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Editorial on the Research Topic
 Editorial: Emotional Disturbance and Brain Imaging in Neuropsychiatric Disorders




INTRODUCTION

Emotional disturbances, such as depression, anxiety, and phobias, are prevalent in patients with neuropsychiatric disorders, including somatization disorder (SD), major depressive disorder (MDD), general anxiety disorder (GAD), panic disorder (PD), schizophrenia, blepharospasm, and cervical dystonia (1–5). However, the neuropathology underlying the emotional symptoms in neuropsychiatric disorders remains unclear. Brain imaging techniques provide some unprecedented opportunities to study the neural mechanisms of emotional problems and neuropsychiatric disorders (6–10). This Research Topic convened 16 research articles based on the current understanding of emotional symptoms to explore the underlying neuropathological mechanisms and address important conceptual and methodological questions.



MAJOR DEPRESSIVE DISORDER


Adolescent

Wu F. et al. explored functional and structural connectivity abnormalities within the amygdala-prefrontal circuit in first-episode medication-naive adolescents with MDD through resting-state functional magnetic resonance imaging (rs-fMRI) and diffusion tensor imaging (DTI). Rs-fMRI and DTI imaging data were acquired from 36 patients and 37 age-and sex-matched healthy controls (HCs). The patients showed decreased connectivity between the left amygdala and ventral prefrontal cortex (PFC) and lower fractional anisotropy (FA) in the left uncinate fasciculus. These findings suggest that both functional and structural abnormalities of the amygdala-prefrontal circuit may be involved in the neuropathophysiology of adolescent MDD.

Zhang et al. investigated how emotional context modulates the temporal dynamics of reward anticipation and feedback in adolescents. Electroencephalography (EEG) data from 35 patients with MDD and 37 healthy adolescents were recorded when performing a gambling task after being presented with emotional pictures. The study suggests that adolescents with MDD exhibited dissociable deficits in reward anticipation and gain or loss feedback that were distinctly modulated by emotional contexts, which might deepen our understanding of the modulation of emotional contexts on the dynamic temporal reorganization of the reward circuit in adolescents with MDD.



Adult

Tao et al. investigated the subgenual anterior cingulate cortex (sACC) in patients with depression. Indeed, abnormal activity of the sACC is implicated as a potentially effective target for therapeutic modulation in treatment-resistant depression (TRD). The authors hypothesized that PFC areas with direct fiber connections to the sACC might be sites for effective treatment using transcranial magnetic stimulation (TMS). Two neuroimaging data sets were used to construct anatomic and functional connectivity maps using sACC as the seed region. One data set included magnetic resonance images from 20 HCs, and the other included MR images from 15 TRD patients and 15 additional HCs. Both left and right prefrontal cortex (PFC) is functionally connected to two regions relevant to depression, the sACC and the posterior cingulate cortex (PCC). These bilateral PFC sites may be targets for effective TMS treatment in TRD.

Chen et al. examined the changes in characteristics of affective network connectivity in patients with MDD before and after repetitive TMS treatment over the left dorsolateral PFC to assess how these connectivity changes are linked to the patient's clinical characteristics. rTMS can enhance affective network connectivity in patients with MDD, which is linked to emotional improvement. This study further suggests that the insula might be a potential target region for evaluating clinical efficacy for MDD in designing rational strategies for therapeutic trials.

Liu et al. examined whether the CACNA1C gene rs11832738 polymorphism and MDD had a potential interaction on untreated regional ALFF, and further determined whether the regional ALFF mediated the genetic association with MDD. With 116 patients and 66 HCs, they provided initial evidence for CACNA1C genotype-related alterations in brain function among patients with MDD, which could help better understand the neurobiological mechanisms underlying MDD. The study confirmed that the association of calcium channel dysfunction with MDD might be altered in functional brain activity.



Late-Life Depression

Li et al. aimed to identify the voxel-based whole-brain functional connectivity changes in patients with late-life depression (LLD). With 50 patients and 33 HCs, the study indicated that the intrinsic abnormality of network centrality exists in a wide range of brain areas in patients with LLD. Late-onset depression patients differ from early-onset depression in cortical network centrality.

Krause-Sorio et al. conducted a pilot study of 22 older adults with depression who randomly received escitalopram/memantine or escitalopram/placebo treatment and tested with diffusion-weighted imaging (DWI) to investigate brain white matter integrity in the fronto-limbic-striatal tracts based on fractional anisotropy and treatment response. In bilateral anterior and posterior internal capsule tracts and bilateral inferior and right superior fronto-occipital fasciculus, higher fractional anisotropy was associated with more considerable improvements in depressive symptoms for escitalopram/memantine but not escitalopram/placebo. While the findings seemed promising, it has to be noted that the study was based on a small sample with some significant losses to follow-up. Therefore, further studies with adequate statistical power are needed in the future.

Wu Y. et al. aimed to examine altruism in patients with LLD and its neurobiological mechanism. Depressive patients seemed to show less altruistic behavior, while depression and age are two primary influencing factors of altruism. Kynurenine and its metabolites can cross the brain-blood barriers, impact the central nervous system, and play a significant role in psychiatric disorders, including depression. They investigated whether metabolites in the kynurenine pathway and white matter network topological features would influence altruistic behavior in patients with LLD. With 34 patients and 36 HCs, the study showed that patients exhibited a higher level of altruism and white matter global network properties than the HC. Kynurenic acid to kynurenine ratio was associated with the Dictator Game paradigm performance and network density in the patients. Kynurenine metabolism might play an important role in altruistic behavior in LLD.




BIPOLAR DEPRESSION

Lu et al. performed a study of 27 HCs, and 36 patients with bipolar depression (BPD) treated with quetiapine. At baseline, the altered composition of gut microbiota and low B/E ratio was founded in patients with BPD, and Enterobacter spp count was significantly correlated to CD3+ T cells. Antipsychotic treatment significantly improved depressive symptoms and the balance of B/E. This finding suggests that the treatment effect on depressive symptoms might be partly through the improved gut microbiota balance.

Ren et al. investigated possible age-associated alterations of white matter integrity in adolescents and young adults with BPD aged 13–30. The findings provide neuroimaging evidence supporting a back-to-front spatiotemporal directionality of the altered development of white matter integrity associated with age in patients with BPD during adolescence/young adulthood.



COMPARISON BETWEEN MDD AND BD

Takahashi et al. explored abnormal melatonin secretion in patients with MDD and BPD. They employed MRI to examine pineal gland volumes and pineal cyst prevalence in 56 patients with MDD (29 currently depressed and 27 remitted patients), 26 patients with BPD, and matched HCs (33 for MDD and 24 for BD). The pineal gland was significantly smaller in the current MDD of non-melancholic depression than in the melancholic MDD. Pineal volumes negatively correlated to the severity of loss of interest in the current MDD. The medication used and the number of affective episodes were not associated with pineal volumes in the MDD or BPD. While the findings do not suggest that pineal volumes reflect abnormal melatonin secretion in affective disorders, they point to the possibility that pineal abnormalities are associated with clinical subtypes of MDD and its symptomatology.



SCHIZOPHRENIA

Luo et al. performed a study of dynamic functional connectivity strength (dFCS) at a different frequency with rs-fMRI data from 96 patients with schizophrenia (SZ) and 121 HCs. They found that relative to HCs, patients with SZ tend to have decreased dFCS in the salience, auditory, sensorimotor, and visual networks but increased dFCS in the cerebellum, basal ganglia, and prefrontal network consistently at low-frequency bands, which significantly interacted with disease status. However, no significant difference in dFCS was found in higher frequency. The study may provide potential implications for examining the neuropathological mechanism of SZ.

Duan and Zhu aimed to examine SZ research utilizing MRI through a bibliometric analysis of literature searched in PubMed from 2004 to 2018, divided into three 5-year periods. It showed that the utilization of MRI in SZ research was relatively diverse, but the theme clusters derived from each period reflect the evolvement from (1) the brain structure and its link to functional abnormality, metabolism, and antipsychotic efficacy and pathology; (2) the physiopathology mechanism and etiology of cognitive disorders including brain structure and function, default network, and psychology; and to (3) the neurobiology between SZ and other mental disorders, including the genetic and antipsychotic effect on brain structure and function. These findings provide useful information for developing future SZ research using MRI techniques.



SUBSTANCE ABUSE

Yang et al. examined regional Cerebral Blood Flow (rCBF) alterations and their cognitive performance in unmedicated heroin-dependent individuals (HDIs). Voxel-wise whole-brain analysis of rCBF measured arterial spin labeling (ASL) perfusion MRI showed that relative to HCs. HDIs tend to have decreased rCBF in the bilateral cortical and subcortical inferior temporal gyrus, medial frontal gyrus (MFG), orbital medial frontal cortex, precuneus, posterior cerebellar lobe/declive, and right thalamus and posterior cerebella cortex, all of which were significant between HDIs and HCs in the ROIs analysis. The rCBF at MFG was significantly associated with cognitive performance measured by Trail Making Test. These findings suggest the MFG as a critical region in HDIs and suggest ASL-derived CBF as a potential marker for use in heroin addiction studies.

Sariah et al. performed an interesting study of whether chewing betel quid had acute and longer-term addictive effects in naive and dependent users. The rs-fMRI was performed in 24 male betel quid-dependent chewers and 28 male HCs before and promptly after betel quid chewing. They found that individuals who chronically used betel quid have higher functional connectivity in the frontal, parietal, and temporal brain regions relative to HCs. However, the acute effect was observed in naive Betel-quid chewers with increased functional connectivity in some visual cortical areas of the superior and right middle occipital gyrus and subcortical caudate, putamen, pallidum, and thalamus.



OTHER PSYCHIATRIC DISORDERS

Seok and Cheong aimed to identify gray matter deficits and functional alterations using voxel-based morphometry and fMRI analyses of 15 men with intermittent explosive disorder (IED) and 15 age sex-matched HCs. Gray matter volume and brain activation while viewing the anger-inducing films were measured using 7T MRI. Men with IED had significantly reduced gray matter volume in the insula, amygdala, and orbitofrontal area relative to HC; gray matter volume in the left insula was negatively correlated with composite aggression scores. fMRI showed that men with IED showed greater activation in the insula, putamen, anterior cingulate cortex, and amygdala during anger processing. Left insula activity was positively correlated with composite aggression scores. These findings collectively suggest that structural and functional alterations in the left insula are linked to IED, thereby providing insight into IED's neural mechanisms.



CONCLUSIONS AND FUTURE PERSPECTIVES

Emotional disturbance is mostly related to mood and anxiety disorders that are highly prevalent neuropsychiatric disorders and common in older adults of general populations (11). Neuroimaging is a critical tool for understanding the neural mechanisms and defining brain circuits underlying neuropsychiatric disorders. While most articles published in this specific theme employed observations of cases and healthy controls, two studies by Chen et al. and Krause-Sorio et al. examined neuroimaging in response to antidepressant treatment, which may provide a proof of concept that neuroimaging can predict pharmacological treatment response.

The advances in neuroimaging techniques and biotechnology have provided an unprecedented opportunity to study precision neuropsychiatric disorders in past years. Advanced neuroimaging techniques have helped to investigate brain structural and functional changes in neuropsychiatric diseases through MRI [fMRI, DTI, Perfusion Weighted Imaging (PWI), Cortical Thickness, Voxel-Based Morphometry], [Positron Emission Tomography (PET), and Magnetoencephalography (MEG)]; fMRI has in particular provided information about neural connectivity at rest (rs-fMRI) and during a task. Rs-fMRI represents a promising method for investigating brain in-vivo in physiological and pathological conditions due to both its spatial resolution compared to other methods, such as MEG and EEG, as well as the possibility of using it with poorly compliant patients due to their clinical condition. This allows us to highlight abnormalities at multiple levels across neural systems. Rs-fMRI studies have underlined that neuropsychiatric diseases show altered interactions between different RSNs, and disease progression and treatments may modify these interactions.

Even if neuroimaging techniques (especially rs-fMRI) represent valid tools to investigate neuropsychiatric diseases, results are often inconsistent, showing significant variability, which may present problems for identifying specific biomarkers of pathology. The lack of confirmed biomarkers might be due to different variables. These may include the heterogenicity of the neuropsychiatric disease, the diversities of data analysis technique used, and the limits intrinsic to rs-fMRI, such as the scarce possibility of monitoring patients' real mental content during the acquisition phase. Future studies should include standardized protocols for enrollment of sample size, reducing the heterogeneity observed. Integration of temporal and spatial imaging as well as clinical and molecular data may improve the identification of brain circuits related to neuropsychiatric disorders and treatment response.

Moreover, a combination of multimodal imaging tools, such as PET, structural MRI, and fMRI, can help understand brain circuits' structure and function. A PET scan can reveal metabolic and functional problems at a cellular level that MRI and fMRI cannot provide, which may be critical for some neuropsychiatric diseases. These precautions could provide more power in identifying disorder-specific neural alteration and help develop specific therapeutic interventions in future precision psychiatry.
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The mechanism of bipolar disorder is unclear. Growing evidence indicates that gut microbiota plays a pivotal role in mental disorders. This study aimed to find out changes in the gut microbiota in bipolar depression (BD) subjects following treatment with quetiapine and evaluate their correlations with the brain and immune function. Totally 36 subjects with BD and 27 healthy controls (HCs) were recruited. The severity of depression was evaluated with the Montgomery-Asberg depression rating scale (MADRS). At baseline, fecal samples were collected and analyzed by quantitative polymerase chain reaction (qPCR). T lymphocyte subsets were measured to examine immune function. Near-infrared spectroscopy (NIRS) was used to assess brain function. All BD subjects received quetiapine treatment (300 mg/d) for four weeks, following which the fecal microbiota and immune profiles were reexamined. Here, we first put forward the new concept of brain-gut coefficient of balance (B-GCB), which referred to the ratio of [oxygenated hemoglobin]/(Bifidobacteria to Enterobacteriaceae ratio), to analyze the linkage between the gut microbiota and brain function. At baseline, the CD3+ T cell proportion was positively correlated with log10 Enterobacter spp count, whereas the correlativity between the other bacteria and immune profiles were negative. Log10 B-GCB was positively correlated with CD3+ T cell proportion. In subjects with BD, counts of Faecalibacterium prausnitzii, Bacteroides–Prevotella group, Atopobium Cluster, Enterobacter spp, and Clostridium Cluster IV were higher, whereas the log10 (B/E) were lower than HCs (B/E refers to Bifidobacteria to Enterobacteriaceae ratio and represents microbial colonization resistance). After treatment, MADRS scores were reduced, whereas the levels of Eubacterium rectale, Bifidobacteria, and B/E increased. The composition of the gut microbiota and its relationship to brain function were altered in BD subjects. Quetiapine treatment was effective for depression and influenced the composition of gut microbiota in patients.

Clinical Trial Registration: http://www.chictr.org.cn/index.aspx, identifier ChiCTR-COC-17011401, URL: http://www.chictr.org.cn/listbycreater.aspx.

Keywords: bipolar depression, gut microbiota, brain function, immune function, quetiapine treatment



Introduction 

Bipolar disorder caused a high global disease burden (1) with a lifetime prevalence of 1.0% for bipolar-I disorder, 1.1% for bipolar-II disorder, and 2.4% for subthreshold bipolar disorder. The pathogenesis of bipolar disorder is unclear. Its diagnosis is based on clinical symptoms. Hence, it is frequently misdiagnosed as major depressive disorder (2, 3). The misdiagnosis results in poor therapeutic outcomes (2). Therefore, it makes great sense to study the mechanism of bipolar disorder, search for biomarkers, and find novel therapies.

Gut microbiota plays an increasingly important role in the onset and progress of psychiatric disorders. Brain-gut axis is the highway on which biochemical molecules travel between the brain and the gut. These biochemical molecules are involved in immune system, endocrine system, and the vagus nerve (4, 5). Many of these molecules can be produced by gut microbiota directly or indirectly. Therefore, we suspect that gut microbiota triggers bipolar disorder through brain-gut axis is one of the potential mechanisms of bipolar pathogenesis. This includes immune, neural, and endocrine pathways. These pathways work in tandem and is also a complex whole that communicates with each other on the way to bipolar disorder. Gut microbiota is associated with activation of pro- or anti-inflammatory responses in central nervous system (CNS) (6). Short-chain fatty acids (SCFAs) are products of carbohydrates fermented by gut bacteria. SCFAs are protective factors for inflammatory status in both peripheral and CNS (7, 8). Other gut metabolites and microbial components also contribute to inflammatory modulation, such as polyamines, polysaccharide A, formyl peptides, and D-glycero-β-D-mannoheptose-1,7-bisphosphate (8). Some bacteria, such as Lactobacillus strain, regulate emotion via vagus nerve (9). Enteroendocrine cells release mediators, such as 5-hydroxytryptamine (5-HT), cholecystokinin, glucagon-like peptide 1, peptide YY, and ghrelin. These mediators are regulated by intestinal nutrient status. They stimulate vagal afferent neurons signaling to CNS to regulate food intake behaviors in mood disorder patients (10). In particular, 5-HT plays an important role in the regulation of emotion (11). Hypothalamic-pituitary-adrenal axis is also influenced by gut microbiota (12), communicates with immune system (13), and is involved in emotion regulation (12).

A growing body of research finds that gut microbiota in bipolar patients is different from that in normal persons. In bipolar disorder patients, Clostridiaceae is found more abundant than that in HCs (14). Two studies observed the decline of Faecalibacterium in bipolar disorder subjects (15, 16), which is related to better self-reported health states (16). The presence of genus Flavonifractor is a risk factor for bipolar disorder and is confounded by female sex and smoking (17). As a dangerous factor, genus Flavonifractor may induce inflammation and oxidative stress to harm its host (17). In patients with bipolar disorder, negative correlations are found between Lactobacillus counts and sleep, and between Bifidobacterium counts and serum cortisol levels, indicating these two bacteria impact exact depressive symptoms (18). Special bacteria changes in bipolar patients in different researches are not completely coincident. Compared with HCs, phylum Actinobacteria and class Coriobacteria are more abundant in bipolar patients, whereas class Ruminococcaceae is more abundant in HCs (15). Two studies have analyzed gut microbiota in bipolar patients who received psychotropic medications therapy. One study shows that atypical antipsychotics treated females have lower species richness when compared with nonatypical antipsychotics treated females (19). However, this is not significant in male patients (19). In this study, the atypical antipsychotics include clozapine, olanzapine, risperidone, quetiapine, asenipine, ziprasodone, lurasidone, aripiprazole, paliperidone, and iloperidone (19). The other study identifies 30 microbial markers in bipolar depression patients, which are different from HCs, and finds the alteration of gut microbiota composition following quetiapine monotherapy (20). Moreover, 10 microbial markers are identified from the responders of patients (20).

As yet, no study has explored the connection among the brain function, gut microbiota, and immune function in BD population. This study not only attempts to compare the gut microbiota between BD and HCs but also to find this potential connection. The results will be a supplement to the brain-gut axis in the psychiatric field. Besides that, this study also tries to repeat the effects of quetiapine treatment on gut microbiota in BD patients.




Materials and Methods



Study Design and Subjects

This study was approved by the Ethics Committee of the First Affiliated Hospital, Zhejiang University School of Medicine (a quick review of scientific research, No.397, 2017, see Supplement for the original document) and was performed in accordance with the Helsinki Declaration of 1975. The clinical trial registry number was ChiCTR-COC-17011401. All participants were provided informed consents before being recruited into the study (for adolescents, consents were provided by their guardians). The privacy rights of the recruited subjects were taken seriously.

