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Altered Static and Dynamic Functional Connectivity of Habenula Associated With Suicidal Ideation in First-Episode, Drug-Naïve Patients With Major Depressive Disorder
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Investigating the neurobiological mechanism of suicidal ideation (SI) in major depressive disorder (MDD) may be beneficial to prevent the suicidal behavior. Mounting evidence showed that habenula contributed to the etiology of MDD. The habenula is a key brain region that links the forebrain to midbrain, crucial for the processing of reward and aversion. The aim of the present study was to identify whether first-episode, drug-naive MDD patients with SI displayed altered habenula neural circuitry. Forty-three and 38 drug-naïve patients with first-episode MDD with or without SI (SI+/– group) and 35 healthy control subjects (HC) underwent resting-state functional magnetic resonance imaging. The whole-brain habenula static (sFC) and dynamic functional connectivity (dFC) were calculated to identify regions showing significant difference among these three groups followed by region of interest to region of interest post hoc analysis. For sFC, compared with SI– and HC groups, SI+ group showed decreased sFC from habenula to the precuneus and the inferior frontal gyrus. Patients with MDD displayed increased sFC from habenula to the putamen but decreased sFC to the precentral gyrus. For dFC, SI+ group showed increased dFC from habenula to the superior temporal gyrus, the precuneus, but decreased dFC to the lingual gyrus, the postcentral gyrus, when comparing with SI– and HC groups. Patients with MDD, regardless of SI, displayed decreased dFC from the habenula to the angular gyrus. These findings provide evidence that SI in first-episode, drug-naïve patients with MDD may be related to an abnormality in habenula neural circuitry, which may provide the theoretical basis of novel treatments.
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INTRODUCTION

Major depressive disorder (MDD) is a leading cause of global disease burden and disability, which is not only associated with severe mental and physical disabilities in individuals but also carries a high risk of suicide (1, 2). Suicidal ideation (SI), as the initiation of suicide-related issues, is one of the vital risk factors for the occurrence and development of suicidal behavior (SB) (3). The prevalence of having SI is much higher than that of having suicidal planning and attempts (4, 5). Previous studies have shown that 40–70% of people with MDD experienced SI, and about 10–15% of them died as a result of suicide (6). Therefore, the underlying neural mechanism of SI in MDD patients is concerning and must be advanced.

Neurobiology mechanisms of SI are closely related to abnormal levels of monoamine metabolites in the brain (7, 8). The nuclei where monoaminergic neurons gather are located mainly in the midbrain, known as the reward circuit of the brain. Neuroimaging studies have reported associations between SI, as well as SB, and abnormal activity in the serotonergic system and the reward system, including striatum and amygdala, etc. (9, 10). Taken together, these findings suggest that brain regions that regulate reward circuit may also be in the neural circuits associated with SI and SB. One possible locus is the habenula, a part of the epithalamus located at the core of the dorsal diencephalon conduction system (11). It is an important region that links the forebrain to midbrain, receiving inputs from the prefrontal cortex and basal ganglia regions and projecting directly or indirectly to target nuclei, particularly the dopaminergic ventral tegmental area (VTA), to regulate the monoaminergic system (12, 13). Thus, it is associated with a range of behaviors related to cognitive and emotional processing, such as pain and stress responses, and is essential for reward systems and goal-directed behavior (14). Besides, the habenula was found to be activated by a no-reward-predicting target, which means that the habenula is also involved in the aversive antireward circuitry (15). The activation of the habenula leads to the suppression of motor behavior by inhibiting the release of dopamine neurons when the individual is unable to obtain a reward or predicts a negative result (16). Given this nature, as a relay station between the basal ganglia and the limbic system, the habenula is not only involved in the motivation and emotional control of behavior but also plays a key role in behavioral responses induced by expected rewards (14).

A growing body of evidence suggests that the habenula is involved in the pathophysiological mechanisms of a variety of psychiatric disorders, especially MDD (17, 18). To date, there is currently little research on the association between the habenula and suicide-related issues. A recent neuroimaging study of patients with mood disorders reported that both SB and SI was associated with abnormal connectivity of the habenula and the parahippocampal gyrus, amygdala (14). Besides MDD, changing neural connectivity of the habenula to locus coeruleus in past anorexia nervosa (pAN) with suicidality has also been discovered (19). However, these studies do not make a clear distinction between SI and SB. The neural mechanisms of SI are still understudied in the field of neuropsychiatry.

Functional magnetic resonance imaging (fMRI) based on the blood-oxygen-level-dependent (BOLD) signal is widely used to record the neural activity in the brain (20). More information about brain function can be revealed through functional connectivity (FC) in neural networks (21). Till now, most FC studies in MDD patients with SI have explored static functional connectivity (sFC), which reflect a statistical correlation of BOLD signals between different brain regions and assume that the degree of connectivity strength among regions is constant over time (10, 22). Yet, a growing body of evidence shows that communication across different regions is not static throughout the resting-state scan, but rather is dynamic due to the condition-dependent nature of neural activity (23). Temporal variations in connectivity strength, which may be especially important in SI, cannot captured by sFC. As a complementary approach, dynamic functional connectivity (dFC) can reflect the dynamic characteristics of interregional BOLD signal fluctuations over temporal scales (24). This is notable, as based on previous sFC findings of SI, understanding how connections between brain regions strengthen and weaken over time could lend insight into the neural communication behind SI in MDD, especially from the perspective of temporal stability. Furthermore, results from dFC analyses have proved superior at correctly distinguishing patients with SI from those without SI and predicting the severity of SI in comparison to sFC (25). Thus, the combination of sFC and dFC can provide comprehensive explanation of brain activity. However, there are no studies regarding dFC of the habenula in MDD patients with SI.

