents some regions that overlap
with our observations, specifically the left middle temporal gyrus,
the middle frontal orbitofrontal gyrus and the superior frontal
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FIGURE 3 | Tract-based spatial statistics (TBSS). (A) Significant negative correlation between suicidal ideation and FA maps in drug-naive patients with Major
Depression (adjusted for age, sex, and years of education). Blue/light-blue voxels indicate a significant decrease in FA. Significance threshold was set to p < 0.05
(FWE-R correction for multiple comparisons). The WM skeleton (represented in green) is superimposed on a T1-weighted MNI template. (B) Table illustrating the
clusters negatively associated with suicidal ideation score. (C) Scatterplot illustrating the negative correlation between FA of the significant clusters and suicidal
ideation score. The x-axis represents average values of FA and y-axis the standardized suicide ideation severity score on BSSI. The gray line represents the overall

gyrus. Thus, together with previous evidence, our results seem to
indicate a possible involvement of a specific network of rsFC in
the suicidal ideation processes.

Differently, our results showed a possible involvement of the
cerebellum in the network of functional connectivity associated
with suicidal ideation. The association between the cerebellum
and suicidal ideation has been previously hypothesized, however
its involvement in the process is still unclear. Our findings
seem to be in line with previous studies that revealed that the
cerebellum plays a role in higher order cognitive processes but
also mood regulation in disorders such as major depression and
bipolar disorder (BD) (47, 48) with reported reduced cerebellar
volumes in BD patients with previous suicide attempts (49).
Also in line with our results, Shaffer et al. suggested a role
of the cerebellum in the neuronal circuits involved in suicidal
behavior (50).

Regarding the white matter microstructure, our findings
revealed that increased suicidal ideation was associated with
decreased FA in the genu of corpus callosum and the anterior
CR, mainly in the right hemisphere. These findings suggest that
alterations in the white matter microstructure are associated
with higher suicidal ideation in MDD. Taylor et al. (29) also

suggested alterations in the white matter microstructure in
depressed patients with suicidal ideation, although they reported
widespread alterations in CgH, superior and posterior CR, and
ATR. The incongruent findings between the studies might be
explained by the characteristics of the sample (first depressive
episode vs. recurrent depressive episodes), previous exposure
to antidepressants (drug-naive vs. drug washout for at least 1
month), or even the characteristics of the diffusion acquisition
(30 directions vs. 20 directions). Moreover, in line with our
results, Chen and colleagues (30) reported decreased generalized
fractional anisotropy and normalized quantitative anisotropy
values in corpus callosum and anterior cingulate in depressed
patients with suicidal ideation, suggesting focal alterations in the
white matter integrity associated with suicidal ideation.

The genu of the corpus callosum and the anterior CR were
the 2 major white matter structures displaying a significant
association with suicidal ideation. The genu of the corpus
callosum comprises fibers from orbital, medial, and dorsolateral
frontal cortex, whereas the anterior CR is formed by thalamic
and motor projections from the internal capsule to the cortex
(51). Previous studies reported a decreased FA in the genu
of the corpus callosum associated with an increased number
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of suicide attempts in depressed and bipolar patients (52), as
well as reduced number of projecting fibers from the internal
capsule to orbitofrontal cortex and thalamus in depressed suicide
attempters when compared with depressed controls (53). Taken
together with our findings, these observations suggest that
alterations in the white matter microstructure and connections
of these bundles might contribute to an increased suicide risk,
given its association with both suicidal ideation and behaviors.
Also supporting this hypothesis, Myung and collaborators (28)
described that depressed patients with suicidal ideation present a
reduced structural connectivity in a specific network, including
the orbitofrontal cortex and thalamus.

The present work has expanded our knowledge into the
possible neuronal correlates of suicidal ideation in MDD
patients before antidepressant medication is initiated. Besides the
alterations in the white-matter integrity (in the genu of corpus
callosum and the right anterior CR), our results also revealed
abnormal functional connectivity in the visual RSN but also in
a specific network composed by frontal, cerebellar, occipital, and
parietal regions. Importantly, in our cohort of MDD patients,
suicidal ideation was not found to be associated with worse
depression severity and thus suggesting that these results were
specific to suicidal ideation. It is often difficult to separate the
suicidal ideation process from factors such as disease severity,
duration of illness and medication status as these variables are
often clinically linked and not independent.

The present study presents some important limitations, first
being the limited sample size and the strength of the MRI
magnetic field being 1.5 Tesla that limited the quality of the signal
and the number of directions considered in the DTT acquisitions,
as well as the absence of a control group. Due to these limitations,
caution should be applied when interpreting these results as more
studies should be done in the sense of replication of the patterns
presented in this paper. The present study shared some light
into the brain alterations associated with suicidal ideation in
MDD patients. Such knowledge could be at use in the guidance
of better treatments that could target deregulations linked to
suicidal ideation in MDD patients.
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