Altogether, 36 subjects with BD were recruited from the inpatient and outpatient departments of the First Affiliated Hospital, Zhejiang University School of Medicine from May to October 2017. Twenty six patients suffered from bipolar II, and 10 patients had bipolar I. The age of the subjects ranged from 14 to 57 years old. All subjects met the following criteria: (a) BD was diagnosed by two psychiatrists according to the Structured Clinical Interview for DSM-IV-TR disorders (SCID); there was no severity requirement for depression; (b) BD subjects who had not received any treatment (17 patients) or medications had been stopped for more than 3 months (19 patients stopped medications because of the recovery from the disease or the intolerance of side effects). The exclusion criteria included (I) comorbidity of gastrointestinal disease, infectious disease, fever, and other physical diseases; (II) suffering from autoimmune disease, endocrine disease, and other mental disorders; (III) a history of using antibiotics, probiotics, prebiotics, synbiotics, or yoghurt within a month; (IV) taking lactulose, prokinetic drugs, or antibiotics treatment in the last month; and (V) any history of substance abuse, including nicotine dependence, caffeine use, and others.

In total, 27 age-, gender-, marriage-, and BMI-matched HCs were recruited from five communities in Hangzhou, China. All HCs were excluded if they met any of the exclusion criteria of the BD group or the following criteria: irregular bowel frequency (regular frequency refers to daily or every other day); history of suicide attempts; Montgomery-Asberg depression rating scale (MADRS) (21) score greater than 8 points (22); young mania rating scale (YMRS) (23) score greater than 5 points; and any positive diagnosis on the mini-international neuropsychiatric interview (M.I.N.I.).

All BD subjects completed the rating scales and provided a 3-ml venous blood sample, which was immediately sent to the laboratory for the T lymphocyte subsets measurements. They also provided fecal samples to the State Key Laboratory for Diagnosis and Treatment of Infectious Diseases in the hospital. Sixteen patients completed the baseline test of the NIRS. As a first-line therapy for BD recommended by the Canadian Network for Mood and Anxiety Treatments and International Society for Bipolar Disorders 2018 guidelines (24), quetiapine was selected to treat BD patients in this study. All patients received a four-week treatment with quetiapine (from 50 mg/day gradually increase to 300 mg/day per person in 12 days) (25). During the treatment, no other psychotropic medications were used. Several nonpsychiatric drugs were used to ease side effects. Propranolol (10 mg–20 mg/day) was used to treat sinus tachycardia, and glycerine enema was used to treat constipation. No other medications were used. After 4 weeks, the rating scales were reassessed, and T lymphocyte subsets and fecal bacteria populations were retested. Seventeen patients completed the one-month follow up.

The HCs group also completed the rating scales for screening and provided fecal samples.




Rating Scale Assessment for Mood Symptoms

In the BD group, depression severity was assessed using MADRS (21, 22). Mania severity was measured using YMRS (23). MADRS and YMRS were measured by two independent and experienced psychiatrists who were trained simultaneously in using the MADRS and YMRS before this study began. After training, a correlation coefficient greater than 0.8 was maintained for both the MADRS and the YMRS total score by repeated assessments. Both of the scales were evaluated twice, before and after treatment.

In the HCs group, MADRS, YMRS, and M.I.N.I. were used as screening tools. All the scores were below the lowest intervention thresholds that were aforementioned.




Measurements of T Lymphocyte Subsets

Venous blood samples were collected from all patients (except one male patient who did not offer a blood sample). The proportions of T lymphocyte subsets (e.g., CD3+, CD4+, CD8+ T cells, and NK cells) were examined by a BD FACS CantoTM II ﬂow cytometer (BD Bioscience, CA, United States; previously described in PMID: 8404602). The blood samples were stained with antibodies as follows: Pcy5-conjugated anti-CD3, FITC-conjugated anti-CD4, P-phycoerythrin-conjugated anti-CD8 (BD Biosciences, CA, United States), and PE-conjugated anti-CD16/CD56 (Beckman Coulter, CA, United States). These tests were all carried out in triplicate using the same batch of kits.




Fecal Bacterial Population Determination

This study examined 10 common bacteria. Faecalibacterium prausnitzii, Clostridium Cluster IV, and Eubacterium rectale are butyrate producers (26–28). Sodium butyrate upregulates the level of brain-derived neurotrophic factor (BDNF) in the damaged brain (29). Levels of BDNF in the brain and serum are decreased in depressed patients (30). Thus, the fluctuation of gut Faecalibacterium prausnitzii, Clostridium Cluster IV, and Eubacterium rectale populations is responsible for the mood swing. Enterococcus faecalis is conditioned pathogen, and its metabolite, metalloprotease, is associated with the chronic intestinal inflammation (31). Lactic acid bacteria produces lactic acid. A peripheral intervention of lactate contributed to antidepressant-like effects with changes of epigenetics in hippocampus (32). Bifidobacteria is beneficial for the gut barrier, colonic immune system, and intestinal cell proliferation (33). Enterobacter spp have emerged as an important cause of nosocomial infections in clinic (34). Hence, we analyzed Faecalibacterium prausnitzii, Clostridium Cluster IV, Eubacterium rectale, Enterococcus faecalis, Lactic acid bacteria, and Bifidobacteria populations in feces of BD subjects. We also included Bacteroides-Prevotella group, Clostridium Clusters I, and Atopobium Cluster for population analysis. All of these bacteria were compared with those of HCs.

B/E, the gut Bifidobacteria to Enterobacteriaceae ratio, used to describe the microbial colonization resistance against pathogenic bacteria of the bowel (35–37). Its validity is widely accepted by researchers (36, 38, 39). The concept of colonization resistance (CR) was first put forward in 1971 by van der Waaij D et al. to describe the resistance that small amount of ingested Enterobacteriaceae was hard to colonize in animal intestinal tract (37). They describe CR as the endogenous anaerobic fraction of the intestinal microflora (37). Then, it was discussed again in 1992 by van der Waaij D (35). Based on this, researchers in State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, First Affiliated Hospital, Zhejiang University School of Medicine, Zhongwen Wu et al. put forward a new index called B/E ratio to quantify microbial colonization resistance of the bowel (40). They also use it to evaluate the liver disease progression in a study reported in 2011 by Haifeng Lu, who is also a researcher in this laboratory (38). In 2004, B/E was used in an intestinal microecology study in irritable bowel syndrome patients (36). In 2018, B/E was used in a research studying how green tea polyphenols modulate gut microbiota (39). Therefore, in our study, the use of B/E is a new and rational attempt.

The fecal samples were divided into small samples in smaller tubes and were freshly preserved at -80°C within 30 min of defecation. DNA was extracted from the feces and precipitates with the Qiagen Stool Kit (Qiagen, Hilden, Germany), according to a modified protocol for cell lysis (41). DNA integrity was checked by agarose gel electrophoresis and UV-light imaging with ethidium bromide staining (38).

Though the sequencing of ribosomal targets using a single or limited set of primers is a more standard way to characterize the microbiota, qPCR and immunological techniques would be more suitable for clinical use. Therefore, we chose qPCR and immunological techniques to investigate 10 bacterial populations in the feces.

The process of qPCR was the same as the previous manipulations [see Lu et al. (38)]. The primers for qPCR were referenced from earlier studies (Table 1). All oligonucleotide primers were synthesized by TAKARA (Dalian, China).



Table 1 | Primers used in the study.
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NIRS Measurement

The activation task in this study was the verbal fluency task, which was similar to that used by Suto et al. in 2004 (45). Patients experienced a 30-s pretask baseline, 60-s activation task, and 70-s posttask baseline. For the pre and postbaseline periods, the individuals were instructed to consecutively repeat a train of numbers as follows: 1, 2, 3, 4, and 5. During the activation period, the individuals were instructed to generate as many Chinese terms as possible with specific initial Chinese characters. There were three sets of initial Chinese characters (“tian,” “da,” and “bai”), and every character changed every 20 s. The performance was determined by the number of correct terms generated by participants during the activation period.

The NIRS system was a 52-channel one (ETG-4000; Hitachi Medical Co., Tokyo, Japan). A total of 33 probes consisted of 52 channels and covered the bilateral prefrontal and temporal regions (Figure 1). Among the 33 probes, there were 16 light emitters and 17 detectors with interoptrodes. Relative changes in oxy-Hb and deoxy-Hb were measured using two wavelengths (695 nm and 830 nm) of infrared light, based on the modified Beer-Lambert law (46–48). The temporal resolution was 0.1 sec. The distance between pairs of source-detector probes was set at 3.0 cm and the measured area involved by a pair of source-detector probes was defined as one “channel.” This machine is assumed to measure a “channel” at a depth of 2-3 cm from the scalp (i.e., the surface of the cerebral cortex).
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Figure 1 | Near-infrared spectroscopy (NIRS) measurement. In this study, the [oxy-Hb] of the prefrontal cortex was examined by channel 25, channel 36, and channel 46, and the average was used as representative.




The data was analyzed using the “integral mode” to examine the task-related activation. The pretask baseline was determined by the mean over a 10-s period instantly prior to the task period, and the posttask baseline was determined by the mean over the last 10 s of the posttask period. Linear fitting was performed between the two baseline datasets.

Both increased concentrations of oxygenated (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) in micro-blood vessels reflected the cortical activation, and this was confirmed by comparing to other methods such as PET, SPECT, and functional MRI (45). The prefrontal function of bipolar patients is off-normal (49–52). Therefore, we took the changed absolute value of mean prefrontal oxy-Hb (deoxy-Hb) concentration, [oxy-Hb], to represent the prefrontal function. [oxy-Hb] was recorded during the 60-s task period. B/E, as a representative of the microbial colonization resistance, indicates the ability against pathogenic bacteria of the bowel. It is a character of gut microecological balance. As a growing body of evidences suggest the effects of gut microbiota on bipolar pathogenesis and refer to the brain-gut axis disturbance, we tried to connect gut microbiota to prefrontal function. We creatively postulated a parameter called brain-gut coefficient of balance (B-GCB) to assess the brain-gut correlations integrally. B-GCB referred to the ratio of [oxy-Hb]/(B/E).




Statistical Analysis

Statistical analysis was conducted using the SPSS 19.0 statistical software (IBM, IL, United States). All significance levels were two-tailed.

To compare the socio-demographic and clinical profiles, the χ2 test was applied to categorical variables, and analysis of variance (ANOVA) was used for the continuous variables.

To compare the gut bacterial populations between patients and HCs, ANOVA was used to test the gut microbiota differences. Once the ANOVA was significant, the effects of gender, BMI, age, education, and smoking were tested by adding these variables to the one-way analysis of covariance (ANCOVA). The same method was used for [oxy-Hb] comparison between groups.

For the baseline data of the BD group, correlation analysis among the T lymphocyte subsets, bacterial populations, and the MADRS score was performed. Before correlation analysis, each parameter was tested normality using Kolmogorov-Smirnov test with the correction of Lilliefors. Those abnormal distributed results were logarithmically transformed and then tested for normality again. The outliers were detected by box plots (95% confidence interval) and excluded. Pearson correlations were calculated for normally distributed data, and Spearman correlations were used for data that were not normally distributed. Bonferroni correction was used during the multiple comparisons.

The relationships between the log10 (B-GCB) and the severity of depression (MADRS score), the T lymphocyte subsets were explored using Pearson correlation analysis.

To analyze the therapeutic effect of four weeks’ treatment of quetiapine, the Mann-Whitney U test was used to compare the baseline and the posttreatment data. Every gut bacterial population was analyzed. Correlation analyses were performed between the declination rate of the MADRS score (the percentage of change from baseline to the end of the study) and the difference value of each bacterial population (or the difference values between the logarithmically transformed data) in order to determine the clinical predictive value of the gut flora to BD.

Gender differences in the gut microbiota in either of the groups were examined using the Mann-Whitney U test.





Results



Socio-Demographic and Clinical Characteristics

Comparing patients and HCs, no significant difference was found in age, gender, marital status, BMI, and handedness (p > 0.1), but the education level in the BD group was significantly different from that in HCs (p = 0.002). The other clinical information of the BD group was shown in Table 2. Socio-demographic information of patients who finished the follow up was shown in Table 3.



Table 2 | The socio-demographic and clinical profiles of participants (mean ± SD).
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Table 3 | Socio-demographic information of patients who finished the follow up.
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Comparing Gut Microbiota Between the BD Patients and HCs

The counts of Faecalibacterium prausnitzii, Bacteroides–Prevotella group, Atopobium Cluster, Enterobacter spp, and Clostridium Cluster IV were significantly higher in the BD group compared with HCs (p = 0.030, p < 0.001, p < 0.001, p < 0.001, and p < 0.001, respectively, Table 4). Besides, the B/E ratio of the BD group was significantly lower than HCs (p = 0.001, Table 4).



Table 4 | Bacterial populations in bipolar depression patients and healthy controls.
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The New Conception of the Brain-Gut Coefficient of Balance and Related Results

The log10 B-GCB was positively correlated with the CD3+ T cell proportion (r = 0.540, p = 0.038, Figure 2).
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Figure 2 | The log10 B-GCB was positively correlated with the CD3+ T cell proportion (r = 0.540, p = 0.038).






Correlations Among Baseline Parameters Within the BD Group

We found that the CD3+ T cell proportion was positively correlated with log10 Enterobacter spp count (Bonferroni corrected p = 0.048, Table 5).



Table 5 | Correlations among baseline parameters within the BD group.
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Therapeutic Effect of Quetiapine

Posttreatment results were different from the baseline data (see Figure 3). However, no significant correlations were found between the declination rate of the MADRS scores and the bacteria quantity variations.
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Figure 3 | Comparisons between the baseline and the posttreatment data of bacterial populations and the Montgomery-Asberg depression rating scale (MADRS) score. Significant increases were found in the levels of Bifidobacteria count (1.33*10^5 ± 2.578*10^5 vs. 5.50*10^5 ± 8.968*10^5, p = 0.015), Eubacterium rectale count (5.58*10^6 ± 9.398*10^6 vs. 3.49*10^7 ± 7.955*10^7, p = 0.004), and B/E (0.0594 ± 0.07385 vs. 0.446 ± 0.8213, p = 0.023) (A–C). The decrease of the MADRS score indicates a significant improvement in depressive symptoms (28.42 ± 10.166 vs. 10.00 ± 4.200, p < 0.001, D).






Gender Difference in the Gut Microbiota

Bacteroides-Prevotella group count showed a gender difference in the BD group (see Figure 4) according to the baseline data. However, in the HCs, none of the bacterial populations showed any gender difference (Table 6).
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Figure 4 | Bacteroides-Prevotella group count showed a gender difference in the bipolar depression (BD) group (male: 1.75*10^9 ± 1.801*10^9, female: 6.56*10^8 ± 8.213*10^8, p = 0.026) according to the baseline data.





Table 6 | Gender difference in the gut microbiota.

[image: ]







Discussion

We found that among patients with BD: (1) counts of Faecalibacterium prausnitzii, Bacteroides-Prevotella group, Atopobium Cluster, Enterobacter spp, and Clostridium Cluster IV were significantly increased relative to HCs, whereas microbial colonization resistance was significantly decreased; (2) after treatment, populations of Bifidobacteria and Eubacterium rectale rebounded, and microbial colonization resistance recovered along with the decline of MADRS score; (3) B-GCB was positively correlated with CD3+ T cell proportion; and (4) log10 (Enterobacter spp count) was positively correlated with CD3+ T cell proportion.

The gut microbiota composition in BD patients was different from that in HCs and was associated with illness severity and immune alterations. The expansion of Bacteroides-Prevotella group and Enterobacter spp indicates the dysbiosis of gut microbiota (53). The decrease of B/E indicated a weakened microbial colonization resistance. These results suggested that gut microecology was unbalanced in BD patients. The expansion of conditioned pathogen (e.g., Enterobacter spp) and pathogen (e.g., Bacteroides-Prevotella group) reduced the ability of intestine to resist exogenous pathogen. Former research finds a decreased cytotoxic cell level and an increased plasma IL-6 level (54) in bipolar patients. The immune activation in bipolar disorder patients is probably part of the results of the gut dysbiosis. This study found that Log10 (Enterobacter spp count) was positively correlated with CD3+ T cell proportion, indicating that Enterobacter spp expansion caused immune activation. A previous study shows a decrease in Faecalibacterium fractional representation in bipolar patients (16). However, our result found an elevated Faecalibacterium prausnitzii count. It seemed conflictive. The study design of Evans et al. was different from this study. Evans et al. recruited bipolar patients who were taking more than one psychotropic medication, whereas in this study, our patients had never received any psychotropic medcation or had stopped medication for more than 3 months. Faecalibacterium prausnitzii is a butyrate producer and has anti-inflammatory actions in colitis (55, 56). It helps to maintain the gut microbial balance. The discrepant results are probably associated with the different disease course and medication use. In this study, Faecalibacterium prausnitzii was supposed to be in a compensatory state without medication influence. Clostridium Cluster IV is another butyrate-producing bacteria (27) and belongs to beneficial bacteria. Therefore, in this study, beneficial bacteria populations expanded parallelly with pathogenic bacteria populations. This indicated that, in the early stage of the disease, gut bacteria changed follow a compensatory mechanism. They multiplied to protect gut resistance against the pathogen proliferation. The multiplied proportion was closely related to depressive severity.

The one-month quetiapine treatment was effective. The anaerobic Bifidobacteria and Eubacterium rectale proliferated during the one-month treatment. Microbial colonization resistance was determined by endogenous anaerobic bacteria fraction in the intestine (37). Anaerobic Bifidobacteria and Eubacterium rectale populations rebounded, suggesting the recovery of the microbial colonization resistance. This conclusion was supported by the posttreatment elevation of B/E.

B-GCB is associated with immune disturbance when the brain-gut balance is broken. This study found that B-GCB was positively associated with CD3+ T cell proportion. This suggested that BD subjects experienced an immune activation mediated by CD3+ T cell. As a T-cell co-receptor, CD3 helps to activate both the cytotoxic T-cells and T helper cells and is involved in signaling transduction between the inner and outside cytomembrane.

Similar to previous research findings, our study found that alterations in the composition of the gut microbiota may be associated with bipolar disorder and its severity (16). These BD specific bacteria can be used as screening biomarkers in clinic. Bifidobacteria, Eubacterium rectale, and B/E can be used as biomarkers to assess therapeutic effects. Our results found that CD3+ T cell mediated immune activation in BD patients. This points to future treatment with anti-inflammatory agents and probiotics in this population. Future studies are needed to confirm the utility of the B-GCB in evaluating the course and treatment response in BD.