Taken together, the present study addressed these knowledge gaps by comparing sFC and dFC of the habenula in a sample of first-episode, drug-naive MDD patients, with and without SI, and healthy control subjects. We hypothesized that, compared to MDD patients without SI and healthy control participants, those with SI would generally exhibit weaker correlational strength and less dynamic variability in correlations from the habenula to other brain regions over time, particularly in regions involved in cognitive and emotional processing, and that such abnormalities may underline SI in MDD and could be used as features to distinguish MDD patients with SI from those without SI.



MATERIALS AND METHODS


Subjects

The study included 116 subjects aged 18–56 years: 81 drug-naïve patients with first-episode MDD and 35 HC individuals. The drug-naive, first-episode MDD participants were recruited from the Department of Psychiatry, First Hospital of Shanxi Medical University, Taiyuan, China. The HC subjects were recruited from Taiyuan, China, using advertisement in the community. All participants were evaluated by two trained psychiatrists independently to determine the presence or absence of Axis I psychiatric diagnoses using the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) Axis I Disorders (SCID).

Inclusion criteria for the patients included the following: (1) met the DSM-IV diagnostic criteria of MDD and did not meet to the criteria for any other Axis I disorder, (2) in their first episode, (3) no history of any form of antidepressant treatment, (4) no history of suicide attempt, and (5) right-handedness. HC subjects with no history of any psychiatric diagnosis and suicide attempt were included. Exclusion criteria for both patients and HC controls included the following: (1) history of head injury or any neurological disorder, (2) any serious symptom of major medical disorder, (3) history of any Axis I disorder in their first-degree relatives, and (4) any MRI contraindications.

This study was approved by the Ethics Committee of the First Hospital of Shanxi Medical University. All participants were right-handed and signed informed consent.



Clinical Measures

Participants completed a comprehensive diagnostic evaluation within 24 h prior to the functional MRI (fMRI) scan. Suicidal ideation was assessed using the Chinese version of the Beck Scale for Suicidal Ideation (BSI-CV) (26, 27), a 19-item self-report scale that assesses thought, feeling, and plan regarding suicide. The items are rated on a 3-point scale from 0 to 2 (score range, 0–38) with higher scores indicating severe SI. Items 4 and 5 are used as a screener to assess the presence of suicidal ideation (28). Eligible patients were categorized in the suicidal ideation group (SI+) if they scored >0 on items 4 or 5. Patients were included in nonsuicidal ideation group (SI–) if they scored 0 on both items 4 and 5. Besides, only patients with a positive response on either items 4 or 5 were allowed to complete the following 14 items regarding details about SI. The final subgroups included 43 patients categorized as SI+ and 38 as SI–.

For correlations between clinically related variables and neural measures, we used the Hamilton Depression Rating Scale for Depression 24 item (HAMD-24) (29), a structured, interview-based instruments, to assess the severity of depressive symptom.



MRI Acquisition

All structural and fMRI data were acquired on an A MAGNETOM Trio Tim 3.0T (Siemens Medical Solutions, Germany) with a 12-channel birdcage head coil located at the First Hospital of Shanxi Medical University. The participants were required to keep their eyes closed but remain awake and relaxed throughout the entire scan. Restraining foam pads and rubber earplugs were used to minimize head motion and noise interference. A 3D-FLASH sequence was used to obtain high-resolution T1-weighted structure images with the following parameters: repetition time (TR) = 2,300 ms, echo time (TE) = 2.95 ms, inversion time (TI) = 900 ms, flip angle (FA) = 9°, field of view (FOV) = 225 × 240 mm2, acquisition matrix = 256 × 240, slice thickness = 1.2 mm, gap = 0.6 mm, voxel size = 1 × 1 × 1 mm3, 160 sagittal slices, and a total of 9 min 14 s. The resting state fMRI (rs-fMRI) was performed using an echo planar imaging (EPI) sequence with the following parameters: TR = 2,000 ms, TE = 30 ms, FA = 90°, FOV = 240 × 240 mm2, acquisition matrix = 64 × 64, slice thickness = 3 mm, gap = 3.99 mm, 212 sagittal slices, and a total of 8 min 6 s.



Data Preprocessing

The rs-fMRI data preprocessing was carried out using Data Processing and Analysis for Brain Imaging software (DPABI; DPABI_V4.3_200401, http://rfmri.org/dpabi) (30). The first 10 volumes that allowed the participants to adapt to scanning environments were discarded. Then, the rest of the data underwent further preprocessing, which included the following seven steps: First is the slice timing; second is the realignment of functional volumes for head motion correction. Any subject with maximum head movement exceeding 2.0 mm in displacement or more than 2.0° rotation was not included in the final analysis. To assess the frame-wise head motion confound, we compared the mean framewise displacement among the three groups. Third is the spatial normalization to the standard EPI templates from Montreal Neurological Institute (MNI) (the resampled voxel size of 3 × 3 × 3 mm3); fourth, spatial smoothing with a Gaussian kernel of 4 mm full width at half maximum (FWHM) to decrease noise; fifth, linear detrending; sixth, temporal band-pass filtering (0.01–0.08 Hz); and seventh, nuisance covariates regression, including Fristion 24 motion parameters, cerebrospinal fluid, and white matter signals.



Definition of Region of Interest

The habenula was selected as the region of interest (ROI) for both sFC and dFC analysis. Each ROI was drawn as a sphere with a radius of 3 mm around a coordinate (x = −2.8, y = −24.2, z = 2.3) for the left habenula and (x = 4.8, y = −24.1, z = 2.2) for the right habenula according to a previous computational fMRI study (31).



FC Analysis

We performed a seed-based whole-brain approach to examine sFC stemming from the bilateral habenula using DPABI. The mean BOLD time course from each seed ROI was extracted, and the Pearson's correlation coefficients with the time course of all other voxels of the brain were calculated. Then, we transformed the correlation coefficients to Z values using the Fisher's r-to-z transformation.