Several limitations to this study should be noted. First, the sample size is relatively small. This is not only a major limitation for the validity assessment of our findings but also for the subgroup analysis among different age groups. In this study, the wide age range of patients was downwards of 14 years old and upwards of 57 years old. It is clear that the gut microbiota of older adults differs from that of young people (57). Therefore, a larger sample size is required in future studies. Similarly, diet is an important factor that shapes the composition of gut microbiota (58). However, this report did not include any information regarding to diet. It is too difficult to analyze the impact of diet base on the small sample size and the single institution of patient source. Diet analysis is more feasible for multiregional cooperation studies. Second, 16S and metagenome sequencing are more suitable to explore the whole diversity of gut microbiota. The use of qPCR is another major limitation in this study. This should be improved in the following studies. Third, the patient group did not receive placebo treatment as a control. Eubacterium rectale count, Bifidobacteria count, and B/E (Bifidobacteria to Enterobacteriaceae ratio, microbial colonization resistance) elevated. It is hard to distinguish whether the elevation is due to the quetiapine treatment or the natural disease course. Fourth, we did not collect blood and fecal samples of HCs at four-week treatment. This study did not compare fecal microbiota of BD group and HCs at four-week treatment. Therefore, this research could not explain whether the four-week treatment makes the gut microbiota of patients approaching that of HCs. Fifth, BMI of BD group was lacking at four-week treatment. Therefore, this study failed to help patients’ BMI management during quetiapine treatment. Exogenous bacteria intake may benefit the patients’ BMI. Further study is needed to find the exact bacteria associated with drug-induced obesity. Atypical antipsychotics treatment causes weight gain and decreases the richness of gut microbiota (19, 59, 60). This is more remarkable in females and is closely related to drug dose (19, 59). High dose impacts more bacteria species. Olanzapine treatment using 2 mg/kg increases Firmicutes level, decreases Actinobacteria level in female rats, and reduces Proteobacteria level in both sexes (59). Olanzapine treatment using 4 mg/kg reduces both Actinobacteria and Proteobacteria levels in female rats, increases Firmicutes level, and decreases Bacteriodetes level in both sexes (59). In a human study, atypical antipsychotics reduces species diversity of gut bacteria in female patients. The involved genera includes Lachnospiraceae, Akkermansia, and Sutterella (19). Therefore, this study could not clarify the reason why Eubacterium rectale count, Bifidobacteria count, and B/E elevated. It is probably because of the recovery of the disease or just the influence of quetiapine. The fecal re-examination is needed for the follow-up BD patients with placebo treatment or who reject treatments.

In summary, this study found that the composition of the gut microbiota in BD subjects was altered. The alteration of gut microbiota was associated with immune activation and linked to brain function. Quetiapine treatment was effective for the remission of depression and influenced the gut microbiota in patients. Further studies are required to confirm our findings and achieve more clinically useful results.
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Background

Alterations of white matter integrity during adolescence/young adulthood may contribute to the neurodevelopmental pathophysiology of bipolar disorder (BD), but it remains unknown how white matter integrity changes in BD patients during this critical period of brain development. In the present study, we aimed to identify possible age-associated alterations of white matter integrity in adolescents and young adults with BD across the age range of 13–30 years.



Methods

We divided the participants into two groups by age as follows: adolescent group involving individuals of 13–21 years old (39 patients with BD and 39 healthy controls) and young adult group involving individuals of 22–30 years old (47 patients with BD and 47 healthy controls). Diffusion tensor imaging (DTI) was performed in all participants to assess white matter integrity.



Results

In the adolescent group, compared to those of healthy controls, fractional anisotropy (FA) values were significantly lower in BD patients in the left inferior longitudinal fasciculus, splenium of the corpus callosum and posterior thalamic radiation. In the young adult group, BD patients showed significantly decreased FA values in the bilateral uncinate fasciculus, genu of the corpus callosum, right anterior limb of internal capsule and fornix compared to healthy controls. White matter impairments changed from the posterior brain to the anterior brain representing a back-to-front spatiotemporal directionality in an age-related pattern.



Conclusions

Our findings provide neuroimaging evidence supporting a back-to-front spatiotemporal directionality of the altered development of white matter integrity associated with age in BD patients during adolescence/young adulthood.
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Introduction

An increasing number of studies using magnetic resonance imaging (MRI) have strongly suggested that changes in white matter (WM) may underline the disruption of the normal interactions between brain regions seen in bipolar disorder (BD) patients, thus making it possible to use neuroimaging evidence to delineate pathophysiological mechanism of BD (1–4). To measure the alterations of WM in BD patients, diffusion tensor imaging (DTI) has been widely used to assess WM integrity as fractional anisotropy (FA) obtained by DTI is generally considered a reliable index of axonal integrity and low FA values are generally related to structural damage of WM or demyelination (5, 6). Although WM impairments have been demonstrated in BD patients using DTI, the findings appeared to be inconsistent (7–12). Adolescence/young adulthood is an important period for the development of WM during which FA values tend to increase and such an increase in FA value may represent the continued myelination and thickening of the diameters of fiber tracts (13–16). During brain maturation, myelination follows a back-to-front spatiotemporal directionality and lower-order brain areas, such as sensorimotor regions, mature earlier than higher-order brain areas that are associated with emotional and cognitive functions, such as the frontal lobes (17). Deviations in the typical pattern of normal WM development may lead to the disruption of normal neural connectivity, resulting in the onset and clinical symptoms frequently manifested in BD patients (18–21).

A number of DTI studies have already found alterations of WM integrity in BD patients during adolescence/young adulthood, however, it remains unknown how WM integrity changes in BD patients during this period. A previous study showed that age-associated changes in WM integrity followed a nonlinear trajectory in the corpus callosum (CC) in BD patients across the age range of 9–62 years (21). While greater age-related alterations of WM integrity were demonstrated in BD patients beginning in the second decade of life in the splenium of corpus callosum (SCC), this effect was more evident among BD patients beginning in the third decade of life in the genu of corpus callosum (GCC). The abnormal development of WM in the CC may lead to alterations of inter-hemispheric communication. Another longitudinal study suggested that there was an absence in the expected increase of FA values in the uncinate fasciculus (UF) in adolescents and adults with BD (4), suggesting that the changes in structural development of WM in the UF could link to the abnormal neurodevelopment of BD, causing the emotional instability. Taken together, these findings suggested that the abnormal development of WM may contribute to the pathophysiology of BD.

In this study, we used a voxel-based analysis of DTI to examine the WM integrity of all participants across the age range of 13–30 years by measuring FA values. fMRI findings suggested that the mean brain age achieving a maximum level of maturity is 22.3 years old and it may represent a vital period of time with a great venerability in the development of brain prior to the maturity (22, 23). Additionally, Nurnberger et al. found that clinical assessments performing on offspring aged 12–21 years from families with a proband with BD may identify those prone to the onset of major affective disorders during adolescence (24). The findings indicated that BD patients of 12–21 years old present some clinical symptoms that differ from those of BD patients older than 21 years. Furthermore, a previous study examining the contributions of age at onset and childhood psychopathology in psychotic BD patients demonstrated that onset of BD at an early age prior to twenty was generally associated with poorer functional and clinical outcomes, suggesting that differences in brain development underline the mechanisms in BD during adolescence and adulthood (25). Therefore, we divided the participants into two groups by age 21 as follows: adolescent group involving individuals of 13–21 years old and young adult group involving individuals of 22-30 years old. By comparing differences in the WM between BD patients and health controls (HC), we aimed to investigate the age-associated alterations of the brain during adolescent/young adulthood in BD patients and to delineate the neurodevelopmental pathophysiology of BD.



Materials and Methods


Participants

There were 86 individuals with BD and 86 HC involved in the present study. All participants were divided into two groups by age as follows: adolescent group with the age range of 13–21 years and young adult group with the age range of 22–30 years. The numbers of both BD patients and HC in each group were 39 and 47, respectively. The age distribution showed as following: there were 10 individuals of 13–15 years old (5 BD patients, 5 HC), 38 individuals of 16–18 years old (17 BD patients, 21 HC), 30 individuals of 19–21 years old (17 BD patients, 13 HC), 30 individuals of 22–24 years old (15 BD patients, 15 HC), 36 individuals of 25–27 years old (18 BD patients, 18 HC), and 28 individuals of 28–30 years old (14 BD patients, 14 HC), respectively. BD patients were recruited from the outpatient services at the Department of Psychiatry, First Affiliated Hospital of China Medical University and Mental Health Center of Shenyang, while HC were recruited from the local community by advertisements matched for gender and age. After receiving a detailed description of the study, all participants (or parents or guardian for those under 18 years old) provided written informed consent. The study was approved by the Medical Research Ethics Committee of the China Medical University in accordance with the Declaration of Helsinki. Consensus was made between two trained psychiatrists to confirm the presence or absence of Axis I diagnoses using the following criteria: the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) Axis I Disorders for participants of 18 years old or older and the Schedule for Affective Disorders and Schizophrenia for School-Age Children-present and Lifetime Version for participants younger than 18 years old. BD participants met DSM-IV diagnostic criteria for BD without any other Axis I disorders. No presence of any other DSM-IV Axis I disorders was confirmed in BD patients or their first-degree family members. Individuals were excluded from participation based on the following criteria: 1) general contraindications for MRI, 2) history of substance/alcohol abuse or dependence, 3) history of head trauma with loss of consciousness for ≥ 5 min or any neurological disorder, and 4) concomitant major medical disorder. For all participants, mania scores were assessed using the Young Mania Rating Scale (YMRS), depression scores were assessed using the 17-item Hamilton Depression Rating Scale (HAMD-17), and anxiety scores were assessed using the Hamilton Anxiety Scale (HAMA). Details of age of onset, first episode, and duration of illness in BD patients were obtained. Considering mood states, in the adolescent group, there were 11 BD patients in a stable state, 16 BD patients in a depressed state and 9 BD patients in a manic state. In the young adult group, there were 13 BD patients in a stable state, 19 BD patients in a depressed state and 10 BD patients in a manic state. Considering medication status, in the adolescent group, there were 14 BD patients on mood stabilizers, 14 BD patients on antipsychotics, 9 BD patients on antidepressants, and 16 BD patients without medication. In the young adult group, there were 25 BD patients on mood stabilizers, 21 BD patients on antipsychotics, 21 BD patients on antidepressants, and 16 BD patients without medication.



DTI Acquisition and Processing

To obtain MRI data, a GE Signa HDX 3.0T MRI scanner was used with a standard head coil at this hospital. Head motion was minimized with restraining foam pads. To acquire DTI, spin-echo planar imaging sequences were used with the following parameters: TR = 17000 ms, TE = 85.4 ms, FOV = 24 cm × 24 cm, imaging matrix = 120 × 120, 65 contiguous axial slices of 2 mm without gap, 25 non-collinear directions (b = 1000 s/mm2), axial acquisition without diffusion weighting (b = 0), and voxel size = 2.0 mm3.

The acquired images were processed with PANDA software (http://www.nitrc.org/projects/panda). To transform individual FA images of native space to a standard Montreal Neurological Institute (MNI) space, spatial normalization (voxel size = 1 mm × 1 mm × 1 mm) was used after motion and eddy-current correction were applied. Finally, to reduce misalignment and noise, the FA images were smoothed by a 6-mm Gaussian kernel.



Statistical Analysis

We used student t test and χ2 test to compare demographic data and the YMRS, HAMD-17, HAMA scores between BD patients and HC in the adolescent and young adult groups. We also used χ2 test to compare the composition of different mood states between adolescents with BD and young adults with BD. The t test was also employed to determine if there was a significant difference in FA values between BD patients and controls separately in the adolescent and young adult groups. The voxel-level inference of p < 0.005 with Gaussian random field (GRF) correction for cluster-level inference of p < 0.05 was used for statistical inference in DTI images. Moreover, FA values that were extracted from the regions showing significant differences between BD patients and HC were used for partial correlation analyses to explore the clinical factors including the YMRS, HAMD-17, and HAMA scores. To rule out the possible interference on the dynamics of FA performance in the medicated patients, the difference in FA values was further determined by t test in the specified brain regions between medication-free BD patients and HC. For multiple comparisons, statistical significance was set at p < 0.05 corrected by Bonferroni. We also performed analysis of variance (ANOVA) by using group (BD patients vs HC) and age (adolescents versus young adults) as between subject factors to investigate the group × age interaction in the brain regions where the significant differences in FA values between BD patients and HC in the adolescent and young adult groups were observed in the above t tests. Post hoc analyses were used to determine the extent of alterations in FA values among adolescents with BD, healthy adolescents, young adults with BD and healthy young adults.




Results

Overall, there were no significant differences in age, gender and handedness between BD patients and HC in adolescent and young adult groups. Additionally, there was no significant difference in the composition of different mood states between adolescents with BD and young adults with BD. However, BD patients had significantly greater levels of manic depression and anxiety as measured by the YMRS, HAMD-17, and HAMA compared to those of controls (Table 1).


Table 1 | Demographic and clinical characteristics of study participants.



In our present study, adolescents with BD showed significantly decreased FA values compared to those of healthy adolescents in the distinct brain regions as follows:1) left inferior longitudinal fasciculus (ILF), and 2) SCC and posterior thalamic radiation (MNI coordinates, respectively: x = -28 mm, y = -22 mm, z = -10 mm, 124 voxels, T = 4.11; x = -26 mm, y = -62 mm, z = 18 mm, 122 voxels, T = 4.25; p < 0.005 corrected by GRF) (Figure 1). Compared to those of HC, FA values were significant lower in BD patients in the young adult group in the following brain areas: 1) left UF, 2) right anterior limb of internal capsule (ALIC) and fornix, and 3) right UF and GCC (MNI coordinates, respectively: x = -24 mm, y = 28 mm, z = -8 mm, 138 voxels, T = 4.54; x = 16 mm, y = 6 mm, z = 0 mm, 84 voxels, T = 4.31; x = 20 mm, y = 34 mm, z = 10 mm, 181 voxels, T = 4.11; p < 0.005 corrected by GRF (Figure 2). There were no significant correlations between mean FA values and the YMRS, HAMD-17, and HAMA scores (p > 0.05, Bonferroni corrected for six times) in the adolescent group. In the young adult group, there were no significant correlations between mean FA values and the YMRS, HAMD-17, and HAMA scores (p > 0.05, Bonferroni corrected for nine times). Regardless of age, the medication-free patients showed significant differences in FA values compared to HC (adolescents with BD vs healthy adolescents: p < 0.05, Bonferroni corrected for two times; young adults with BD versus healthy young adults: p < 0.05, Bonferroni corrected for three times, respectively).




Figure 1 | (A) Sagittal views showing significant differences in fractional anisotropy (FA) values in the left inferior longitudinal fasciculus (ILF), splenium of corpus callosum (SCC) and posterior thalamic radiation (Ptr) between bipolar disorder (BD) patients and healthy controls (HC) in the adolescent group from left to right as follows: (1) left ILF, and (2) SCC and Ptr [Montreal Neurological Institute (MNI) coordinates, respectively: x = -28 mm, y = -22 mm, z = -10 mm, 124 voxels, T = 4.11; x = -26 mm, y = -62 mm, z = 18 mm, 122 voxels, T = 4.25, p < 0.005 with Gaussian random field (GRF) correction]. (B) FA values in white matter fibers extracted from the left ILF, SCC and Ptr in BD patients and HC in the adolescent group. ***p < 0.001. ILF-L, left inferior longitudinal fasciculus; L, left brain; R, right brain. Color bars represent T values.






Figure 2 | (A) Axial views showing significant differences in fractional anisotropy (FA) values in the bilateral uncinate fasciculus (UF), genu of corpus callosum (GCC), right anterior limb of internal capsule (ALIC) and fornix (Fx) between bipolar disorder (BD) patients and healthy controls (HC) in the young adult group from left to right as follows: (1) left UF, (2) right ALIC and Fx, and (3) right UF and GCC [Montreal Neurological Institute (MNI) coordinates, respectively: x = -24 mm, y = 28 mm, z = -8 mm, 138 voxels, T = 4.54; x = 16 mm, y = 6 mm, z = 0 mm, 84 voxels, T = 4.31; x = 20 mm, y = 34 mm, z = 10 mm, 181 voxels, T = 4.11, p < 0.005 with Gaussian random field (GRF) correction]. (B) FA values in white matter fibers extracted from the bilateral UF, GCC, right ALIC and Fx in BD patients and HC in the young adult group. ***p < 0.001. UF-L, left uncinate fasciculus; ALIC-R, right anterior limb of the internal capsule; UF-R, right uncinate fasciculus; L, left brain; R, right brain. Color bars represent T values.



We further determined if there was a group × age interaction in the brain regions where the significant differences in FA values between BD patients and HC in the adolescent and young adult groups were observed in the above t tests. There was a significant group × age interaction in the left ILF, SCC, posterior thalamic radiation, left UF, right ALIC, and fornix (all p < 0.05). The post hoc analyses demonstrated that the larger contribution to the group × age interaction was derived mainly from the decreased FA values in the left ILF, SCC and posterior thalamic radiation in adolescents with BD compared to healthy adolescents (all p < 0.001). Compared to those of HC, FA values in the left ILF showed no significant differences in young adults with BD (p > 0.05) and greater extent of changes in the mean FA values was found in the SCC and posterior thalamic radiation in adolescents with BD (p < 0.001) compared to young adults with BD (p < 0.05). Additionally, there were significant lower FA values in the left UF, right ALIC, and fornix indicating the larger contribution to the interaction between group and age in young adults with BD compared to HC (all p < 0.001), and FA values in the above brain regions showed no significant differences between adolescents with BD and healthy adolescents, although the group × age interaction in the right UF and GCC was not significant (Figure 3).




Figure 3 | FA values in white matter fibers focusing on the group × age interaction extracted from the left inferior longitudinal fasciculus (ILF), splenium of corpus callosum (SCC), posterior thalamic radiation (Ptr), bilateral uncinate fasciculus (UF), genu of corpus callosum (GCC), right anterior limb of internal capsule (ALIC) and fornix (Fx) in adolescents with bipolar disorder (BD), healthy adolescents, young adults with BD and healthy young adults. *p < 0.05, ***p < 0.001. ILF-L, left inferior longitudinal fasciculus; UF-L, left uncinate fasciculus; ALIC-R, right anterior limb of the internal capsule; UF-R, right uncinate fasciculus; L, left brain; R, right brain. Color bars represent T values.





Discussion

To our knowledge, this is the first report to demonstrate the age-associated alterations of WM integrity following a back-to-front spatiotemporal directionality in BD patients during adolescence/young adulthood. Our findings yielded from DTI analysis indicated that the adolescent BD patients showed significantly lower FA values in the left ILF, SCC, and posterior thalamic radiation compared to those of HC. While in the young adult group, FA values were significantly decreased in the bilateral uncinate fasciculus, genu of the corpus callosum, right anterior limb of internal capsule, and fornix compared to those of HC. The disruptions of neural connectivity within WM apparently changed from the posterior brain to the anterior brain in an age-dependent manner. Our DTI findings further revealed that there were alternations in anatomical connectivity in neural microstructures of WM in BD patients in all age groups and highlighted the importance of considering WM integrity in the neurodevelopmental pathophysiology of BD.

One of critical findings of our study was that development of abnormal WM integrity in BD patients follows an apparent back-to-front spatiotemporal directionality of WM and it was also the age-dependent. Interestingly a similar directionality of the normal development of the brain has been reported in the previous findings (14, 17, 26). Studies using structural MRI to investigate gray matter density showed that the decline in gray matter density and increased myelination have been companied with continued normal brain growth until the age of 30 years old. The trajectory of maturational and aging changed heterogeneously over the cortex as follows: cortices such as the visual and auditory cortex myelinated earlier and showed a more linear pattern of aging compared to the frontal cortex. Another study investigating cortical development using MRI demonstrated that lower-order brain areas such as sensorimotor regions matured earlier than higher-order brain areas such as the frontal cortex. Furthermore, a previous study using DTI to investigate WM integrity also suggested a back-to-front spatiotemporal development of the normal brain (27). The findings indicated that the more rostral portions of the CC and internal capsule began the maturation process latter than the caudal regions. Interestingly, the back-to-front changes of brain were also found in BD patients demonstrated in previous studies in which either fMRI or DTI was used as a research tool (28, 29). fMRI studies investigating connectivity and network of brain showed that the abnormal input from lower-order brain regions may affect higher-order brain regions and cause dysfunction within neural circuits, which may act on sensory processing circuits later and finally lead to the clinical symptoms of BD. While a DTI study demonstrated that greater age-associated changes in WM integrity in BD patients began in the second decade of life within the SCC and began in the third decade of life within the GCC (21), which were consistent with our findings. However, a recent study showed that there was a strong correlational relationship between the extent of quadratic measurement difference and peak maturational timing (30). The findings of the study supported the last-in-first-out petrogenesis hypothesis of aging (31). To this regard, more longitudinal studies are needed to explore the neurodevelopmental pathophysiology of BD.

As suggested in our findings, WM disruptions changed from the posterior brain involving primary cortex to the anterior brain involving high-order cortex in BD patients during adolescence/young adulthood. Alterations of WM in the back of the brain have been demonstrated to be related to the impairments of primary sensory processing by previous studies. For example, the ILF connects occipital and temporal lobes and relays information to the orbitofrontal region of the brain (32). Decrease in FA values in ILF and the changes of WM integrity were associated with the impairments of object recognition in children (33). Additionally, the decreased FA values in the posterior thalamic radiation in BD patients in the present study were almost identical to a previous study in which, using a visual backward masking task, the impairments of visual processing were associated with deficits in neural pathways involving posterior brain areas in BD patients (6, 34). As the alterations of WM were mainly confined in the front of the brain in young adults with BD as suggested by our findings, the disruptions of WM may lead to abnormal higher-order functions such as cognitive and emotional regulation. For example, the UF is crucial for communication between the amygdala and ventral prefrontal cortex and plays an important role in maintain emotional stability (4, 35–37). Decreased FA values found in the UF in BD patients could suggest there could be an abnormality in the perigenual anterior cingulate cortex-amygdala functional connection and the impairments of WM microneural connectivity may lead to the abnormality of emotional processing in BD (38). Additionally, the GCC, an area connecting the frontal cortices, participates in higher-order cognitive and emotional regulation (8, 39–44) and any deficits of prefrontal connectivity may cause clinical symptoms of BD such as altered responses to emotional stimuli (45, 46). Moreover, the ALIC may interconnects with higher-order brain regions such as prefrontal cortex and amygdala through thalamic nuclei and structural abnormalities in the ALIC and UF could cause psychotic symptoms and mood dysregulation including increased risk taking behaviors (47). Furthermore, the damage of the fornix was related to impaired amnesic function involved in the clinical manifestations of BD as the fornix serve as a major efferent fiber bundle from the hippocampus (48–50).

Moreover, there were several limitations in the present study. First, the study was cross-sectional and the potential alterations of WM integrity which may occur in the development of BD remain unknown. Further longitudinal studies may produce the validity of our findings supporting developmental changes are associated with the spectrum of BD. Second, the relative smaller sample size of this study prevents us to provide additional data critical for further delineating the neurodevelopmental pathophysiology of BD. Third, the results obtained from BD patients who received medications could complicate interpretations of the findings. However, regardless of their age, BD patients without medications showed significant differences in FA values when compared to HC and this finding was consistent with our previous findings. Further studies comprising of unmedicated patients could unambiguously exclude the effect of medication on FA values in the BD patients. Fourth, as the youngest patient in our study is only 13 years old and an age-appropriate standard template should be used in future study. Fifth, there was a partially overlapped age of onset in adolescents with BD and young adults with BD in our study. Patients in distinctive ages should be included in the further analysis in order to reduce the effect of the overlapped age. Finally, a paucity of evidence provided by DTI studies indicates that age around 21 could arguably be a pivotal timing for the development of BD, clearly, more longitudinal DTI studies are needed to confirm the hypothesis.

In summary, our study suggests that there are age-related alterations of WM integrity in adolescents and young adults with BD. A back-to-front spatiotemporal directionality of WM impairments share a similar directionality of the normal brain development. The findings highlight the importance of considering the neurodevelopmental pathophysiology of BD.
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Objectives

Late-life depression (LLD) has negative impacts on somatic, emotional and cognitive domains of the lives of patients. Elucidating the abnormality in the brain networks of LLD patients could help to strengthen the understanding of LLD pathophysiology, however, the studies exploring the spontaneous brain activity in LLD during the resting state remain limited. This study aimed at identifying the voxel-level whole-brain functional connectivity changes in LLD patients.



Methods

Fifty patients with late-life depression (LLD) and 33 healthy controls were recruited. All participants underwent a resting-state functional magnetic resonance imaging scan to assess the voxel-wise degree centrality (DC) changes in the patients. Furthermore, DC was compared between two patient subgroups, the late-onset depression (LOD) and the early-onset depression (EOD).



Results

Compared with the healthy controls, LLD patients showed increased DC in the inferior parietal lobule, parahippocampal gyrus, brainstem and cerebellum (p < 0.05, AlphaSim-corrected). LLD patients also showed decreased DC in the somatosensory and motor cortices and cerebellum (p < 0.05, AlphaSim-corrected). Compared with EOD patients, LOD patients showed increased centrality in the superior and middle temporal gyrus and decreased centrality in the occipital region (p < 0.05, AlphaSim-corrected). No significant correlation was found between the DC value and the symptom severity or disease duration in the patients after the correction for multiple comparisons.



Conclusions

These findings indicate that the intrinsic abnormality of network centrality exists in a wide range of brain areas in LLD patients. LOD patients differ with EOD patients in cortical network centrality. Our study might help to strengthen the understanding of the pathophysiology of LLD and the potential neural substrates underlie related emotional and cognitive impairments observed in the patients.
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Introduction

Depression refers to a mental disorder characterized by low mood present across most situations for at least two weeks. Late-life depression (LLD) can be defined as a major depressive episode occurring in old age, usually over 60 years of age. Aside from the emotional and somatic burdens associated with depression, such as insomnia, anorexia and fatigue (1), elderly depressive patients may also show impairment in various cognitive domains including attention (2), memory (3, 4), information processing speed (5, 6), and executive functions (4, 7). All these somatic, emotional, and cognitive abnormalities may severely affect the life quality of the patients.

Elucidating the brain abnormality of LLD patients could help to strengthen the understanding of LLD pathophysiology, and develop effective interventions. Grey matter alterations have been reported in multiple brain areas including the frontal, parietal regions and limbic system in LLD patients (8, 9). Several task-based functional magnetic resonance imaging (fMRI) studies have also indicated abnormal functional activities in the areas of frontal lobes and limbic system (10, 11). While structural alterations reflect the long-term influence of depression, and task-based imaging profiles the altered brain reaction to external stimuli or under specific situations, resting-state fMRI explores the intrinsic changes of brain activity in the state without any influence of external stimuli. Resting-state fMRI studies using the method of independent component analysis has revealed that the default mode network, the frontoparietal network and the sensorimotor network showed abnormal connectivity in LLD patients (12, 13). LLD patients also exhibited abnormal local synchronization in various brain areas, as revealed by the measure of regional homogeneity (14). These observations suggest that the brain activities in the resting state have extensive cortical and subcortical abnormalities in LLD patients, which might be associated with clinical manifestations such as emotional disturbance and cognitive deficits observed in the patients.

Degree centrality (DC), an index of the total weights of connections for a given node, has recently been applied to reveal the core hub architecture of brain networks (15). Increased voxel-wise DC in a brain region indicates an elevated degree of its global connectivity, and decreased voxel-wise DC in a brain region suggests a reduced degree of its global connectivity. Voxel-wise DC has been applied to reveal the abnormal brain networks in various types of neurological or psychiatric diseases (16–22). This method has also been used to compare the brain network features of different psychiatric diseases with potentially similar neural pathology, such as autism and attention-deficit hyperactivity disorder (23), or to examine the brain-network difference between the subtypes of a disease such as the Parkinson’s disease patients with depression and those without depression (24). The alterations of the whole-brain degree centrality in young patients with major depression have been illustrated in two recent studies revealing that the frontoparietal network, the limbic system, and the striatal areas show DC abnormality in the patients (25). However, depression-specific alterations of network centrality among LLD patients yet remain to be identified.

LLD can be divided into the early-onset depression (EOD, depression occurred for the first time under the age of 60) and late-onset depression (LOD, depression occurred for the first time over the age of 60) according to the onset age of depression (most studies use 60 years as the onset age to distinguish EOD and LOD). While some studies indicate that the LOD patients are not different from the EOD patients in most aspects such as etiological factors, phenomenology or clinical outcomes (26), other studies suggest that the LOD patients show a more severe emotional burden and more extensive cognitive impairments than EOD patients (27–29). Several imaging studies have indicated differences in structure or task-based functional activity between EOD and LOD patients in a wide range of brain areas, including the medial and lateral frontal areas, hippocampus and amygdala (30–35). However, only a few studies have examined the difference in resting-state functional network between EOD and LOD patients. One study using regional homogeneity and the other study using amplitude of low-frequency fluctuation as the indices suggest the local synchronization and low-frequency fluctuation differ in multiple cortical areas and brainstem between LOD and EOD patients (36, 37). The centrality profile of the resting-state brain networks has not been elucidated between LOD and EOD patients.

In the present study, we hypothesized that the architecture of brain networks reflected by degree centrality may show abnormality in cortical and subcortical areas in the LLD patients.

To explore the alterations of functional centrality in LLD patients, we examined the difference in voxel-wise DC between the LLD patients and healthy controls (HCs). To further examine the hypothesis that a difference of the architecture of brain networks may exist between EOD and LOD patients, we compared the DC between the two subgroups of patients. The relationship between the centrality indices of the brain areas being identified abnormal and the clinical assessment was also examined.



Methods

All procedures used in the present study were approved by the Ethics Committee of Shanghai Pudong New Area Mental Health Center (approval letter: PDJWLL2014001). Patients with LLD and HCs were recruited via advertisements and were fully instructed regarding experimental procedures. All participants gave their written informed consent in accordance with the Declaration of Helsinki.


Participants

Patients diagnosed with major depression according to the criteria in the International Classification of Diseases (ICD-10) by a physician were recruited at Pudong New Area Mental Health Center in Shanghai, China. Healthy volunteers whose age matched to ±10 years with the patients were recruited as controls. Participants aged under 60 or over 80, with a history of severe head trauma, with alcohol abuse, with psychiatric diseases other than depression, with claustrophobia, or with metal or electronic implants were excluded. Patients were using tricyclic, selective serotonin reuptake inhibitors or serotonin and noradrenaline reuptake inhibitors when they were recruited.



Demographics and Clinical Assessment

Basic demographics (i.e. gender, age, education level, handedness) of the participants were collected. Both the patients and HCs filled out the Hamilton Depression Scale (HAMD) (38) right before the resting-state fMRI scan. Patients were asked to report the onset age and the duration of depression. In addition, Mini-Mental State Examination (MMSE) [Folstein, (39)] was carried out and potential participants scored lower than 21, who may have moderate to severe cognitive impairment, were excluded from the study. Mann–Whitney test was used for the between-group comparisons of age, disease duration, and scores of HAMD and MMSE. Chi-square test was used for the between-group comparisons of gender and education level.



Image Acquisition

Resting-state fMRI was performed on a GE Signa HDxt 3.0 T MRI scanner using an eight-channel phased-array head coil. Each participant lay supine with their head snugly fixed by foam pads. The participant was asked to keep still as long as possible and to keep his/her eyes closed but remain awake. Resting-state fMRI was obtained using an echo-planar imaging sequence with protocols of TR = 2000 ms, TE = 30 ms, flip angle = 90°, FOV 240 mm × 240 mm, matrix = 64 × 64, voxel size 3.75 mm × 3.75 mm × 4.00 mm, 35, 37 or 39 axial slices, 210 volumes acquired in 7 min.



Imaging Data Preprocessing

Preprocessing of resting-state fMRI data was conducted using Data Processing Assistant for Resting-State fMRI (DPARSF; http://rfmri.org/dparsf) software (version 4.5) embedded in Data Processing and Analysis for Brain Imaging (DPABI; http://rfmri.org/dpabi) toolbox (version 4.1) on the MATLAB platform (MathWorks, Natick, MA, USA). In brief, the first 10 volumes of each functional time series were discarded, as the participants were adjusting themselves to the fMRI environment during that period. The remaining 200 images were slice-time-corrected with the 35th, 37th or 39th slice as the reference and spatially realigned for head motion. Head motion was assessed by evaluating three translations and three rotations for each scan. Translational thresholds were set to ± 3 mm, while rotational thresholds were limited to ± 3°. After head motion correction, functional images were spatially normalized to Montreal Neurological Institute (MNI) space using echo-planar imaging sequence templates (resampled voxel size 3 mm × 3 mm × 3 mm). All images were linearly detrended and bandpass-filtered (0.01–0.1 Hz) to have the high-frequency respiratory and cardiac noises reduced. The white matter signal, cerebrospinal fluid signal, and Friston 24 head motion parameters were regressed out from the time courses of every voxel.



Voxel-Wise Degree Centrality

The value of degree centrality was calculated using DPARSF (http://rfmri.org/dparsf). For each voxel, the blood-oxygen-level-dependent (BOLD) time course was extracted and the Pearson correlation coefficients with every other voxel in the brain were calculated. A matrix of Pearson correlation coefficients between any pair of voxels was obtained to construct the whole-brain functional connectivity matrix for each participant. Finally, the resulting matrices (DC maps) were smoothed with a Gaussian kernel (full-width half maximum = 6 mm) to enable group comparisons.

To obtain the spatial distribution of DC maps for the HC group and the LLD group, the averaged DC map was calculated for each group using the image calculator module embedded in DPABI. The resulting averaged DC maps were overlaid on rendering views with BrainNet Viewer (http://www.nitrc.org/projects/bnv).

To determine the abnormality in core brain hub architecture as reflected by DC in the LLD patient group, we identified the clusters with DC difference between the LLD patients and HCs, using two-sample t-test with gender, age, education level, score of MMSE and framewise displacement regressed out. To determine the difference of DC between LOD patients and EOD patients, another two-sample t-test was performed between the LOD group and EOD group in the same manner. AlphaSim correction was used for multiple comparisons to achieve a corrected p < 0.05 determined by the Monte Carlo simulation by a combination of a voxel-wise threshold of p < 0.001 and a minimum cluster size calculated by the AlphaSim program embedded in DPABI (https://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf), The resulting t maps were overlaid on rendering views with BrainNet Viewer and on axial views in slices with the viewer module embedded in DPABI (http://rfmri.org/dpabi), and the anatomy of surviving brain regions was reported using xjView software (http://www.alivelearn.net/xjview).

To further examine whether there exists a relationship between the abnormal DC values identified in the patients and the related clinical assessment (onset age of depression, duration of depression and HAMD score), Pearson's correlation was respectively calculated in the LLD group and two subgroups. The averaged DC values of abnormal brain regions for the relationship analyses were extracted using spheres of 6-mm radius centering at the coordinates with peak statistical difference from the between-group comparisons (LLD group vs. HC group, or LOD group vs. EOD group) using the signal extractor module embedded in DPABI. To control for multiple comparisons, we used a Bonferroni correction of p = 0.016 as the significant statistical threshold (three correlations were examined for each spherical region of interest).




Results


Demographics and Clinical Assessment of Participants

The detailed demographics and results of the clinical assessment of the participants are illustrated in Table 1. The 50 LLD patients (19 males, 31 females) had a mean age of 66.6 ± 0.7 (range: 60–78) years, 84.0 ± 17.2 months of disease duration, mean scores of 21.9 ± 1.5 on HAMD and 28.1 ± 0.3 on MMSE. The 33 HCs (17 males, 16 females) had a mean age of 67.2 ± 0.8 (range: 60–78) years. All participants were right-handed. The gender, age and mean score on MMSE were not significant between the patients and healthy controls (ps > 0.091). The education level (p = 0.043) and score on HAMD (p < 0.001) differed significantly between the groups.


Table 1 | Demographics and clinical assessment of the participants.



The demographics and clinical assessment of EOD patients and LOD patients are also illustrated in Table 1. The two subgroups of patients did not differ in gender, education, scores on HAMD or MMSE (ps > 0.079). There was a significant between-group difference of age (LOD: 68.5 ± 1.0, EOD: 64.0 ± 0.7, p = 0.002). Gender, age, education level and score on MMSE were used as covariates in the between-group comparisons of DC maps, in order to exclude the potential impact from demographics.



DC Difference Between LLD Patients and HCs

The mean framewise displacement of the LLD group (0.20 ± 0.02 mm) was slightly larger than that of the HC group (0.14 ± 0.01 mm, p = 0.009), and thus was also used as a covariate in the statistical analyses of DC. DC maps for the HC group and the LLD group are presented in Figure 1. The estimated smoothness of the DC map is FWHMx = 6.203 mm, FWHMy = 6.402 mm, FWHMz = 6.169 mm, dLh = 0.512. AlphaSim correction is performed with a combination of voxel p < 0.001 and cluster size > 12. Compared with the HCs, the LLD patients showed increased DC in the right inferior parietal lobule, right parahippocampal gyrus, right cerebellum and bilateral brainstem (p <0.05, AlphaSim-corrected, Figure 2, Table 2). The LLD patients showed decreased DC in the brain areas of the left precentral and postcentral gyri, and the left cerebellum (p < 0.05, AlphaSim-corrected, Figure 2, Table 2).




Figure 1 | Spatial distribution of DC maps in the HC group and the LLD patient group. Color bars indicate DC values; brighter color indicates DC values higher than the whole-brain average. HC, healthy control; L, left; LLD, late-life depression; R, right.






Figure 2 | Brain areas showing difference in DC between LLD patients and HCs (p < 0.05, corrected), with gender, age, education, score on MMSE and framewise displacement regressed out. Upper: rendering views. Lower: axial slice views. Color bars indicate T-score; a warm color indicates areas where DC value in LLD patients > DC value in HCs, a cold color indicates areas where DC value in LLD patients < DC value in HCs. DC, degree centrality; HC, healthy control; IPL, inferior parietal lobule; L, left; LLD, late-life depression; R, right.




Table 2 | Brain areas showing different DC between LLD patients and HCs (p < 0.05, corrected).



The result with AlphaSim correction by a combination of voxel p < 0.01 and cluster size >29 is also presented in the supplementary material (Figure S1, Table S1) for reference only, in case some brain areas with potential differences couldn't survive the voxel p level of 0.001 due to the relatively small sample size.



DC Difference Between LOD Patients and EOD Patients

Brain areas with a statistical difference in DC between the LOD patients and EOD patients were examined using between-group comparison. The mean framewise displacement of the LOD patient group (0.14 ± 0.02 mm) was not different from that of the EOD patient group (0.15 ± 0.02 mm, p = 0.158). The estimated smoothness of the DC map is FWHMx = 6.123 mm, FWHMy = 6.306 mm, FWHMz = 6.065 mm, dLh = 0.539. AlphaSim correction is performed with a combination of voxel p < 0.001 and cluster size >12. Compared with the EOD patient group, the LOD patient group showed increased DC in the area of right superior and middle temporal gyri (p < 0.05, AlphaSim-corrected, Figure 3, Table 3). Decreased DC was found in the right cuneus in the LOD patients, compared with the EOD patients (p < 0.05, AlphaSim-corrected, Figure 3, Table 3).