For dFC analysis, we performed a sliding window correlation approach (32, 33) to calculate the seed-based dFC maps of each subjects using DPABI. We chose the current sliding window analysis because of the direct nature of this approach, which will contribute to the interpretation of the study, future replication, and dissemination of results (34). To avoid the introduction of spurious fluctuations, the minimum window length should be no <1/fmin, which is deemed the minimum frequency of the time series (35). Thus, a window length of 50 TR was considered as the appropriate parameter to optimize the balance between capturing rapidly shifting dynamic relationships and achieving reliable estimates of the correlations between regions, as suggested by a prior study (25). Hence, the time course was segmented into 50 TR Hamming windows from the scanning time in steps of 5 TR. For each sliding window, the whole brain FC maps for each ROI were than conducted between the averaged time course of all voxels in the seed and the time course of all other voxels in the whole brain. Then, Fisher's z-transformation was calculated for all FC maps, yielding a various of zFC maps for each subject. The dFC was estimated by calculating the standard deviation in zFC values through windows at each voxel.



Statistical Analysis

The demographic and clinical characteristics of the participants were analyzed using IBM SPSS Statistics for Windows, Version 22.0. We conducted one-way analyses of variance (ANOVA) to estimate the differences among the three groups in age, years of education, and chi-square tests to detect differences in gender. For the score of HAMD-24, two-sample t tests were used to estimate the differences among the patient group. Statistical significance was all determined by P < 0.05 (two tailed).

In order to compare sFC and dFC and identify abnormalities among three groups (SI+, SI–, and HC), one-way analysis of covariance (ANCOVA) was performed with age, gender, years of education, and head motion included as covariates, using DPABI. Connectivity group differences were considered significant for voxel P < 0.001 with cluster P < 0.05 [using Gaussian random field (GRF) correction]. Significant clusters identified in this analysis were then imported as target ROI in the post hoc ROI to target ROI analysis. We extracted mean sFC and dFC values between the left/right habenula and significant clusters for each group and conducted post hoc pairwise comparisons. The results were considered significant if P < 0.05, corrected by Bonferroni test.

To further identify the dimensional correlations between clinical symptoms and neural patterns in MDD patients with SI, Pearson's partial correlation analyses (two tailed), controlling for age, gender, and years of education, were conducted between FC (sFC/dFC) values with significant group differences and the total score of HAMD-24, and BSI-CV (P < 0.05, Bonferroni correction).



Validation Analysis

To verify our findings of dFC variability obtained from 50 TR lengths of the sliding window, we further performed validation analysis for different sliding window lengths besides 50 TR. Thus, we recalculated the main results of dFC using the other two window lengths (30 and 60 TR).

Besides, the results were reanalyzed by regressing out HAMD scores to test the difference between the SI+ and SI– groups with respect to sFC and dFC.




RESULTS


Demographics and Clinical Characteristics

Table 1 shows the demographic and clinical characteristics of the subjects. There were no statistical differences among the three groups in terms of age (F = 0.265, P = 0.768), gender (χ2 = 0.299, P = 0.861), years of education (F = 2.341, P = 0.101), or head motion (F = 0.121, P = 0.886). For clinical symptoms, the total score of HAMD-24 in the SI+ group were higher than in the SI– group (t = 3.086, P = 0.003).


Table 1. Demographics and clinical characteristics of all participants.
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Group Differences in sFC

Age-, gender-, years of education-, and head motion-adjusted ANCOVAs demonstrated that the three groups significantly differed in sFC between the left habenula and the left putamen (F = 8.280, P = 0.000), the left cerebellum (F = 10.849, P = 0.000), and the right precentral gyrus (F = 7.414, P = 0.000), as well as altered sFC between the right habenula and the right precuneus (F = 7.818, P = 0.000) and the left inferior frontal gyrus (IFG) (F = 8.149, P = 0.000) (Figure 1, Table 2). In post hoc comparisons, the SI+ group had significantly decreased sFC between the right habenula and the right precuneus (SI+ vs. SI–: P = 0.004; SI+ vs. HC: P = 0.002; SI– vs. HC: P = 1.000), and the left IFG (SI+ vs. SI–: P = 0.020; SI+ vs. HC: P = 0.000; SI– vs. HC: P = 0.749), as well as increased sFC between the left habenula and the left cerebellum (SI+ vs. SI–: P = 0.001; SI+ vs. HC: P = 0.000; SI– vs. HC: P = 1.000), compared with both the SI– and HC groups, but no difference was observed in sFC between the SI– and the HC groups. Compared with the HC group, both the SI+ and SI– groups showed increased connectivity between the left habenula and the left putamen (SI+ vs. SI–: P = 0.665, SI+ vs. HC: P = 0.000, SI– vs. HC: P = 0.022) and decreased sFC between the left habenula and the right precentral gyrus (SI+ vs. SI–: P = 0.438; SI+ vs. HC: P = 0.001; SI– vs. HC: P = 0.042), while no difference was observed in sFC between patient groups (Figure 1).


[image: Figure 1]
FIGURE 1. Significant differences in static functional connectivity (sFC) of (A) left habenula and (B) right habenula among the major depressive disorder with suicidal ideation (SI+), MDD without suicidal ideation (SI–), and healthy control (HC) groups. The color bars indicate the F value based on one-way ANOVA. Significant at P < 0.001, corrected by Gaussian random field (GRF) correction. Post hoc analysis in static functional connectivity (sFC) of (C) left habenula and (D) right habenula among the major depressive disorder with suicidal ideation (SI+), MDD without suicidal ideation (SI–), and healthy control (HC) groups. *P < 0.05, corrected by Bonferroni test. IFG, inferior frontal gyrus.