Figure 3 | Brain areas showing difference in DC between LOD and EOD patients (p < 0.05, corrected), with gender, age, education, score on MMSE and framewise displacement regressed out. Upper: rendering views. Lower: axial slice views. Color bars indicate T-score; warm color indicates areas whose DC value in LOD patients > DC value in EOD patients, cold color indicates areas whose DC value in LOD patients < DC value in EOD patients. EOD, early-onset depression; HC, healthy control; L, left; LOD, late-onset depression; MTG, middle temporal gyrus; R, right; STG, superior temporal gyrus.




Table 3 | Brain areas showing different DC between LOD and EOD patients (p < 0.05, corrected).



The result with AlphaSim correction by a combination of voxel p < 0.01 and cluster size >28 is also presented in the supplementary material (Figure S2, Table S2) for reference only.



Relationship of DC With Clinical Assessment

The relationship of DC with clinical assessment was explored by the calculation of Pearson's correlation. No significant correlation was found between the DC and the clinical assessment values (onset age of depression, disease duration or HAMD score) after the Bonferroni correction for multiple comparisons in the LLD patient group (ps > 0.094), or in the two subgroups (LOD: ps > 0.056; EOD group: ps > 0.094).




Discussion

In the present study, the voxel-wise whole-brain functional connectivity in patients with late-life depression was explored using resting-state fMRI techniques. We found a unique pattern of alterations in the brain activity of the patients. Centrality indices, measured by voxel-wise degree centrality, were found to be abnormal in late-life depressive patients in the somatosensory-motor areas, inferior parietal lobule, parahippocampal gyrus, cerebellum, and brainstem. Furthermore, differentiated cortical areas with DC values were observed in the LOD patients compared with the EOD patients, in the posterior temporal gyrus and occipital region. No correlation was found between the abnormal centrality indices and the clinical assessment in the patients. The general function of brain areas with an abnormal degree centrality in the LLD patients, as well as the difference between EOD and LOD subgroups, may strengthen the understanding of the intrinsic neural-network profiles of LLD.

The somatosensory cortex receives all sensory inputs from the body, and it is responsible for somatosensory perception (40). Abnormal somatic symptoms such as somatization, defined as physical symptoms developed as a result of stress or emotional problems, have often been observed in depressive patients (41, 42). Alteration of activity in the somatosensory cortex has been suggested to be involved in the neural underpinnings of somatic symptom disorder (43). The motor cortex and cerebellum are regarded as important brain regions related to voluntary movement and motor control (44, 45). Deficits in motor-related functions have recently been observed in LLD patients (46). Thus, our observation of decreased DC in somatosensory-motor cortices and altered cerebellar DC in the LLD patients might be related to the somatosensory abnormalities and motor deficits associated with depression.

The inferior parietal lobule, a major network hub of the human brain, is involved in a broad range of behaviors and functions from bottom-up perception to social cognition and plays as important nodes in multiple network, including the frontoparietal control network, default mode network, cingulo-opercular network and ventral attention network (47). A resting-state fMRI study indicated that the connectivity between the dorsomedial prefrontal cortex and the inferior parietal lobule is related with negative self-focused thought associated with depressive symptoms in the patients with major depression (48). Our observation of increased DC at inferior parietal lobule indicates an intrinsic functional alteration in this parietal hub area in the LLD patients.

The parahippocampal gyrus is a limbic structure mainly associated with visuospatial processing and episodic memory (49). Previous studies have revealed that LLD is associated with impaired visuospatial memory and episodic memory (50, 51). The white matter integrity of parahippocampal gyrus was found disrupted in the LLD patients (52). An fMRI study indicated abnormal activation of parahippocampal gyrus while performing a memory task in LLD patients (53). Another study including 1,017 participants from the Human Connectome Project revealed that increased functional connectivity of the parahippocampal gyrus is associated with poor sleep quality and depressive problems scores (54). Thus, the increased centrality in parahippocampal gyrus observed in the present study may be related with impaired memory and depressive symptoms and poor sleep quality in the LLD patients.

The brainstem is an important structure that regulates autonomic functions, relays sensory and motor information, and modulates cognition, mood, and emotions. The brainstem is particularly critical in the modulation of emotion, as it is the home to a group of modulatory neurotransmitters such as serotonin, dopamine, and norepinephrine (55). Imaging studies have reported structural and functional abnormalities in the brainstem of patients with major depression (56, 57). Some studies also indicate that the brainstem aminergic nuclei is closely associated with late-life depressive symptoms (58, 59). Our observation of decreased network centrality of brainstem confirms an intrinsic functional abnormality of brainstem nuclei in the late-life depressive individuals.

Besides the brain areas with abnormal DC between LLD patients and HCs, we also observed DC differences between LOD patients and EOD patients, which supports the perspective that the LOD patients and EOD patients have differentiated intrinsic brain networks. The posterior middle temporal gyrus has been suggested to play critical roles in the integration of automatic information retrieval and executively-demanding goal-oriented cognition (60). The occipital cortex is mainly responsible for visual stimulus processing (61). Some studies have revealed that LOD patients have more extensive deficits than EOD patients in some cognitive domains, including the realm of memory and visual-spatial processing (27–29). In the present study, brain areas of posterior temporal gyrus and occipital areas were found with different DC values in the LOD patients and the EOD patients. It is tempting to assume that the differentiated levels of DC may be associated with the neural basis for different degrees of impairment in high cognition between LOD and EOD patients.

The study had several limitations. First, the negative result of the relationship of DC with clinical assessment (depression severity, duration of depression, and onset age) indicates that the abnormality in DC might not directly contributed to depression-related manifestations, and suggests that the abnormality might be associated with the somatic and emotional burden, and cognitive deficits other than depression itself. However, the resting-state fMRI was performed without tasks measuring emotional and cognitive processing in the patients. In future studies, the relationship of abnormal centrality indices and the emotional processing/cognitive functions needs to be examined by introducing tasks being tested in the patients. Second, although the abnormality of DC in LLD patients has been identified, the sample size of the present study is relatively small. The negative effects of DC difference in the prefrontal regions and the negative result of the relationship between DC and clinical assessment indicates may be attributed to the relatively small sample size. The findings need to be confirmed in future studies using large sample sizes. Third, the antidepressants the patients took may affect the resting-state brain activity. Our findings also did not assess the role of medicine elution which may contribute to the abnormality of the brain-network profile of the patients.



Conclusion

Our findings in the present study indicate that the voxel-wise DC displays abnormality in LLD patients in a wide range of brain areas, which might be associated with the sensorimotor- and emotion-related alterations, and cognitive impairments observed in the patients. Also, there exists a difference in DC patterns between EOD and LOD patients. Our study might help to strengthen the understanding of the pathophysiology of LLD.
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Background

Abnormalities of functional and structural connectivity in the amygdala-prefrontal circuit which involved with emotion processing have been implicated in adults with major depressive disorder (MDD). Adolescent MDD may have severer dysfunction of emotion processing than adult MDD. In this study, we used resting-state functional magnetic resonance imaging (rs-fMRI) and diffusion tensor imaging (DTI) to examine the potential functional and structural connectivity abnormalities within amygdala-prefrontal circuit in first-episode medication-naïve adolescents with MDD.



Methods

Rs-fMRI and DTI data were acquired from 36 first-episode medication-naïve MDD adolescents and 37 healthy controls (HC). Functional connectivity between amygdala and the prefrontal cortex (PFC) and fractional anisotropy (FA) values of the uncinate fasciculus (UF) which connecting amygdala and PFC were compared between the MDD and HC groups. The correlation between the FA value of UF and the strength of the functional connectivity in the PFC showing significant differences between the two groups was identified.



Results

Compared with the HC group, decreased functional connectivity between left amygdala and left ventral PFC was detected in the adolescent MDD group. FA values were significant lower in the left UF within the adolescent MDD group compared to the HC group. There was no significant correlation between the UF and FA, and the strength of functional connectivity within the adolescent MDD group.



Conclusions

First-episode medication-naïve adolescent MDD showed decreased functional and structural connectivity in the amygdala-prefrontal circuit. These findings suggest that both functional and structural abnormalities of the amygdala-prefrontal circuit may present in the early onset of adolescent MDD and play an important role in the neuropathophysiology of adolescent MDD.





Keywords: adolescent major depressive disorder, functional connectivity, magnetic resonance imaging, diffusion tensor imaging, amygdala, ventral prefrontal cortex



Introduction

Major depressive disorder (MDD) is characterized by emotional dysregulation, implicating abnormalities of frontal-limbic neural circuits involved in emotional processing as the core feature. Convergent studies provide consistent evidence for functional and structural abnormalities in the prefrontal cortex (PFC) and amygdala, the key components of frontal-limbic neural circuits in adult MDD. Adolescent MDD is associated with the prominence of irritability, mood reactivity, and fluctuating symptoms (1), reflecting possible severer emotional processing dysfunction than adult MDD. Furthermore, as its strong links with recurrence later in life (2), investigation of depression in adolescence may help us to further understand the role of abnormal developmental process leading to adult MDD.

Dysfunction of amygdala-prefrontal circuits has been implicated in MDD through functional magnetic resonance imaging (fMRI). Hyperactivation of amygdala and hypoactivation of PFC were shown in task-related fMRI studies within adult MDD, as well as adolescent MDD. Recently, resting-state fMRI (rs-fMRI) was used to investigate resting state functional connectivity (rsFC), the correlation of low frequency blood oxygen level-dependent signal fluctuations between brain regions in MDD (3). Our previous study demonstrated decreased amygdala-PFC functional connectivity in adult MDD (4). Other researchers also reported similar findings (5, 6), suggesting that dysfunction of these circuits may play an important role in the neuropathophysiology of MDD. Correspondingly, few studies detected functional connectivity between amygdala and other brain regions in adolescent MDD. Connolly et al’s study reported decreased amygdala-dorsolateral prefrontal cortex (DLPFC) functional connectivity and amygdala-ventromedial prefrontal cortex (VMPFC) functional connectivity in adolescent MDD patients (7). Cullen et al’s two studies failed to find amygdala-PFC functional connectivity abnormalities, but find decreased functional connectivity in amygdala-limbic networks and anterior cingulate cortex (ACC)-based networks (8, 9). Luking et al.’s another study reported reduced amygdala functional connectivity with dorsal frontal/parietal and limbic regions in children with MDD history (10). Taken together, inconsistent findings suggest that functional connectivity of amygdala-related circuits need to be further investigated in adolescent MDD.

As white matter fibers structural connecting brain regions into neural circuits, disconnection of white matter fibers may provide the structural basis of functional connectivity abnormalities in the brain (11). Diffusion tensor imaging (DTI) is a MRI technique for detecting white matter microstructure integrity in vivo. Fractional anisotropy (FA) which measures the principal directionality of water diffusion is the commonly used parameter to assess whiter matter integrity in DTI studies. Decreased FA values were detected in the uncinate fasciculus, the superior longitudinal fasciculus, the cingulum, the corpus callosum (12), the genu and UF (13) in adult MDD, indicating abnormalities of white matter fiber integrity. In the recent studies of adolescent MDD, Cullen et al. reported lower FA in the tract connecting subgenual ACC to amygdala (14), Bessette et al. reported lower FA in corpus callosum, midbrain white matter tracts, and corticospinal tracts (15), while Aghajani et al. reported lower FA in the body of the corpus callosum, as well as higher FA in the uncinate fasciculus (16), Taken together, these findings support the hypothesis that white matter deficits of frontal-limbic neural circuits may present in the early stage of depression.

The relationship between structural and functional connectivity has been noticed. Kim et al. reported a positive relationship between amygdala reactivity and white matter integrity of the uncinate fasciculus in healthy controls, suggesting the relationship between functional and structural connectivity in amygdala-prefrontal circuits (17). Furthermore, negative relationship between amygdala volume and activity during emotional processing tasks in MDD (18). The positive correlations between FA values of left UF and resting state functional connectivity of the left vlPFC-amygdala and the left vlPFC-hippocampus in late life depression (19). One previous study reported that amygdala volume changes is negative to the age of on set, and younger MDD adults (< 30 years old) show more abnormal FC changes in left amygdala, while older MDD adults (≥30 years old) are in right amygdala (20). However, the relationship between functional and structural connectivity in adolescent MDD is not fully explored. Hence, we combined rs-fMRI and DTI in the current study to examine the functional and structural connectivity and their relationship within amygdala-prefrontal circuits in first-episode medication-naïve MDD adolescents. In our hypothesis, functional and structural connectivity abnormalities would be detected between amygdala and PFC within adolescent MDD, as well as an association between the functional and structural connectivity in this circuitry.



Materials and Methods


Participants

We recruited 36 medication-naïve adolescent outpatients with MDD from the outpatient clinic of the Department of Psychiatry and 37 healthy control subjects (HC) matched for sex, age and education by advertisements in the Frist Affiliated Hospital of China Medical University. A trained psychiatrist individually diagnosed all participants using the Schedule for Affective Disorders and Schizophrenia for School-Age Children (KSADS-PL). All MDD patients met the following inclusion criteria: fulfilling KSADS-PL criteria for MDD; first depressive episode; onset age between 13 and 17; no comorbid diagnosis of other affective and psychotic disorders; We used the 17-item Hamilton Depression Rating Scale (HAMD-17) (21) to score the severity of depression. All HC adolescents were confirmed the absence of psychiatric disorders. Any HC was excluded if he/she had any family history of psychiatric disorders in their first- or second-degree relatives. Any participant with the following additional criteria was excluded: history of head injury or neurological disorder; history of drug abuse or dependence; contraindications for MRI. All participants were scanned within 24 h of initial contact, and rated on the HAMD-17 at the time of scanning.

The study was approved by the Institutional Review Board of the China Medical University. All participants and their parent/legal guardian received a detailed description of the study, after that, they provided written informed consent to make sure they fully understand and agree their involvement of the study.



Mri Data Acquisition

A GE Signa HDX 3.0T MRI scanner (General Electric, Milwaukee, USA) with a standard head coil at the First Affiliated Hospital of China Medical University was used to perform the magnetic resonance imaging scan. Restraining foam pads and ear plugs were used for each participant to minimize the head motion and reduce the noise interference during the scan. Participants were asked to remain awake throughout the scan and keep their eyes closed. We used a gradient-echo planar imaging sequence to collect the rs-fMRI data with the following scan parameters: TR 2,000 ms, TE 30ms, 35 contiguous axial slices, 3 mm thickness, without gap, matrix 64 × 64, FOV 240 × 240mm2, flip angle 90°. We used a spin-echo planar imaging sequence to collect the DTI data with the following scan parameters: 25 non-collinear directions, b = 1,000 s/mm2, TR 17,000 ms, TE 85.4 ms, 65 contiguous axial slices, 2 mm thickness, without gap, imaging matrix 120 × 120, FOV = 240 × 240 mm2.



Rs-fMRI Data Processing

We used Resting-State fMRI Data Analysis Toolkit (REST) with Statistical Parametric Mapping 8 (SPM8) to processed the rs-fMRI data. The first 10 volumes of scanned data of each participant were deleted due to magnetic saturation effects. The remaining images were preprocessed with the following steps: First, slice timing and head motion correction: head motion parameters were computed by estimating translation in each direction and the angular rotation about each axis for each volume. The rs-fMRI data was excluded if their head motion was >2 mm maximum displacement in any of the x, y, or z directions or 2° of any angular motion throughout the course of the scan (no participants were excluded). Second, spatial normalization image to the standard Montreal Neurological Institute (MNI) space and resampled voxel size into 3 × 3 × 3 mm3 voxels then smoothing with a Gaussian filter of 6 mm full-width at half-maximum (FWHM). Then REST software was used to remove linear drift through linear regression and temporal band-pass filtering (0.01–0.08 Hz) to reduce the effects of low-frequency drifts and physiological high-frequency noise. Linear regression of head motion parameters, global mean signal, white matter signal and cerebrospinal fluid signal was performed to remove the effects of the nuisance covariates.

The left and right amygdala ROIs were defined separately according to the automated anatomical labeling (AAL) template contained in REST (22). The time course for all voxels of each ROI were averaged to calculate the mean time course for each amygdala ROI. The time course of each amygdala ROI was then correlated with the time course of each pixel in the brain, resulted with a correlation map for each subject that contained the correlation coefficient for each voxel with that of the amygdala ROI. The resulting correlation coefficients were transformed into z-scores. Subject-specific maps of resting state correlations to each amygdala ROI were created.



DTI Data Processing

We processed DTI data using the PANDA toolbox (23) in FSL diffusion toolkit and MRIcron. DICOM files were first converted into NIfTI images, then estimate the brain mask, crop images, correct for the eddy-current effect, average acquisitions, and calculate DTI metrics. Finally, diffusion metrics were produced ready for statistical analysis. The individual diffusion metric images were transformed from native space into a standard Montreal Neurological Institute (MNI) space (voxel size 1mm×1mm×1mm3) via spatial normalization. The ICBM-DTI-81 WM labels atlas in the standard space allow for parcellation of the entire white matter into multiple regions of interest (ROI) (24). PANDA toolbox was used to calculate the regional diffusion metrics by averaging the values within each region of the WM atlases. These resultant ROI-based data was statistically analyzed with SPSS and other statistical packages. In our study, we selected left and right uncinate fasciculus (UF) as the ROIs.



Statistical Analysis

We used the independent two-sample t tests and χ2 tests compare demographic data and HAMD scores between the MDD and HC groups with SPSS 22.0. Two-tailed values of P < 0.05 were considered statistically significant.

The subject-specific maps of resting state correlations from the amygdala to all brain voxels of rs-fMRI data were combined across subjects within the MDD group and within the HC group. With age as covariate, Voxel-based 1-sample t-tests were used to produce group whole-brain composite maps. Then we created the contrast maps to assess between-group differences using voxel-based 2-sample (MDD vs. HC) t-tests. The contrast maps were corrected for multiple comparisons using Monte Carlo simulation within the PFC which was our hypothesized region. We defined the PFC ROI including 20 labels of AAL template, corresponding to Brodmann areas (BA) 9, 10, 11, 12, 24, 25, 32, 44, 45, 46, 47. The contrast map threshold was set at p < 0.05 for each voxel, with cluster size of at least 32 voxels (864mm3), corresponding to the p < 0.05 corrected by AlphaSim.

We used two sample t-tests to compare group differences in the FA values separately for the atlas-based ROIs in SPSS. Two-tailed values of p < 0.05 were considered statistically significant.

To further evaluate the relationship between functional and structural connectivity, we investigated the correlations in MDD and HC participants separately between the FA values of UF and the strength of the functional connectivity in the regions showing significant differences between the two groups. Pearson’s correlation analysis was used, and statistical significance was set at 0.05 (two-tailed).




Results


Demographic and Clinical Scales

There were no significant differences in age (p = 0.972), gender (p = 0.236),or education (p = 0.228) between the adolescent MDD and the HC groups. MDD adolescents had significantly higher HAMD scores than the HC (p < 0.001, Table 1).


Table 1 | Demographic and clinical data of participants.





Between-Group Differences in rsFC and DTI

With age as covariant We found significantly decreased left ventral PFC (VPFC, BA 47) rsFC from the left amygdala in the adolescent MDD group, compared with the HC group [peak MNI coordinates of the left VPFC region: x = -35, y = 21, z = -11, 45 voxels (1215mm3), T = 3.53] (Figure 1, Table 2). This finding correspond to a corrected P < 0.05 by AlphaSim correction. Compared with the HC group, the MDD group showed no significant region in rsFC between the right amygdala and PFC regions.