Table 2. Brain regions showing significant FC differences across the three study groups.
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Group Differences in dFC

Significant differences in dFC were observed among the three groups between the left habenula and the right lingual gyrus (F = 10.790, P = 0.000), the left (F = 10.430, P = 0.000), and right precuneus (F = 11.473, P = 0.000). The three groups significantly differed also in dFC between the right habenula and the left superior temporal gyrus (STG) (F = 14.096, P = 0.000), the left angular gyrus (F = 9.618, P = 0.000), and the left postcentral gyrus (F = 15.056, P = 0.000) (Figure 2, Table 2). In post hoc comparisons, the SI+ group exhibited significantly decreased dFC between the left habenula and the right lingual gyrus (SI+ vs. SI–: P = 0.000; SI+ vs. HC: P = 0.001; SI– vs. HC: P = 1.000) and between the right habenula and the left postcentral gyrus (SI+ vs. SI–: P = 0.001; SI+ vs. HC: P = 0.000; SI– vs. HC: P = 0.496), as well as increased dFC between the left habenula and the left precuneus (SI+ vs. SI–: P = 0.025; SI+ vs. HC: P = 0.000; SI– vs. HC: P = 0.244), and between the right habenula and the left STG (SI+ vs. SI–: P = 0.005; SI+ vs. HC: P = 0.000; SI– vs. HC: P = 0.140), compared with both the SI– and HC groups, but no difference was observed in dFC between the SI– and the HC groups. Meanwhile, compared with the HC group, both the SI+ and SI– groups showed decreased dFC between the left habenula and the right precuneus (SI+ vs. SI–: P = 1.000; SI+ vs. HC: P = 0.000; SI– vs. HC: P = 0.000) and between the right habenula and the left angular gyrus (SI+ vs. SI–: P = 1.000; SI+ vs. HC: P = 0.000; SI– vs. HC: P = 0.001), but no difference was observed in dFC between patient group (Figure 2).


[image: Figure 2]
FIGURE 2. Significant differences in dynamic functional connectivity (dFC) of (A) left habenula and (B) right habenula among the major depressive disorder with suicidal ideation (SI+), MDD without suicidal ideation (SI–), and healthy control (HC) groups. The color bars indicate the F value based on one-way ANOVA. Significant at P < 0.001, corrected by Gaussian random field (GRF) correction. Post hoc comparison in dynamic functional connectivity (dFC) of (C) left habenula and (D) right habenula among the major depressive disorder with suicidal ideation (SI+), MDD without suicidal ideation (SI–), and healthy control (HC) groups. *P < 0.05, corrected by Bonferroni test. STG, superior temporal gyrus.




Correlation Analysis Between FC and Clinical Measurements

No significant correlations between the sFC and dFC in regions showing significant group differences, and clinical symptom measures were observed in the SI+ group (P > 0.05, Bonferroni correction).



Validation Results

In this study, we used two different sliding window lengths to verify our main results of dFC. The results of the sliding window lengths of 30 and 60 TRs were similar to the results of the 50 TR we found. All validation analysis results were presented as Supplementary Material (Supplementary Tables 1, 2).

Except the left cerebellum (P > 0.05), the abnormalities of sFC and dFC observed in post hoc analysis were also found between the SI+ and SI– groups after regressing out HAMD scores (Supplementary Figure 1).




DISCUSSION

The present study explored neuroimaging correlates of SI in a population of first-episode, drug-naive MDD patients. To the best of our knowledge, it represents the first study to investigate differences between patients with a diagnosis of MDD, with and without SI, and healthy controls in sFC and dFC of the habenular. We found that SI+ group had significantly decreased sFC between the right habenula and the right precuneus and the left IFG. As for dFC, SI+ group had significantly decreased dFC between the left habenula and the right lingual gyrus, between the right habenula and the left postcentral gyrus, as well as increased dFC between the right habenula and the left STG and between the left habenula and the left precuneus. Moreover, patients with a diagnosis of MDD, independently of SI, exhibited altered sFC between the left habenula and the left putamen and the right precentral gyrus, as well as abnormal dFC between the left habenula and the right precuneus, and between the right habenula and the left angular gyrus.

As a key region within the reward circuit that regulates the midbrain monoamine system, the function of the habenula in humans is of great clinical relevance (31). Our data revealed that aberrant habenula functional connectivity may be involved in the pathogenesis of SI in MDD patients. The ability of individuals to maintain properly functioning reward pathways drives motivational behavior, which is critical for successful copying with challenges, while excessive sensitivity to negative stimuli promotes avoidance and isolation, thereby jeopardizing appropriate coping strategies (36). Several literatures indicate that both a “reward deficit syndrome,” clinically characterized by anhedonia and reduced motivation, along with an “enhanced anti-reward syndrome,” which noticeable as dysphoria, may be driving forces behind SI (37). Hence, due to its unique anatomical and functional location, habenula regulates reward circuits and participates in antireward circuits by directly or indirectly regulating the release of dopamine and serotonin downstream in the limbic region (14), which may be one of the neurobiological mechanisms of SI.

In our sample, sFC between the right habenula and the left IFG was decreased in MDD patients with SI. The IFG is known to be involved in response inhibition, a component of executive function, and is essential for impulse control, while SI has a clear correlation with the increase in impulsivity and neurobehavior disinhibition (38). In this context, our study suggests that the deficit in neural connections between the habenula and the IFG may play a distinct role in the etiology of SI through abnormal behavior inhibition of reward and aversion information, and more research is needed to explain this in the future.

Traditional sFC reflects average connectivity strength between regions, while dFC assesses functional connectivity variability over time. In our study, dFC provided additional information that was different from but complementary to the information for sFC. The greater the dFC, the more frequent the switching of the FC strength between the two regions. Regarding the dFC analyses, significantly decreased dFC between the habenula and the postcentral gyrus was found in first-episode MDD patients with SI compared to those without SI and normal controls. The postcentral gyrus is considered to be a region involved in somatosensory perception and representation of emotional response (39). Further, it is often associated with empathy and social perception, such as the experience of social rejection (40–42). A neuroimaging report of peer interactions demonstrated that, compared with lower SI, higher SI in depressed adolescent is linked to significantly lower activity in postcentral gyrus during peer exclusion and inclusion (43). A possible interpretation of our findings is that lower dFC (reduced switching frequency) between the habenula and somatosensory cortex may indicate an abnormal emotional response to reward stimuli, leading to feelings of rejection and lack of motivation in patients with SI. Another region we found showing decreased dFC is the lingual gyrus. Although there are few imaging evidence that the lingual gyrus may be involved in SI in MDD, smaller gray matter volumes in the left lingual gyrus have been reported in psychotic disorders with suicidality (44). The lingual gyrus, located in the visual recognition network and connected to the posterior insula, has been hypothesized to play a critical role in integrating visual information with introspective sensations or stimuli (45). This makes functional connectivity to the habenula in patients with SI possible an important feature of impairments in introspective integration processing, particularly those integration involving rewards as a main information.

In addition, we observed greater dFC between the habenula and STG in SI+ group. Although there are few studies on the role of instability of FC of STG in SI, previous studies investigating morphological and functional abnormalities of brain in patients with SI have reported altered STG connections and gray volumes (46, 47). These observations indicate that alternations in the STG may be a potential biomarker for SI in MDD. In a study of single-photon emission computed tomography (SPECT) imaging, the abnormal regional cerebral blood flow was reported in the temporal pole, which was identified as one of the regions where SI was predicted in depressed patients (48). The STG has been demonstrated to work as the primary brain area responsible for emotional processing and cognitive regulation (47, 49). Thus, we discreetly speculate that the excessive FC variability between the habenula and the STG may cause a strong response to negative stimuli and the failure to control negative emotions, resulting in the occurrence of SI.

It is also worth noting that in patients with SI, the habenula has shown remarkable lower sFC but greater dFC to the precuneus, which is closely related to fundamental cognitive functioning (50). In other words, patients with SI have “weaker” but more “flexible” connectivity between these regions. A study of fMRI showed that previous SI in MDD patients was linked to decreased brain activity in the precuneus and cuneus, during cognitive control tasks (51). The precuneus plays a vital role in a series of highly integrated tasks, especially self-processing operations (50, 52). Critically, self-processing involves distinct processes and can occur in cognition-related brain regions, especially precuneus, which is previously also implicated in one's self-awareness (53). According to the interpersonal theory of suicide (54), the coexistence of indicators of thwarted belongingness, perceived burdensomeness, and hopelessness about one's personal relationships is a proximate and sufficient cause of SI. “Thwarted belongingness” refers to feelings of alienation from a group or society, while “perceived burdensomeness” refers to the perception of oneself as a burden on others. Both these two factors involve negatively valanced, self-referential processing (52). Weaker but more flexible connectivity between habenula and precuneus in patients with SI may underlie the tendency to link reward/antireward processing with self-thoughts during the resting state.

Taken together, these findings demonstrate that MDD patients with SI exhibits abnormal FC, especially from dynamic nature. These abnormal dynamic functional connections provide additional information about the status of brain functional circuits and are sensitive measures to detect changes in brain circuits in depressed patients with SI. In addition, a better understanding of the connection between SI and brain dynamic activity can further enhance our comprehension of how temporal variations in connectivity strength promoting development of SI in patients with depression. Specifically, dynamic attributes may be a powerful neuroimaging indicator to explore the pathological changes of SI in patients with MDD and is expected to provide a new way to distinguish MDD patients with and without SI.

It is important to address several limitations in the present study. First, there was a relatively small sample size, which may affect the statistical power, but we are still to keep collecting the relevant samples for future research about SI. Second, the cross-sectional design of this study limited the ability to infer whether the altered FC of habenula was a preexisting abnormality or a consequence of SI. Longitudinal study is needed in the future to explore the direct causality of SI with related neural variables. Third, in our study, we did not collect the information about the duration and the age of first onset of patients, which also may affect the accuracy of our results. Besides, the optimal length of the sliding window for obtaining the dynamics of brain activity is still unclear, although validation analyses with different window sizes were conducted to increase consistency. Other correction models of dFC, such as the wavelet transformation coherence method (55), should be used for further analysis. Considering the high comorbidity of anxiety and depression, the exclusion of anxious individuals may reduce the generalizability of the findings. One other limitation of this study is that only MDD patients with SI were selected for this study. Given the multiple dimensions of suicide-related issues, such as suicide attempt, future efforts will be important to determine whether there are different or similar neurobiological activities between different suicide dimensions, thus providing a basis for the discovery of new and effective clinical interventions for suicide.

In conclusion, the current study presented novel results linking SI to the abnormal functional connectivity of habenula using both sFC and dFC. As such, from a neurobiological point of view, the altered sFC and dFC of the habenula in drug naive, first-episode MDD patients with SI may mediate a dysfunction in the mechanism that links the habenula with self-referential processing, response inhibition, emotional response, and introspective integration processing. Nonetheless, additional research, especially longitudinal study, focused on the neural features of different suicide dimensions is needed to explore neural biomarkers for suicide risk and to facilitate early identification and intervention.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of the First Hospital of Shanxi Medical University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

DQ, ZL, and KZ contributed to conception and design of the study. JL, TZ, YX, and YWe collected the samples and participants' characteristics. AZ, CY, and NS organized the database. DQ and YWa analyzed data and performed the statistical analysis. DQ wrote the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

The National Natural Science Foundation of China (81601193), Key Research and Development Project (International Cooperation) of Shanxi Province (201903D421059), Shanxi Province Science Foundation for Youths (2015021204), Research Project Supported by Shanxi Scholarship Council of China (2015-100), The First Hospital of Shanxi Medical University Foundation for Youths Innovation (YC1409).