Figure 1  | The images (MNI coordinate x = -35mm, y = 21mm, z = -11mm) display the regions in left ventral prefrontal cortex (VPFC) that show decreased functional connectivity from the left amygdala in adolescents with major depressive disorder (MDD), compared to healthy controls (HC) at rest. The color bar represents the range of T values. L, left brain; R, right brain.




Table 2 | Regions with decreased rsFC from the amygdala in subjects with major depressive disorder compared to health control subjects.



Compared with healthy controls, MDD group had significant decreased FA values in the left UF. There were no significant findings of right UF in MDD relative to controls (Table 3).


Table 3 | Two sample t test results for FA values of left and right UF.





Correlation Between FA and the Strength of Functional Connectivity

In post-hoc correlation analyses, no significant association was detected between FA value of the left UF and the strength of rsFC of VPFC from the left amygdala in the MDD group (r = -0.377, P = 0.058). There was also no significant correlation in the HC group (r = -0.118, P = 0.574).




Discussion

In this study, we reported decreased rsFC between left amygdala and left VPFC in adolescent MDD compared to HC. Furthermore, deficits of white matter integrity in the left uncinate fasciculus, fiber tracts connecting VPFC to temporal regions (including amygdala and hippocampus) were detected in adolescent MDD compared to HC. To our knowledge, this is the first study using differential MRI methods to explore functional and structural connectivity abnormalities in the amygdala-prefrontal circuits within adolescent MDD. Our findings provide primary evidence implicating abnormalities of amygdala-prefrontal circuits as the key components in the pathophysiology of adolescent MDD.

Our results of decreased rsFC between left amygdala and left VPFC in adolescent MDD (age 13–17) compared to HC are consistent with our previous findings of both rs-fMRI and task-fMRI in adult MDD (age 18–45) (4, 25). Amygdala-VPFC circuits play an important role in emotion processing (26). Dysfunction of amygdala and ventral frontal regions including VPFC and subgenual ACC were widely reported in adult MDD. Recently, several fMRI studies with adolescent MDD also focused on the function of amygdala and related circuits mediating emotion processing. Hyperactivation of amygdala and ACC were shown during facial-emotion matching task within adolescent MDD (27). In rs-fMRI studies, Cullen et al. reported decreased functional connectivity in the subgenual ACC-based network (8) and amygdala-hippocampus/brainstem circuits (9), but failed to find amygdala-frontal functional connectivity abnormalities. Taken together, our findings suggest that deficits of amygdala-prefrontal functional connectivity may emerge in the early onset of MDD and reflect the emotional dysfunction of adolescent MDD as well as adult MDD.

In this study, adolescents with MDD showed decreased FA values in the left UF compared to HC. The UF connects the amygdala with inferior frontal regions including VPFC and ACC, which are key components of the frontal-limbic neural circuits involved in emotional processing (26, 28). Dysfunction of the amygdala-VPFC circuit have proved to play an important role in the pathophysiology of adolescent MDD (8, 27, 29, 30). The prior study with adult MDD have demonstrated decreased FA values in the dorsal part of the UF (31). In the recent DTI studies with adolescent MDD, Cullen et al. reported reduced FA values in the right UF (14), while LeWinn et al. reported lower FA and higher RD in bilateral UF (32). As in the medication-naïve adolescent MDD sample of our study, the current findings of decreased FA values in the left UF provide preliminary evidence that abnormal white matter structural integrity in amygdala-VPFC circuit may be present early in the unmedicated adolescent MDD and play an important role in the pathophysiology of adolescent MDD.

The major strength of our study is that multiple MRI methods (rs-fMRI and DTI) were used to detect functional connectivity, structural connectivity and their relationship in the same adolescent MDD sample. Our present results of decreased functional connectivity within amygdala-VPFC circuits as well as reduced structural connectivity between amygdala and VPFC in adolescent MDD suggest the potential association between functional and structural connectivity. Our explanation is that deficits of white matter integrity in the UF might contribute to the decrease of functional connectivity between amygdala and VPFC. We speculate that early abnormalities of brain development may be present in some adolescent MDD patients early in life, even before illness episodes. The unmaturation of brain development in adolescent may cause the inadequate compensatory mechanism, hence lead to the decrease of both functional and structural connectivity in adolescent MDD. The association between functional and structural disconnectivity in the amygdala-VPFC circuit may reflect the early onset mechanism of adolescent MDD, which need to be further investigated in future longitudinal studies including adolescents with high-risk of depression.

The limitation of our findings is that as no significant correlation between strength of functional connectivity and white matter integrity detected, the direct relationship between functional and structural connectivity in the amygdala-VPFC circuit within adolescent is still unclear. Since a borderline significant correlation was detected in the MDD group, our speculation is that the relative small sample size may limit our ability to detect the statistical significance in current study. Future studies with large sample size is important to further understand the relationship between functional and structural connectivity and the neurodevelopmental mechanism of adolescent MDD.



Conclusions

Our study present the primary evidence of both functional and structural connectivity abnormalities of amygdala-VPFC circuit in the sample of first-episode medication-naïve adolescent MDD. The abnormal white matter structural integrity in adolescent MDD may reflect the unmaturation of early brain development in adolescent, which may cause the functional dis connectivity in the same circuit. Both functional and structural abnormalities of amygdala-VPFC circuit may present in the early onset of adolescent MDD and play an important role in the neuropathophysiology of adolescent MDD.
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Background

Recently, magnetic resonance imaging (MRI) technology has been widely used to quantitatively analyze brain structure, morphology, and functional activities, as well as to clarify the neuropathological and neurobiological mechanisms of schizophrenia. However, although there have been many relevant results and conclusions, there has been no systematic assessment of this field.



Aim

To analyze important areas of research utilizing MRI in studies of schizophrenia and explore major trends and the knowledge structure using bibliometric analysis.



Methods

Literature related to MRI studies of schizophrenia published in PubMed between January 1, 2004 and December 31, 2018 were retrieved in 5-year increments. The extracted major Medical Subject Headings (MeSH) terms/MeSH subheadings were analyzed quantitatively. Bi-clu-stering analysis, social network analysis (SNA), and strategic diagrams were employed to analyze the word matrix and co-occurrence matrix of high-frequency MeSH terms.



Results

For the periods of 2004 to 2008, 2009 to 2013, and 2014 to 2018, the number of relevant retrieved publications were 916, 1,344, and 1,512 respectively, showing an overall growth trend. 26, 34, and 36 high-frequency major MeSH terms/MeSH subheadings were extracted in each period, respectively. In line with strategic diagrams, the main undeveloped theme clusters in 2004–2008 were effects of antipsychotics on brain structure and their curative efficacy. These themes were replaced in 2009–2013 by physiopathology mechanisms of schizophrenia, etiology of cognitive disorder, research on default mode network and schizophrenic psychology, and were partially replaced in 2014–2018 by studies of differences in the neurobiological basis for schizophrenia and other mental disorders. Based on SNA, nerve net/physiopathology and psychotic disorder/pathology were considered the emerging hotspots of research in 2009–2013 and 2014–2018.



Conclusions

MRI studies on schizophrenia were relatively diverse, but the theme clusters derived from each period may reflect the publication trends to some extent. Bibliometric research over a 15-year period may be helpful in depicting the overall scope of research interest and may generate novel ideas for researchers initiating new projects.
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Introduction

Schizophrenia, as a common and devastating mental disorder, has been characterized by abnormal social behavior and the failure to understand reality, accompanied by emotional disorder or substance abuse, and even suicide (approximately 5%) (1), which leads to high risk for physical diseases, increased disability and recurrence for patients, and places a serious burden on their families and society (2, 3). The prevalence of schizophrenia has been stable at around 1% (4), and the years lived with disability (YLD) due to schizophrenia in 2016 was estimated to be 13.4 million years [95% uncertainty interval (UI), 9.9–16.7 million years], accounting for 1.7% of all YLDs and ranking 15th among all diseases worldwide (5). Nevertheless, the underlying etiology and pathogenesis of schizophrenia have not been fully elucidated, but scholars have come to the consensus that it is a disabling encephalopathy caused by a group of genetic factors, as well as heterogeneous neurodevelopmental risk factors and adverse environmental stimuli (6–9).

At present, clinical diagnosis of schizophrenia is mainly based on patients’ abnormal behavior. Clinical symptoms are described with quantitative dimensions, such as the quantitative evaluation of symptoms with the Positive and Negative Syndrome Scale (10). However, when patients exhibit typical psychotic symptoms and abnormal behaviors, they usually have advanced or relapsed into the middle and late stages of schizophrenia, which is not conducive to the implementation of rapid and effective treatment programs and the long-term recovery of patients. In recent years, neuroimaging technology has become an important way to understand normal physiological functions and pathological phenomena in the brain. Although patients with schizophrenia usually have anomalous brain structure and function, as well as neurological damage, it is possible for psychiatrists to explore early diagnosis, screen for specific biomarkers, monitor pathogenetic progression and therapeutic efficacy, and uncover pathophysiological mechanisms by employing structural and functional imaging technologies (11–15). Magnetic resonance imaging (MRI) scanning techniques focus primarily on structural magnetic resonance imaging, resting-state functional magnetic resonance imaging and diffuse tensor imaging (DTI). As early as 1927, scientists began to perform brain scans of schizophrenia patients, but the traumatic operation (injecting air into the cerebrospinal canal) meant that patients had to endure pain for months (16). It wasn’t until 1976 that Johnstone used computerized tomography technology to make the first non-invasive study of the brain of schizophrenia patients with enlarged lateral ventricles (17). Later, to improve the poor discrimination of soft tissue, Smith et al. conducted the first MRI study on schizophrenia patients in 1984 (18). Depending on the characteristics of the various imaging diagnostic techniques employed, the scope of MRI applications may differ; for example, structural magnetic resonance imaging (sMRI) enables high resolution spatial imaging of the brain in vivo based on its unique advantages which provide noninvasive, harmless and high spatial resolution, while DTI allows observation of the direction and structural integrity of nerve fiber bundles in the white matter in vivo, and functional MRI (fMRI) can detect functional activity of the brain. Furthermore, with the development of magnetic resonance technology, researchers are gradually extending their exploration of the brain of patients with schizophrenia and achieving fruitful results to better carry out clinical work and provide more professional advice for patients.

Bibliometrics, as a branch of library and information science, originated in the early 20th century. It is a comprehensive application of mathematics and statistics to conduct quantitative analysis and description of various characteristics of published literatures, so as to provide an easy method to evaluate research status and predict the developmental trends (19). Therefore, bibliometric analysis, including co-citation analysis, co-word analysis, and other methods, can help researchers grasp the changing trends of a given research field (20). While these methods have enriched the research content of MRI studies on schizophrenia, at present, few studies have attempted to focus on and sort out the important issues and research context from the perspective of bibliometrics. In view of this situation, this study attempted to analyze and summarize the internal and external characteristics of related literatures and track and intuitively display the research trends and frontiers in the field of MRI studies on schizophrenia by the integrated application of co-word analysis, bi-clustering analysis, strategic diagram, and social network analysis (SNA). Our goal is to promote public knowledge and provide reference for the increasing depth and breadth of future research on schizophrenia.



Methods


Data Collection, Data Extraction, and Bibliographic Matrix Setup

Literature involved in this study were retrieved and downloaded from the PubMed database(National Center for Biotechnology Information, U.S. National Library of Medicine, Rockville Pike, Bethesda MD, USA). Medical Subject Headings (MeSH) which are characterized by accuracy (accurately revealing the subject of the literature) and specificity can be used to index and catalog literatures in PubMed. In this study, the retrieval model was set as [“Magnetic Resonance Imaging”(Mesh) OR “Diffusion Tensor Imaging”(Mesh) OR “Diffusion Tensor Imaging”(Title/Abstract) AND “Schizophrenia”(Mesh)] with the filter restriction of literature type as “journal article” and language as “English”. In addition, in order to dynamically analyze the changes in hotspots, theme trends and knowledge structure of related studies of MRI and schizophrenia, the publication scope was divided into three periods (January 1, 2004 to December 31, 2008, January 1, 2009 to December 31, 2013, and January 1, 2014 to December 31, 2018). Finally, 916, 1,344, and 1,512 related literatures were retrieved in each period, respectively. Additionally, two researchers are required to carry out the primary retrieval and literature screening based on reviewing titles, abstracts, as well as full text in some cases independently.

Bibliographic information, including publication dates, countries, titles, authors, journal categories, major MeSH terms, MeSH subheading terms, abstracts, and other related characteristics of these literatures were accurately extracted and properly kept in XML format. The principle of h-index (21) was followed to set the threshold value of the high- and low-frequency major MeSH terms/MeSH subheadings. As a hybrid quantitative index, it was originally proposed by Hirsch to quantify the output of an individual researcher and gradually expand the index to evaluate the influence of patents (22), academic journals (23), research institutions (24), and so on. In this study, the Bibliographic Item Co-occurrence Matrix Builder (BICOMB) (25) was applied to read and analyze the bibliographic information of these retrieved literatures. Word frequency statistics in descending order were obtained with “major MeSH terms/MeSH subheadings.” When the word frequency was consistent with its rank, all major MeSH terms/MeSH subheadings greater than or equal to the rank were considered high frequency. Thereafter, fundamental data from the term-source literature and the term-term co-occurrence matrix were also generated to prepare for the subsequent bibliometric analysis.



Bi-Clustering Analysis of High-Frequency Mesh Terms

Bi-clustering analysis, also known as two-way clustering, was first proposed by Hartigan in 1972 (26). It refers to the concurrent clustering of rows and columns of data, and the simultaneous application of objects and their attributes to extract their common information. In this study, bi-clustering analysis of high-frequency major MeSH terms/MeSH subheadings was conducted on the basis of the term-source literature matrix by employing gCLUTO (Graphical Clustering Toolkit) software (http://glaros.dtc.umn.edu/gkhome/cluto/gcluto/download), with the aim of assessing the knowledge structure of studies on MRI of schizophrenia. The results are presented in the form of a visual matrix and visual mountain.

The two-dimensional matrix visualization, as a colorful interactive matrix, is composed of horizontal rows of high-frequency major MeSH terms/MeSH subheadings and vertical columns of PubMed unique identifiers (PMID) of these retrieved literatures, which are showed on the left and the top of the matrix, respectively. Mountain visualization attempts to describe the relationship between clusters from a three-dimensional perspective, and we can estimate the relative similarity between peaks by estimating the distance between them. The volume and height of each mountain is proportional to the number of high-frequency MeSH terms contained in a cluster and their similarity within the cluster, respectively. The greater the similarity within a cluster, the steeper the mountain. In addition, the colors of peaks include red, yellow, light blue, and dark blue. Red represents a lower standard deviation of the internal similarity in the cluster, while blue denotes a higher standard deviation. In addition, the closer the color is to a single color, the smaller is the deviation between the internal MeSH terms of various clusters and the greater is their similarity.

Furthermore, according to calculate statistical indices, including descriptive (literatures that represents this class of characteristics) and discriminating (literatures that distinguishes it from other clusters) of each high-frequency major MeSH terms/MeSH subheadings to the clusters, trace back to the source literatures by identifying the PMID that contributes the most to the formation of each cluster as the significant representative literatures. These extracted representative literatures can be used to summarize and interpret content of the theme cluster.



Strategic Diagram Analysis

The analysis method of strategic diagram was first proposed by Law et al. in 1988 and aimed to describe the complex internal structure and developmental trend of hotspots in a research field on the basis of the co-occurrence matrix and bi-cluster analysis (27). The two-dimensional strategic diagram (28), formed by employing software of GraphPad Prism 5.0 (Graphpad, Inc., La Jolla, CA, USA), places on the horizontal axis centrality or degree of external cohesion, namely, the central position of the theme cluster with other clusters. The vertical axis specifies the density or degree of internal cohesion, namely, the conceptual development of the theme cluster.

The strategic diagram can be divided into four quadrants moving counterclockwise (Figure 5A). The theme cluster which is located in the first quadrant (Quadrant I, upper right), represents the development core and relatively mature hotspots in the field, implying strong centrality, and high density. Theme clusters in the second quadrant (Quadrant II, upper left) are characterized by inadequate external interactions, but high density of terms in periphery development in this research field. The third quadrant (Quadrant III, lower left) consists of theme clusters with weak centrality and low density, which are identified as emerging or vanishing. Although the density of theme clusters contained in the fourth quadrant (Quadrant IV, lower right) is low, it has high centrality, which indicates that its internal structure is loose and its development has not achieved sufficient maturity.



Social Network Analysis

SNA, as an increasingly applied and rapidly developing method in variety of fields (e.g., psychology, sociology, mathematics, statistics, and others), emphasizes the connectivity and interdependence of elements in a group (29). In this study, to analyze and interpret the theme trends and knowledge structural characteristics of MRI studies of schizophrenia, we employed the “centrality” concept from SNA on the basis of the high-frequency major Mesh terms/MeSH subheadings co-occurrence matrix. Furthermore, to assess the importance of each node, statistical indices including degree, betweenness, and closeness centrality were selected to perform the network analysis. The connotation of each index is explained as follows: (1) Degree centrality is calculated by the number of direct links associated with or connected to one node within the network (30). This index is suitable for evaluating the co-occurrence level among nodes, indicating the importance of one given node to the network. This is evaluated by their degree centrality. (2) Betweenness centrality is calculated by the number of shortest paths between two other nodes that pass through one given node (31). This index can indicate the influence of this node to the network, that is, the higher the betweenness centrality value, the more powerful is this node in controlling other nodes within a network (32). (3) Closeness centrality also can be used as another measure for quantifying the importance of a given node (33). In contrast to betweenness centrality, this index is calculated from the reciprocal of the sum of the lengths of the shortest paths between the node and all other nodes within the network. Therefore, the larger the closeness centrality value of the given node, the closer it is to all the other nodes within the network.

Given that betweenness centrality, as a mediating role, is more applicable to describe the decisive effect within the whole network, we chose it to scale the node sizes. Calculation of the related statistical indices and drawing of the network diagrams were completed using Ucinet 6.0 software (Analytic Technologies Co., Nicholasville, Kentucky, USA), while visualization of the network structure was demonstrated using NetDraw 2.084 software (http://www.analytictech.com/downloadnd.htm).




Results


Distribution Characteristics of Related Publications

In this study, 916, 1,344, and 1,512 literatures were retrieved from the three periods of 2004 to 2008, 2009 to 2013, and 2014 to 2018, respectively, which were then subjected to comparative analysis using the statistical indices of authors, source of countries, and journals. The annual total number of MRI studies on schizophrenia presented an overall growth trend (Figure 1). The top five countries in this research field in the first period, in descending order of production, were the United States, England, Netherlands, Ireland, and Germany, while Netherlands overtook England for the second place in other two periods (Table 1). Additionally, it was clear that the proportion of publications in the U.S., which was the highest in all three periods, has been trending down, while Netherlands and England’s percentage of publication have continuously increased. The top two journals were Schizophrenia Research and Psychiatry Research in the first two periods, while Biological Psychiatry in 2004–2013 was replace by Schizophrenia Bulletin in 2009–2013. These three journals together contained more than 33.54% and 33.65% of the total number of searched publications in this field in the first two periods, respectively. From 2014 to 2018, the top three journals were Schizophrenia Research, Schizophrenia Bulletin, and NeuroImage. Clinical. Furthermore, the journal Schizophrenia Research ranked first in the number of articles published in all three periods, but its proportion of the total number of searched publications declined slightly. In addition, Shenton ME was the greatest contributor to MRI studies on schizophrenia research in the first period, while Calhoun VD contributed the most academic papers in the last two periods.