ACKNOWLEDGMENTS

We wish to express our thanks to all the patients and volunteers for their participation and the physicians who collect the fMRI data.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyt.2020.608197/full#supplementary-material



REFERENCES

 1. Wang J, Wu X, Lai W, Long E, Zhang X, Li W, et al. Prevalence of depression and depressive symptoms among outpatients: a systematic review and meta-analysis. BMJ Open. (2017) 7:e017173. doi: 10.1136/bmjopen-2017-017173

 2. Dong M, Wang S-B, Li Y, Xu D-D, Ungvari GS, Ng CH, et al. Prevalence of suicidal behaviors in patients with major depressive disorder in China: a comprehensive meta-analysis. J Affect Disord. (2018) 225:32–9. doi: 10.1016/j.jad.2017.07.043

 3. Nock MK, Borges G, Bromet EJ, Alonso J, Angermeyer M, Beautrais A, et al. Cross-national prevalence and risk factors for suicidal ideation, plans and attempts. Br J Psychiatry. (2008) 192:98–105. doi: 10.1192/bjp.bp.107.040113

 4. Crosby AE, Han B, Ortega LAG, Parks SE, Gfroerer J. Suicidal thoughts and behaviors among adults aged ≥18 years–United States, 2008-2009. MMWR Surveill Summ. (2011) 60:1–22. 

 5. Nock MK, Borges G, Bromet EJ, Cha CB, Kessler RC, Lee S. Suicide and suicidal behavior. Epidemiol Rev. (2008) 30:133–54. doi: 10.1093/epirev/mxn002

 6. Wang Y-H, Shi Z-T, Luo Q-Y. Association of depressive symptoms and suicidal ideation among university students in China: A systematic review and meta-analysis. Medicine. (2017) 96:e6476. doi: 10.1097/MD.0000000000006476

 7. Jokinen J, Samuelsson M, Nordström A-L, Nordström P. HPT axis, CSF monoamine metabolites, suicide intent and depression severity in male suicide attempters. J Affect Disord. (2008) 111:119–24. doi: 10.1016/j.jad.2008.02.001

 8. Mann JJ, Currier D, Stanley B, Oquendo MA, Amsel LV, Ellis SP. Can biological tests assist prediction of suicide in mood disorders? Int J Neuropsychopharmacol. (2006) 9:465–74. doi: 10.1017/S1461145705005687

 9. Zhang H, Chen Z, Jia Z, Gong Q. Dysfunction of neural circuitry in depressive patients with suicidal behaviors: a review of structural and functional neuroimaging studies. Prog Neuropsychopharmacol Biol Psychiatry. (2014) 53:61–6. doi: 10.1016/j.pnpbp.2014.03.002

 10. Shengnan W, Miao C, Ran Z, Xiaowei J, Fei W, Yanqing T. Amygdala functional connectivity in female patients with major depressive disorder with and without suicidal ideation. Ann Gen Psychiatry. (2018) 17:37–. doi: 10.1186/s12991-018-0208-0

 11. Boulos L-J, Darcq E, Kieffer BL. Translating the habenula-from rodents to humans. Biol Psychiatry. (2017) 81:296–305. doi: 10.1016/j.biopsych.2016.06.003

 12. Hikosaka O, Sesack SR, Lecourtier L, Shepard PD. Habenula: crossroad between the basal ganglia and the limbic system. J Neurosci. (2008) 28:11825–9. doi: 10.1523/JNEUROSCI.3463-08.2008

 13. Bernard R, Veh RW. Individual neurons in the rat lateral habenular complex project mostly to the dopaminergic ventral tegmental area or to the serotonergic raphe nuclei. J Comp Neurol. (2012) 520:2545–58. doi: 10.1002/cne.23080

 14. Ambrosi E, Arciniegas DB, Curtis KN, Patriquin MA, Spalletta G, Sani G, et al. Resting-state functional connectivity of the habenula in mood disorder patients with and without suicide-related behaviors. J Neuropsychiatry Clin Neurosci. (2019) 31:49–56. doi: 10.1176/appi.neuropsych.17120351

 15. Matsumoto M, Hikosaka O. Lateral habenula as a source of negative reward signals in dopamine neurons. Nature. (2007) 447:1111–5. doi: 10.1038/nature05860

 16. Hikosaka O. The habenula: from stress evasion to value-based decision-making. Nat Rev Neurosci. (2010) 11:503–13. doi: 10.1038/nrn2866

 17. Fakhoury M. The habenula in psychiatric disorders: more than three decades of translational investigation. Neurosci Biobehav Rev. (2017) 83:721–35. doi: 10.1016/j.neubiorev.2017.02.010

 18. Wu Z, Wang C, Ma Z, Pang M, Wu Y, Zhang N, et al. Abnormal functional connectivity of habenula in untreated patients with first-episode major depressive disorder. Psychiatry Res. (2020) 285:112837. doi: 10.1016/j.psychres.2020.112837

 19. Wills KE, Gosnell SN, Curtis KN, Velasquez K, Fowler JC, Salas R. Altered habenula to locus coeruleus functional connectivity in past anorexia nervosa suggests correlation with suicidality: a pilot study. Eat Weight Disord. (2019) 25:1475–80. doi: 10.1007/s40519-019-00746-0

 20. Biswal BB. Resting state fMRI: a personal history. Neuroimage. (2012) 62:938–44. doi: 10.1016/j.neuroimage.2012.01.090

 21. Greicius MD, Krasnow B, Reiss AL, Menon V. Functional connectivity in the resting brain: a network analysis of the default mode hypothesis. Proc Natl Acad Sci USA. (2003) 100:253–8. doi: 10.1073/pnas.0135058100

 22. Kim K, Kim S-W, Myung W, Han CE, Fava M, Mischoulon D, et al. Reduced orbitofrontal-thalamic functional connectivity related to suicidal ideation in patients with major depressive disorder. Sci Rep. (2017) 7:15772. doi: 10.1038/s41598-017-15926-0

 23. Preti M, Bolton T, Van De Ville D. The dynamic functional connectome: state-of-the-art and perspectives. Neuroimage. (2017) 160:41–54. doi: 10.1016/j.neuroimage.2016.12.061

 24. Hutchison RM, Womelsdorf T, Allen EA, Bandettini PA, Calhoun VD, Corbetta M, et al. Dynamic functional connectivity: promise, issues, and interpretations. Neuroimage. (2013) 80:360–78. doi: 10.1016/j.neuroimage.2013.05.079

 25. Liao W, Li J, Duan X, Cui Q, Chen H, Chen H. Static and dynamic connectomics differentiate between depressed patients with and without suicidal ideation. Hum Brain Mapp. (2018) 39:4105–18. doi: 10.1002/hbm.24235

 26. Beck AT, Kovacs M, Weissman A. Assessment of suicidal intention: the scale for suicide ideation. J Consult Clin Psychol. (1979) 47:343–52. doi: 10.1037/0022-006X.47.2.343

 27. Li X, Fei L, Dong y, Li K, Zhang Y, Zhang Y, et al. Reliability and validity of the Chinese version of Beck suicide ideation scale(BSI-CV) in adult community residents. Chin Ment Health J. (2010) 024:250–5. doi: 10.3969/j.issn.1000-6729.2010.04.003

 28. Marzuk PM, Hartwell N, Leon AC, Portera L. Executive functioning in depressed patients with suicidal ideation. Acta Psychiatr Scand. (2005) 112:294–301. doi: 10.1111/j.1600-0447.2005.00585.x

 29. Hamilton M. A rating scale for depression. J Neurol Neurosurg Psychiatry. (1960) 23:56–62. doi: 10.1136/jnnp.23.1.56

 30. Yan C-G, Wang X-D, Zuo X-N, Zang Y-F. DPABI: data processing & analysis for (resting-state) brain imaging. Neuroinformatics. (2016) 14:339–51. doi: 10.1007/s12021-016-9299-4

 31. Lawson RP, Drevets WC, Roiser JP. Defining the habenula in human neuroimaging studies. Neuroimage. (2013) 64:722–7. doi: 10.1016/j.neuroimage.2012.08.076

 32. Allen EA, Damaraju E, Plis SM, Erhardt EB, Eichele T, Calhoun VD. Tracking whole-brain connectivity dynamics in the resting state. Cereb Cortex. (2014) 24:663–76. doi: 10.1093/cercor/bhs352

 33. Damaraju E, Allen EA, Belger A, Ford JM, McEwen S, Mathalon DH, et al. Dynamic functional connectivity analysis reveals transient states of dysconnectivity in schizophrenia. Neuroimage Clin. (2014) 5:298–308. doi: 10.1016/j.nicl.2014.07.003

 34. Pelletier-Baldelli A, Andrews-Hanna JR, Mittal VA. Resting state connectivity dynamics in youth at risk for psychosis. J Abnorm Psychol. (2018) 127:314–25. doi: 10.1037/abn0000330

 35. Leonardi N, Ville DVD. On spurious and real fluctuations of dynamic functional connectivity during rest. Neuroimage. (2015) 104:430–6. doi: 10.1016/j.neuroimage.2014.10.045

 36. Charney DS. Psychobiological mechanisms of resilience and vulnerability: implications for successful adaptation to extreme stress. Am J Psychiatry. (2004) 161:195–216. doi: 10.1176/appi.ajp.161.2.195

 37. Elman I, Borsook D, Volkow ND. Pain and suicidality: insights from reward and addiction neuroscience. Prog Neurobiol. (2013) 109:1–27. doi: 10.1016/j.pneurobio.2013.06.003

 38. Tarter RE, Kirisci L, Reynolds M, Mezzich A. Neurobehavior disinhibition in childhood predicts suicide potential and substance use disorder by young adulthood. Drug Alcohol Depend. (2004) 76 (Suppl.):S45–52. doi: 10.1016/j.drugalcdep.2004.08.006

 39. Kragel PA, LaBar KS. Somatosensory representations link the perception of emotional expressions and sensory experience. eNeuro. (2016) 3:1–12. doi: 10.1523/ENEURO.0090-15.2016

 40. Gallese V, Eagle MN, Migone P. Intentional attunement: mirror neurons and the neural underpinnings of interpersonal relations. J Am Psychoanal Assoc. (2007) 55:131–76. doi: 10.1177/00030651070550010601

 41. Lawrence EJ, Shaw P, Giampietro VP, Surguladze S, Brammer MJ, David AS. The role of 'shared representations' in social perception and empathy: an fMRI study. Neuroimage. (2006) 29:1173–84. doi: 10.1016/j.neuroimage.2005.09.001

 42. Kross E, Berman MG, Mischel W, Smith EE, Wager TD. Social rejection shares somatosensory representations with physical pain. Proc Natl Acad Sci USA. (2011) 108:6270–5. doi: 10.1073/pnas.1102693108

 43. Harms MB, Casement MD, Teoh JY, Ruiz S, Scott H, Wedan R, et al. Adolescent suicide attempts and ideation are linked to brain function during peer interactions. Psychiatry Res Neuroimaging. (2019) 289:1–9. doi: 10.1016/j.pscychresns.2019.05.001

 44. Giakoumatos CI, Tandon N, Shah J, Mathew IT, Brady RO, Clementz BA. Are structural brain abnormalities associated with suicidal behavior in patients with psychotic disorders? J Psychiatr Res. (2013) 47:1389–95. doi: 10.1016/j.jpsychires.2013.06.011