Figure 1 | The number of publications of MRI studies on schizophrenia in PubMed from 2004 to 2018.




Table 1 | Temporal distribution of publications of MRI studies on schizophrenia in PubMed from 2004 to 2018.





Research Hotspots Identified and Theme Clusters Summarized Based on MeSH Term Clusters

From the searched literature, 26, 34, and 36 high-frequency major MeSH terms/MeSH subheadings were extracted in each period, respectively, and their cumulative frequency percentages were 49.0459, 53.8805, and 52.1285% of the total, and thus could be considered as the research hotspots of MRI studies on schizophrenia in the past three 5-year time periods (Table 2). And, it should be pointed out that in the second period of 2009–2013, the word frequency values of 33rd and 34th major MeSH terms/MeSH subheadings were the same as 33, so we extracted 34 high-frequency MeSH terms.


Table 2 | Distribution of the high-frequency major MeSH terms/MeSH subheadings of MRI studies on schizophrenia in PubMed from 2004 to 2018.



According to bi-clustering analysis, 26, 34, and 36 high-frequency major MeSH terms/MeSH subheadings in each period were evenly divided into three clusters (Figures 2–4). For the results of mountain visualization, Cluster 0 in the first period, Clusters 1 and 2 in the second period, and Clusters 0 and 1 in the third period were marked with red peaks, which represented the most significant results with centralized distribution and low internal standard deviation of the internal similarity within clusters. Furthermore, we have made explicit the relationships among high-frequency major MeSH terms/MeSH subheadings and involved literatures from matrix visualization in each period. The major MeSH terms/MeSH subheadings contained in each cluster are displayed on the right side of the matrix, and the number before them referred to the descending rank of the frequency or proportion of frequency from the included literatures in each period. Moreover, an in-depth understanding of the meaning of the MeSH terms themselves, term-source literatures, as well as the significant representative literatures selected by bi-clustering analysis would be conducive to analyze and summarize the theme of each cluster. At the same time, it would also helpful to further interpret the connotation of the relevant literatures in each cluster.




Figure 2 | Bi-clustering analysis of 26 high-frequency MeSH terms/MeSH subheadings and literatures of MRI studies on schizophrenia in 2004 to 2008. (A) Matrix visualization of bi-clustering of 26 high-frequency major MeSH terms/MeSH subheadings and PubMed unique identifiers of literatures. (B) Mountain visualization of bi-clustering of 26 high-frequency major MeSH terms/MeSH subheadings and literatures.






Figure 3 | Bi-clustering analysis of 34 high-frequency major MeSH terms/MeSH subheadings and literatures of MRI studies on schizophrenia in 2009 to 2013. (A) Matrix visualization of bi-clustering of 34 high-frequency major MeSH terms/MeSH subheadings and PubMed unique identifiers of literatures. (B) Mountain visualization of bi-clustering of 34 high-frequency major MeSH terms/MeSH subheadings and literatures.






Figure 4 | Bi-clustering analysis of 36 high-frequency major MeSH terms/MeSH subheadings and literatures of MRI studies on schizophrenia in 2014 to 2018. (A) Matrix visualization of bi-clustering of 36 high-frequency major MeSH terms/MeSH subheadings and PubMed unique identifier of literatures. (B) Mountain visualization of bi-clustering of 36 high-frequency major MeSH terms/MeSH subheadings and literatures.





Theme Trends of MRI Studies on Schizophrenia

In this study, we plotted strategic diagrams so as to systematically compare similarities and differences of the theme clusters in the three periods and explore the developmental trends of MRI studies on schizophrenia. The number of high-frequency major MeSH terms/MeSH subheadings involved in each cluster can be reflected by the area of the nodes, that is, the greater the number, the larger the area (Figure 5B–D).




Figure 5 | Strategic diagrams for MRI studies on schizophrenia in three different periods. (A) Explanation of the strategic diagram. (B) Strategic diagram for MRI studies on schizophrenia in 2004–2008. The coordinate values of Cluster 1 are (0.40787, 0.07288), which locates it in Quadrant I. (C) Strategic diagram for MRI studies on schizophrenia in 2009–2013. (D) Strategic diagram for MRI studies on schizophrenia in 2014–2018. The coordinate values of Cluster 2 are (-0.39885, -0.37111), which locates it in Quadrant I. Clusters in each strategic diagram refer to the bi-clustering results presented in Table 3. The size of each single node is proportional to the number of high-frequency major MeSH terms/MeSH subheadings involved in each cluster (Figures 5 A – D).




Table 3 | Cluster interpretation of high-frequency major MeSH terms/MeSH subheadings of MRI studies on schizophrenia in PubMed from 2004 to 2018.



In the first period of 2004–2008, Cluster 0 and Cluster 1 were located in Quadrant I. Cluster 0 represents the correlation between brain structural abnormalities and brain function changes to explore physiopathology mechanism of schizophrenia, while Cluster 1 represented neurodevelopmental abnormalities in patients with schizophrenia and analysis of regional abnormal structural features and influencing factors in the brain. These two clusters were developed and in the core status with adequate centrality and high density. Cluster 2 in Quadrant III represented analysis of metabolism, therapeutic efficacy of antipsychotic agents on brain structure and schizophrenia pathology, which had not matured and were in the beginning stages of research in this field.

Compared with the results of 2004–2008, research on brain structure and function in the 2009–2013 period was still located in Quadrant I and was regarded as a mature and developed research area. However, in contrast to the similar theme cluster contents in the previous period, research in the 2009–2013 period was not only focused on the study of brain structure and function in patients with schizophrenia, but also paid more attention to the differential diagnosis of patients with bipolar disorder or other mental disorders. Furthermore, research on the physiopathology mechanisms of schizophrenia and the etiology of cognitive disorder and other complications, the structure and function of the brain default mode network, as well as schizophrenic psychology were newly developed themes.

In the third period of 2014–2018, theme clusters in Quadrant III, including research on differences in the neurobiological basis between schizophrenia and other mental diseases, were similar to the developed and mature theme contents in the first and second periods, which were identified as peripheral and undeveloped themes in the most recent 5 years. In addition, new emerging theme clusters researching on brain structural and functional abnormality of patients with schizophrenia, as well as physiopathology mechanism of the disease were located in Quadrant II, indicating they were developed but still peripheral research areas. Other emerging theme clusters, including effects of genetic load on brain function of schizophrenia patients, as well as identification of schizophrenia biomarkers, were new main undeveloped themes situated in Quadrant IV, which represented central and undeveloped research topics.

To summarize, these three strategic diagrams clearly revealed the current situation and development tendency of each theme cluster of MRI studies on schizophrenia during three different periods.



Knowledge Structure of MRI Studies on Schizophrenia

In this study, statistical indices of degree, betweenness and closeness centrality were applied to describe the knowledge structure of SNA networks in three different periods (Tables 4 and 5). The three SNAs were plotted on the basis of betweenness centrality to gain insight into the results (Figure 6). As we commented in the figure legends, the size of nodes was proportional to the betweenness centrality of the major MeSH terms/MeSH subheadings, and the thickness of the lines represents the term-term co-occurrence frequency.


Table 4 | Descriptive statistics for centrality measures of MRI studies on schizophrenia from 2004 to 2018.




Table 5 | Descriptive statistics for centrality measure about MRI studies on schizophrenia from 2004 to 2018.







Figure 6 | SNA for high-frequency major MeSH terms/MeSH subheadings applied to MRI studies on schizophrenia. (A) SNA for 26 high-frequency major MeSH terms/MeSH subheadings in 2004–2008. (B) SNA for 34 high-frequency major MeSH terms/MeSH subheadings in 2009–2013. (C) SNA for 36 high-frequency major MeSH terms/MeSH subheadings in 2014–2018. The size of the nodes and the thickness of the lines within the networks represent centrality of MeSH terms and the co-occurrence frequency of MeSH terms pairs, respectively. Red icons (): Node with the highest betweenness centrality. Circle icons: Nodes highly co-occurred with other nodes since the period of 2004–2008 (), 2009–2013 () and 2014–2018 (), respectively (Figure 6A–C). Box icons: Emerging nodes in 2004–2008 (), 2009–2013 () and 2014–2018(), respectively.



In the period of 2004–2008, eight major MeSH terms/MeSH subheadings were shown to have a high degree centrality (greater than the mean value of 203.69, Table 4) within the network of MRI studies on schizophrenia. As can be seen in Table 5, Magnetic Resonance Imaging (674.000) and Schizophrenia/physiopathology (663.000) had higher degree centrality among the eight high-frequency major MeSH term/MeSH subheadings and showed a larger gap between the others. Furthermore, Table 4 also shows that the top two betweenness centrality values listed in Table 5 are the same (8.417), which meant that the two major MeSH terms/MeSH subheadings (Schizophrenia/physiopathology, Schizophrenia/diagnosis) had the strongest mediating effect within the network of the first period. Additionally, both terms had the highest closeness values of 100.000, indicating that they had a tight connection with the other nodes. As shown in Table 5, another seven major MeSH terms/MeSH subheadings had high betweenness values (greater than the mean value of 3.39, Table 4), which suggested that these MeSH terms also played a critical mediating role within the network. In addition, according to Figure 6A, the total number of new emerging hotspots in this period was 12, including Magnetic Resonance Imaging/statistics & numerical data, Schizophrenia/epidemiology, Brain Mapping, Brain/anatomy & histology, Schizophrenia/complications, Schizophrenia/metabolism, Diffusion Magnetic Resonance Imaging, Imaging, Three-Dimensional, Cerebral Cortex/pathology, Imaging Interpretation, Computer-Assisted/methods, as well as Cerebral Cortex/physiopathology, which were located on the edge of the network.

Compared with the SNA of the first period, another four new major MeSH terms/MeSH subheadings (Table 5 and Figure 6B), including Brain Mapping, Schizophrenia/complications, Magnetic Resonance Imaging/methods and Schizophrenia/genetics were added to the nodes with high degree centrality in the second period of 2009–2013. Meanwhile, in addition to Brain Mapping and Schizophrenia/complications, another two MeSH terms (Nerve Net/physiopathology and Memory, Short-Term/physiology) were added to the nodes with high betweenness centrality (greater than the mean value of 4.41, Tables 4 and 5). Furthermore, the MeSH terms Schizophrenia/pathology and Schizophrenic Psychology had the highest betweenness centrality values (10.606) and the highest closeness centrality values (100.00) (Table 5). According to Figure 6B, another 12 new emerging nodes were located at the edge of the network, including Brain Mapping/methods, Neural Pathways/physiopathology, Emotions/physiology, Nerve Net/physiopathology, Prefrontal Cortex/physiopathology, Antipsychotic Agents/therapeutic use, Brain/blood supply, Prefrontal Cortex/pathology, Cognition Disorders/etiology, Hippocampus/pathology, Bipolar Disorder/pathology, and Diffusion Tensor Imaging/methods, identifying them as emerging hotspots of MRI studies on schizophrenia in 2009–2013.

In the SNA of 2014–2018, five new major MeSH terms/MeSH subheadings were added to the nodes (Figure 6C), including Schizophrenia/diagnostic imaging, White Matter/pathology, Nerve Net/physiopathology, Psychotic Disorders/physiopathology, Brain Mapping/methods, which were characterized by high betweenness values (greater than the mean value of 4.31, Table 4). Compared with the SNA of 2009–2013 (Figure 6B), a total of six new emerging nodes, including Brain/diagnostic imaging, Bipolar Disorder/physiopathology, Memory, Short-Term/physiology, Psychotic Disorder/pathology, Prefrontal Cortex/physiopathology, and White Matter/diagnostic imaging, were considered as emerging hotspots of MRI studies on schizophrenia in the third period of 2014–2018 (Figure 6C).




Discussion

The human brain is a complex, efficient, and organic system with nearly 100 billion neurons, but during its process of development, a range of genetic, infectious, stress, family, and social environment factors can cause structural and functional abnormalities (34). Schizophrenia has been recognized as the most important brain degeneration disease treated by psychiatrists. Neuroimaging studies have shown that mental disorders can lead to structural and functional changes in brain regions (35, 36), and the structural changes of brain regions are also important risk factors affecting the prodromal stage of schizophrenia (37, 38). The present study evaluated MRI studies on schizophrenia in recent decades by exploring bibliometrics to reach the conclusion that publication of MRI studies on schizophrenia showed an increasing trend in the last 15 years. However, after in-depth analysis, we observed that growth of the third period became slower than the second, but the number of papers published in 2015 is the largest, showing the peak in three curves. In addition, based on the results of the strategic diagram, we observed that contents of theme clusters in each quadrant have changed to some extend so that we could have a preliminary understanding of the theme trends from 2004 to 2018.

In the first period (2004–2008), theme Cluster 0 and Cluster 1 were located in Quadrant I, representing well-developed and mature topics. From the literature analysis, we found that previous research clarified the relationship between brain structural changes and functional abnormalities and analyzed the structural deficit in the corticothalamic system (39), anatomical changes in the frontal-temporal circuit and functional alterations in the prefrontal cortex (40) for the purpose of exploring the etiology and physiopathology of schizophrenia. Furthermore, the structural parts of abnormal brain regions that led to dysfunction and perceived sources of information were identified and positioned (41).

Another theme (Cluster 2) located in Quadrant I. indicated that research on the analysis of metabolism, therapeutic efficacy of antipsychotic agents on brain structure and schizophrenia pathology was immature and needed further study. Previous reports had suggested that after controlling for confounding factors such as sex and age, antipsychotics could alleviate or treat clinical symptoms by altering brain structure (42, 43), but more recent research has found that first-generation antipsychotic drugs may increase oxidative stress and damage cerebral function (44); therefore, whether antipsychotic agents have a protective or destructive effect on brain structure has not been consistently shown. Moreover, numerous studies have demonstrated that almost all cortical and subcortical structures in schizophrenia patients showed morphological abnormalities, including changes in the volume of brain structures such as the whole brain, temporal lobe, amygdala and hippocampus (45–47). Meantime, Fornito, et al. also suggested that impaired brain network connectivity is the pathophysiological basis for diverse clinical symptoms and cognitive impairment of schizophrenia (48). As a result, it is difficult to identify which parts of a brain region that are structurally and functionally abnormal directly contribute to schizophrenia. Therefore, it will be a long process and difficult project to explore the pathological mechanisms of schizophrenia through MRI studies.

During the second period of 2009–2013, partial theme contents of Cluster 1 (research on brain structure and function) were still located in Quadrant I, indicating that researchers kept on paying close attention to the related research topic. With the exception of in-depth studies on nerve fibers, hippocampus, and cerebral cortex (49, 50), good progress has been made in the use of brain imaging to distinguish between schizophrenia and bipolar disorder (51, 52). Moreover, researchers have acquired better understanding of the use of various MRI techniques, their analysis, and interpretation of results (53, 54). In addition, we determined that research on the pathological mechanism of schizophrenia (partial theme contents of Cluster 0, located in Quadrant III) has not yet been fully elucidated and remains as an undeveloped theme. As for the new theme cluster schizophrenia psychology, researchers are dedicated to identifying the basis for the structural and functional activities of brains that cause abnormal psychological symptoms (e.g., emotional withdrawal) in patients with schizophrenia (55, 56). However, due to the diversity of abnormal psychological symptoms in patients and the complicated influencing factors (e.g., course of disease and medication), this field needs further development. Another new theme cluster is brain default mode network (DMN), in which brain network studies have shown changes in the default network functional connectivity in schizophrenia. While results in this area are inconsistent, most studies have shown increased DMN functional connectivity in schizophrenia, as well as weaken functional connections in the prefrontal cortex (57, 58). Nevertheless, taking antipsychotics and changes in psychiatric symptoms can influence resting brain networks, and the intrinsic relationship between genes and DMN have gradually become noteworthy academic issues in recent years (59, 60).

In the third period of 2014–2018, Cluster 1, whose theme contents involve research on differences in the neurobiological basis of schizophrenia and other mental diseases and include studies of the effects of antipsychotics on brain structural changes, was located in Quadrant III. The theme of differential diagnosis of schizophrenia and other mental disorder (e.g., bipolar disorder, schizoaffective disorder), which was originally in Quadrant Iin the second period (2009–2013), is now situated in Quadrant III during the third period (2014-2018). Based on MRI techniques, researchers have studied the similarities and differences in brain structure among patients with schizophrenia and bipolar disorder, such as the two major psychotic disorder have a shared white-matter dysconnectivity in callosal, paralimbic, and fronto-occipital regions (61), but volume reductions in several brain regions of schizophrenic patients, such as the medial frontal cortex, parts of the temporal lobe cortex, the insula and hippocampus cannot be observed in bipolar patients (62). And they also have identified the risk alleles associated with the disease to facilitate more accurate identification and diagnosis (63). Relevant research needs to be further developed and improved.

In addition, as mentioned above, reports about the use of antipsychotics to prevent the progression of brain damage are as yet inconsistent. Numerous studies have found that changes in brain imaging occurred at an early stage in schizophrenia, while structural and functional abnormalities in brain regions caused by grey and white matter volume reductions and anomalous connections, became more prominent with the progression of the condition. But Emsley et al. argued that the brain volume reductions are not directly associated with antipsychotic treatment during the first year of medication, and decrease in brain volume may have more to do with neurotoxicity of drugs than with the therapeutic effect (64). However, due to the differences in research facilities and measuring methods, conclusions are still controversial because abnormal brain regions in various studies do not completely overlap. It remains to be seen whether our next study should take steps to repair brain damage, or whether it should delay, prevent, or interfere with the continued damage to brain structure caused by antipsychotics.

Finally, we can also conclude that the MeSH terms Schizophrenia/physiopathology, Schizophrenia/pathology, and Schizophrenia Psychology have higher or the highest values of betweenness centrality, implying that they have the largest number of direct connections with other nodes, as well as being situated at the core position within the networks. In other words, research on the pathological and physio-pathological mechanisms of schizophrenia, as well as analysis of abnormal psychological and behavioral symptoms from the perspective of brain imaging, are significant and potentially important academic issues in this research field. In addition, the new emerging hotspots in these three periods should be viewed as a guide to finding new directions for research.



Conclusion

The main finding of this study was that MRI studies on schizophrenia have been an issue of general concern, but the progress (e.g. pathogenesis of schizophrenia) is relatively slow in recent years. Further research is necessary to investigate the undeveloped, immature, and emerging hotspots and theme clusters mentioned above so as to provide medical staff, scientific researchers, and frontline educators with new directions in the field of MRI studies on schizophrenia.



Limitation

There are several limitations to consider in the current study. To better present results, years were selected as the time unit to divide time periods and complete statistics. However, the complete data of 2019 has not yet been obtained, so the literature published in this year was not included. In addition, this study only included journals articles, so some research hotspots might have been omitted due to the exclusion of conference papers, reviews, and other types of literature. In addition, there are certain limitations in the scope of the PubMed database collection and in the indexing of MeSH terms, so that literature retrieval based on MeSH terms may miss some publications. Furthermore, this study selected the index of major MeSH terms/MeSH subheadings to extract high-frequency MeSH terms, and we cannot completely exclude the possibility that other low-frequency MeSH terms may become hotspots of research in the future. Finally, the data source only selects the published literatures, which may lead to publication bias.



Author Contributions

GZ designed and corrected the paper. LD wrote the paper.



Funding

This work was supported by grants from the Major Project of the Department of Science & Technology of Liaoning Province (2019JH8/10300019).