 45. Liu C-H, Ma X, Song L-P, Fan J, Wang W-D, Lv X-Y, et al. Abnormal spontaneous neural activity in the anterior insular and anterior cingulate cortices in anxious depression. Behav Brain Res. (2015) 281:339–47. doi: 10.1016/j.bbr.2014.11.047

 46. Bani-Fatemi A, Tasmim S, Graff-Guerrero A, Gerretsen P, Strauss J, Kolla N, et al. Structural and functional alterations of the suicidal brain: an updated review of neuroimaging studies. Psychiatry Res Neuroimaging. (2018) 278:77–91. doi: 10.1016/j.pscychresns.2018.05.008

 47. Fan T, Wu X, Yao L, Dong J. Abnormal baseline brain activity in suicidal and non-suicidal patients with major depressive disorder. Neurosci Lett. (2013) 534:35–40. doi: 10.1016/j.neulet.2012.11.032

 48. Willeumier K, Taylor DV, Amen DG. Decreased cerebral blood flow in the limbic and prefrontal cortex using SPECT imaging in a cohort of completed suicides. Transl Psychiatry. (2011) 1:e28. doi: 10.1038/tp.2011.28

 49. Gallagher HL, Frith CD. Functional imaging of ‘theory of mind’. Trends Cogn Sci. (2003) 7:77–83. doi: 10.1016/S1364-6613(02)00025-6

 50. Cavanna AE, Trimble MR. The precuneus: a review of its functional anatomy and behavioural correlates. Brain. (2006) 129 (Pt 3):564–83. doi: 10.1093/brain/awl004

 51. Minzenberg MJ, Lesh TA, Niendam TA, Yoon JH, Cheng Y, Rhoades RN, et al. Control-related frontal-striatal function is associated with past suicidal ideation and behavior in patients with recent-onset psychotic major mood disorders. J Affect Disord. (2015) 188:202–9. doi: 10.1016/j.jad.2015.08.049

 52. Schreiner MW, Klimes-Dougan B, Cullen KR. Neural correlates of suicidality in adolescents with major depression: resting-state functional connectivity of the precuneus and posterior cingulate cortex. Suicide Life Threat Behav. (2019) 49:899–913. doi: 10.1111/sltb.12471

 53. Kircher TTJ, Brammer M, Bullmore E, Simmons A, Bartels M, David AS. The neural correlates of intentional and incidental self processing. Neuropsychologia. (2002) 40:683–92. doi: 10.1016/S0028-3932(01)00138-5

 54. Van Orden KA, Witte TK, Cukrowicz KC, Braithwaite SR, Selby EA, Joiner TE. The interpersonal theory of suicide. Psychol Rev. (2010) 117:575–600. doi: 10.1037/a0018697

 55. Chang C, Glover G. Time-frequency dynamics of resting-state brain connectivity measured with fMRI. Neuroimage. (2010) 50:81–98. doi: 10.1016/j.neuroimage.2009.12.011

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Qiao, Zhang, Sun, Yang, Li, Zhao, Wang, Xu, Wen, Zhang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpsyt-11-608197-t001.jpg
Variables Sl+(1=43) SI-(1=38) HC (=35 Fix}t P

Age, years 331241147 34.24£936 3257875 0265 0768
(mean  SD)
Gender 21/22 17/21 1520 0299 0.861
(male/female)

Education, years 1163 £353 1224207 1347278 2341 0.101
(mean = SD)

BSI-cv 17,56 % 7.17
(mean  SD)
HAMD-24 2656+ 4.15 2379+ 3.89 3.086 0003
(mean % SD)
Mean FD 009£005 0.10+005 0.10£005 0121 0886
(mean  SD)

S+, major depressive disorder patients with suicicl ideation; Si-, major depressive
disorder patients without suicidal ideation; HC, healthy controls; SD, standrd deviation;
BSI-CV, the Ghinese version of the Beck Scale for Suicidal Ideation; HAMD-24, Hamiton
Depression Rating Scale for Depression 24 item; FD, framewise displacement.





OPS/images/fpsyt-11-608197-t002.jpg
Seed Region MNI coordinates  Voxels F values

X v z

SFC

Left habenula  Left cerebellum -30 -48 —48 33 11.961
Left putamen 27 3 -3 48 8083
Right precentral gyrus 33 —21 60 36 88370

Right habenula Right precuneus 15 -51 21 32 10.302
Left IFG —48 39 9 35 9204

dFc

Left habenula ~ Right lingual gyrus 6 —60 -3 14 7.709
Left precuneus -3 -2 42 22 8620
Right precuneus 9 57 60 18 10260

Right habenula Left STG —60 —42 15 18 10.336
Leftangular gyrus ~ —48 —60 51 16 10072
Left postcentral gyrus —42 —42 54 30 8350

MNI, Montreal Neurological Institute; FC, functional connectivity; SFC, static functional
connectivity; dFC, dynamic functional connectivity; IFG, inferior frontal gyrus; STG,
superior temporal gyrus.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Altered Static and Dynamic Functional Connectivity of Habenula Associated With Suicidal Ideation in First-Episode, Drug-Naïve Patients With Major Depressive Disorder



		Introduction



		Materials and Methods



		Subjects



		Clinical Measures



		MRI Acquisition



		Data Preprocessing



		Definition of Region of Interest



		FC Analysis



		Statistical Analysis



		Validation Analysis







		Results



		Demographics and Clinical Characteristics



		Group Differences in sFC



		Group Differences in dFC



		Correlation Analysis Between FC and Clinical Measurements



		Validation Results







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Psychiatry

Altered Static and Dynamic
Functional Connectivity of Habenula
Associated With Suicidal Ideation in
First-Episode, Drug-Naive Patients

With Major Depressive Disorder





OPS/images/fpsyt-11-608197-g001.gif





OPS/images/fpsyt-11-608197-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Psychiatry