References

1. Hor K, Taylor M. Suicide and schizophrenia: a systematic review of rates and risk factors. J Psychopharmacol (2010) 24:81–90. doi: 10.1177/1359786810385490

2. Buckley PF, Miller BJ, Lehrer DS, Castle DJ. Psychiatric comorbidities and schizophrenia. Schizophr Bull (2009) 35:383–402. doi: 10.1093/schbul/sbn135

3. Wieronska JM, Zorn SH, Doller D, Pilc A. Metabotropic glutamate receptors as targets for new antipsychotic drugs: historical perspective and critical comparative assessment. Pharmacol Ther (2016) 157:10–27. doi: 10.1016/j.pharmthera.2015.10.007

4. McGrath J, Saha S, Welham J, El Saadi O, MacCauley C, Chant D. A systematic review of the incidence of schizophrenia: the distribution of rates and the influence of sex, urbanicity, migrant status and methodology. BMC Med (2004) 2:13. doi: 10.1186/1741-7015-2-13

5. GBD 2016 Disease and Injury Incidence and Prevalence Collaborators. Global, regional, and national incidence, prevalence, and years lived with disability for 328 diseases and injuries for 195 countries, 1990-2016: a systematic analysis for the global burden of disease study 2016. Lancet (2017) 390:1211–59. doi: 10.1016/S0140-6736(17)32154-2

6. Sandstrom A, Sahiti Q, Pavlova B, Uher R. Offspring of parents with schizophrenia, bipolar disorder, and depression: a review of familial high-risk and molecular genetics studies. Psychiatr Genet (2019) 29:160–9. doi: 10.1097/YPG.0000000000000240

7. Hameed MA, Lewis AJ. Offspring of parents with schizophrenia: a systematic review of developmental features across childhood. Harv Rev Psychiatry (2016) 24:104–17. doi: 10.1097/HRP.0000000000000076

8. van Os J, Kenis G, Rutten BP. The environment and schizophrenia. Nature (2010) 468:203–12. doi: 10.1038/nature09563

9. Weinberger DR. Future of days past: neurodevelopment and schizophrenia. Schizophr Bull (2017) 43:1164–8. doi: 10.1093/schbul/sbx118

10. Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome scale (panss) for schizophrenia. Schizophr Bull (1987) 13:261–76. doi: 10.1093/schbul/13.2.261

11. Kaneko G, Sanganahalli BG, Groman SM, Wang H, Coman D, Rao J, et al. Hypofrontality and posterior hyperactivity in early schizophrenia: Imaging and behavior in a preclinical model. Biol Pychiatry (2017) 81:503–13. doi: 10.1016/j.biopsych.2016.05.019

12. Gilmore JH, Smith LC, Wolfe HM, Hertzberg BS, Smith JK, Chescheir NC, et al. Prenatal mild ventriculomegaly predicts abnormal development of the neonatal brain. Biol Psychiatry (2008) 64:1069–76. doi: 10.1016/j.biopsych.2008.07.031

13. Li G, Wang L, Shi F, Lyall AE, Ahn M, Peng Z, et al. Cortical thickness and surface area in neonates at high risk for schizophrenia. Brain Struct Funct (2016) 221:447–61. doi: 10.1007/s00429-014-0917-3

14. Koike S. Clinical status and outcome biomarkers in schizophrenia: a review for near-infrared spectroscopy studies. Seishin Shinkeigaku Zasshi (2013) 115:863–73.


15. Szulc A, Galińska B, Tarasów E, Kubas B, Dzienis W, Konarzewska B, et al. N-acetylaspartate (NAA) levels in selected areas of the brain in patients with chronic schizophrenia treated with typical and atypical neuroleptics: a proton magnetic resonance spectroscopy (1H MRS) study. Med Sci Monit (2007) 13:17–22.


16. Jacobi W, Winkler H. Encephalographische studien an schizophrenen. Archiv Für Psychiatr Und Nervenkrankheiten (1927) 81:299–332. doi: 10.1007/BF01825649

17. Johnstone EC, Crow TJ, Frith CD, Husband J, Kreel L. Cerebral ventricular size and cognitive impairment in chronic schizophrenia. Lancet (1976) 2:924–6. doi: 10.1016/S0140-6736(76)90890-4

18. Smith RC, Calderon M, Ravichandran GK, Largen J, Vroulis G, Shvartsburd A, et al. Nuclear magnetic resonance in schizophrenia: A preliminary study. Psychiatry Res (1984) 12:137–47. doi: 10.1016/0165-1781(84)90013-1

19. Johnson MH, Cohen J, Grudzinskas G. The uses and abuses of bibliometrics. Reprod BioMed Online (2012) 24:485–6. doi: 10.1016/j.rbmo.2012.03.007

20. Yao Q, Chen K, Yao L, Lyu PH, Yang TA, Luo F, et al. Scientometric trends and knowledge maps of global health systems research. Health Res Policy Syst (2014) 12:26. doi: 10.1186/1478-4505-12-26

21. Hirsch JE. An index to quantify an individual’s scientific research output. Proc Natl Acad Sci U S A. (2005) 102:16569–72. doi: 10.1073/pnas.0507655102

22. Guan JC, Gao X. Exploring the h-index at patent level. J Am Soc Inf Sci Technol (2008) 60:35–40. doi: 10.1002/asi.20954

23. Braun T, Glänzel W, Schubert A. A Hirsch-type index for journals. Scientometrics (2006) 69:169–73. doi: 10.1007/s11192-006-0147-4

24. Raan AFJV. Comparison of the Hirsch-index with standard bibliometric indicators and with peer judgment for 147 chemistry research groups. Scientometrics (2006) 67:491–502. doi: 10.1556/Scient.67.2006.3.10

25. Li F, Li M, Guan P, Ma S, Cui L. Mapping publication trends and identifying hot spots of research on Internet health information seeking behavior: a quantitative and co-word biclustering analysis. J Med Internet Res (2015) 17:e81. doi: 10.2196/jmir.3326

26. Hartigan JA. Direct clustering of a data matrix. Publ Am Stat Assoc (1972) 67:7. doi: 10.1080/01621459.1972.10481214

27. Law J, Bauin S, Courtial JP, Whittaker J. Policy and the mapping of scientific change: a co-word analysis of research into environmental acidification. Scientometrics (1988) 14:251–64. doi: 10.1007/BF02020078

28. Viedma-Del-Jesus MI, Perakakis P, Muñoz M, López-Herrera AG, Vila J. Sketching the first 45 years of the journal psychophysiology (1964-2008): a co-word-based analysis. Psychophysiology (2011) 48:1029–36. doi: 10.1111/j.1469-8986.2011.01171.x

29. Parnell JM, Robinson JC. Social network analysis: presenting an underused method for nursing research. J Adv Nurs (2018) 74:1310–8. doi: 10.1111/jan.13541

30. Guillon Q, Afzali MH, Rogé B, Baduel S, Kruck J, Hadjikhani N. The importance of networking in autism gaze analysis. PloS One (2015) 10:e0141191. doi: 10.1371/journal.pone.0141191

31. APA Brede M. Networks—an introduction. mark e. j. newman. (2010, oxford university press.). Artif Life (2012) 18:241–:2. doi: 10.1162/artl_r_00062

32. Freeman LC. A set of measures of centrality based on betweenness. Sociometry (1977) 40:35–41. doi: 10.2307/3033543

33. Sadria M, Karimi S, Layton AT. Network centrality analysis of eye-gaze data in autism spectrum disorder. Comput Biol Med (2019) 111:103332. doi: 10.1016/j.compbiomed.2019.103332

34. Liang X. Human connectome: structural and functional brain networks. Chin J (2010) 55:1565. doi: 10.1360/972009-2150

35. Fusar-Poli P. Voxel-wise meta-analysis of fMRI studies in patients at clinical high risk for psychosis. J Psychiatry Neurosci (2012) 37:106–12. doi: 10.1503/jpn.110021

36. Smieskova R, Fusar-Poli P, Allen P, Bendfeldt K, Stieglitz RD, Drewe J, et al. Neuroimaging predictors of transition to psychosis–a systematic review and meta-analysis. Neurosci Biobehav Rev (2010) 34:1207–22. doi: 10.1016/j.neubiorev.2010.01.016

37. Nenadic I, Dietzek M, Schönfeld N, Lorenz C, Gussew A, Reichenbach JR, et al. Brain structure in people at ultra-high risk of psychosis, patients with first-episode schizophrenia, and healthy controls: a VBM study. Schizophr Res (2015) 161:169–76. doi: 10.1016/j.schres.2014.10.041

38. Lesh TA, Careaga M, Rose DR, McAllister AK, Van de Water J, Carter CS, et al. Cytokine alterations in first-episode schizophrenia and bipolar disorder: Relationships to brain structure and symptoms. J Neuroinflamm (2018) 15:165. doi: 10.1186/s12974-018-1197-2

39. Kim JJ, Kim DJ, Kim TG, Seok JH, Chun JW, Oh MK, et al. Volumetric abnormalities in connectivity-based subregions of the thalamus in patients with chronic schizophrenia. Schizophr Res (2007) 97:226–35. doi: 10.1016/j.schres.2007.09.007

40. Schlösser RG, Nenadic I, Wagner G, Güllmar D, von Consbruch K, Köhler S, et al. White matter abnormalities and brain activation in schizophrenia: a combined DTI and fMRI study. Schizophr Res (2007) 89:1–11. doi: 10.1016/j.schres.2006.09.007

41. Simons JS, Davis SW, Gilbert SJ, Frith CD, Burgess PW. Discriminating imagined from perceived information engages brain areas implicated in schizophrenia. Neuroimage (2006) 32:696–703. doi: 10.1016/j.neuroimage.2006.04.209

42. Molina V, Sanz J, Benito C, Palomo T. Direct association between orbitofrontal atrophy and the response of psychotic symptoms to olanzapine in schizophrenia. Int Clin Psychopharmacol (2004) 19:221–8. doi: 10.1097/01.yic.0000125753.01426.d7

43. van Haren NE, Hulshoff Pol HE, Schnack HG, Cahn W, Mandl RC, Collins DL, et al. Focal gray matter changes in schizophrenia across the course of the illness: a 5-year follow-up study. Neuropsychopharmacology (2007) 32:2057–66. doi: 10.1038/sj.npp.1301347

44. Bai ZL, Li XS, Chen GY, Du Y, Wei ZX, Chen X, et al. Serum oxidative stress marker levels in unmedicated and medicated patients with schizophrenia. J Mol Neurosci (2018) 66:428–36. doi: 10.1007/s12031-018-1165-4

45. James AC, James S, Smith DM, Javaloyes A. Cerebellar, prefrontal cortex, and thalamic volumes over two time points in adolescent-onset schizophrenia. Am J Psychiatry (2004) 161:1023–9. doi: 10.1176/appi.ajp.161.6.1023

46. Staal WG, Hulshoff Pol HE, Schnack HG, van Haren NE, Seifert N, Kahn RS. Structural brain abnormalities in chronic schizophrenia at the extremes of the outcome spectrum. Am J Psychiatry (2001) 158:1140–2. doi: 10.1176/appi.ajp.158.7.1140

47. Buchsbau MS, Friedman J, Chu KW, Newmark R, Schneiderman JS, Torosjan Y, et al. Diffusion tensor imaging in schizophrenia. Biol Psychiatry (2005) 58:921–9. doi: 10.1016/j.schres.2007.10.009

48. Fornito A, Yoon J, Zalesky A, Bullmore ET, Carter CS. General and specific functional connectivity disturbances in first-episode schizophrenia during cognitive control performance. Biol Psychiatry (2011) 70:64–72. doi: 10.1016/j.biopsych.2011.02.019

49. Gogtay N, Hua X, Stidd R, Boyle CP, Lee S, Weisinger B, et al. Delayed white matter growth trajectory in young nonpsychotic siblings of patients with childhood-onset schizophrenia. Arch Gen Psychiatry (2012) 69:875–84. doi: 10.1001/archgenpsychiatry.2011.2084

50. Mandl RC, Schnack HG, Luigjes J, van den Heuvel MP, Cahn W, Kahn RS, et al. Tract-based analysis of magnetization transfer ratio and diffusion tensor imaging of the frontal and frontotemporal connections in schizophrenia. Schizophr Bull (2010) 36:778–87. doi: 10.1093/schbul/sbn161

51. Schnack HG, Nieuwenhuis M, van Haren NE, Abramovic L, Scheewe TW, Brouwer RM, et al. Can structural MRI aid in clinical classification? A machine learning study in two independent samples of patients with schizophrenia, bipolar disorder and healthy subjects. Neuroimage (2014) 84:299–306. doi: 10.1016/j.neuroimage.2013.08.053

52. Morris RW, Sparks A, Mitchell PB, Weickert CS, Green MJ. Lack of cortico-limbic coupling in bipolar disorder and schizophrenia during emotion regulation. Transl Psychiatry (2012) 2:e90. doi: 10.1038/tp.2012.16

53. Voineskos AN, O’Donnell LJ, Lobaugh NJ, Markant D, Ameis SH, Niethammer M, et al. Quantitative examination of a novel clustering method using magnetic resonance diffusion tensor tractography. Neuroimage (2009) 45:370–6. doi: 10.1016/j.neuroimage.2008.12.028

54. Venkataraman A, Rathi Y, Kubicki M, Westin CF, Golland P. Joint modeling of anatomical and functional connectivity for population studies. IEEE Trans Med Imaging (2012) 31:164–82. doi: 10.1109/TMI.2011.2166083

55. Kumari V, Fannon D, Ffytche DH, Raveendran V, Antonova E, Premkumar P, et al. Functional MRI of verbal self-monitoring in schizophrenia: performance and illness-specific effects. Schizophr Bull (2010) 36:740–55. doi: 10.1093/schbul/sbn148

56. Herold R, Feldmann A, Simon M, Tényi T, Kövér F, Nagy F, et al. Regional gray matter reduction and theory of mind deficit in the early phase of schizophrenia: a voxel-based morphometric study. Acta Psychiatr Scand (2009) 119:199–208. doi: 10.1111/j.1600-0447.2008.01297.x

57. Greicius MD, Supekar K, Menon V, Dougherty RF. Resting-state functional connectivity reflects structural connectivity in the default mode network. Cereb Cortex (2009) 19:72–8. doi: 10.1093/cercor/bhn059

58. Shen H, Wang L, Liu Y, Hu D. Discriminative analysis of resting-state functional connectivity patterns of schizophrenia using low dimensional embedding of fMRI. Neuroimage (2010) 49:3110–21. doi: 10.1016/j.neuroimage.2009.11.011

59. Zong X, Hu M, Pantazatos SP, Mann JJ, Wang G, Liao Y, et al. A dissociation in effects of risperidone monotherapy on functional and anatomical connectivity within the default mode network. Schizophr Bull (2018) 45:1309-18. doi: 10.1093/schbul/sby175

60. Richiardi J, Altmann A, Milazzo AC, Chang C, Chakravarty MM, Banaschewski T, et al. BRAIN NETWORKS. Correlated gene expression supports synchronous activity in brain networks. Science (2015) 348:1241–4. doi: 10.1126/science.1255905

61. Kumar J, Iwabuchi S, Oowise S, Balain V, Palaniyappan L, Liddle PF. Shared white-matter dysconnectivity in schizophrenia and bipolar disorder with psychosis. Psychol Med (2015) 45:759–70. doi: 10.1017/S0033291714001810

62. Amann BL, Canales-Rodríguez EJ, Madre M, Radua J, Monte G, Alonso-Lana S, et al. Brain structural changes in schizoaffective disorder compared to schizophrenia and bipolar disorder. Acta Psychiatr Scand (2016) 133:23–33. doi: 10.1111/acps.12440

63. Tecelão D, Mendes A, Martins D, Bramon E, Toulopoulou T, Kravariti E, et al. The impact of psychosis genome-wide associated ZNF804A variation on verbal fluency connectivity. J Psychiatr Res (2018) 98:17–21. doi: 10.1016/j.jpsychires.2017.12.005

64. Emsley R, Asmal L, du Plessis S, Chiliza B, Phahladira L, Kilian S. Brain volume changes over the first year of treatment in schizophrenia: relationships to antipsychotic treatment. Psycholl Med (2017) 47:2187–96. doi: 10.1017/S0033291717000642



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 Duan and Zhu. 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.




ORIGINAL RESEARCH

published: 12 February 2020

doi: 10.3389/fpsyt.2019.00995

[image: image2]


Dynamic Functional Connectivity Strength Within Different Frequency-Band in Schizophrenia


Yuling Luo †, Hui He †, Mingjun Duan, Huan Huang, Zhangfeng Hu, Hongming Wang, Gang Yao, Dezhong Yao, Jianfu Li * and Cheng Luo


The Clinical Hospital of Chengdu Brain Science Institute, MOE Key Lab for Neuroinformation, High-Field Magnetic Resonance Brain Imaging Key Laboratory of Sichuan Province, University of Electronic Science and Technology of China, Chengdu, China




Edited by: 
Roberto Esposito, A.O. Ospedali Riuniti Marche Nord, Italy

Reviewed by: 
Feng Liu, Tianjin Medical University General Hospital, China

Dahua Yu, Inner Mongolia University of Science and Technology, China

*Correspondence: 
Jianfu Li
 leed1005@163.com

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Neuroimaging and Stimulation, a section of the journal Frontiers in Psychiatry


Received: 08 October 2019

Accepted: 17 December 2019

Published: 12 February 2020

Citation:
 Luo Y, He H, Duan M, Huang H, Hu Z, Wang H, Yao G, Yao D, Li J and Luo C (2020) Dynamic Functional Connectivity Strength Within Different Frequency-Band in Schizophrenia. Front. Psychiatry 10:995. doi: 10.3389/fpsyt.2019.00995



As a complex psychiatric disorder, schizophrenia is interpreted as a “dysconnection” syndrome, which is linked to abnormal integrations in between distal brain regions. Recently, neuroimaging has been widely adopted to investigate how schizophrenia affects brain networks. Furthermore, some studies reported frequency dependence of the abnormalities of functional network in schizophrenia, however, dynamic functional connectivity with frequency dependence is rarely used to explore changes in the whole brain of patients with schizophrenia (SZ). Therefore, in the current study, dynamic functional connectivity strength (dFCS) was performed on resting-state functional magnetic resonance data from 96 SZ patients and 121 healthy controls (HCs) at slow-5 (0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz), and slow-2 (0.198–0.25 Hz) frequency bands and further assessed whether the altered dFCS was correlated to clinical symptoms in SZ patients. Results revealed that decreased dFCS of schizophrenia were found in salience, auditory, sensorimotor, visual networks, while increased dFCS in cerebellum, basal ganglia, and prefrontal networks were observed across different frequency bands. Specifically, the thalamus subregion of schizophrenic patients exhibited enhanced dynamic FCS in slow-5 and slow-4, while reduced in slow-3. Moreover, in slow-5 and slow-4, significant interaction effects between frequency and group were observed in the left calcarine cortex, the bilateral inferior orbitofrontal gyrus, and anterior cingulum cortex (ACC). Furthermore, the altered dFCS of insula, thalamus (THA), calcarine cortex, orbitofrontal gyrus, and paracentral lobule were partial correlated with clinical symptoms of SZ patients in slow-5 and slow-4 bands. These results demonstrate the abnormalities of dFCS in schizophrenia patients is rely on different frequency bands and may provide potential implications for exploring the neuropathological mechanism of schizophrenia.




Keywords: Schizophrenia, dynamic functional connectivity strength, rest-state functional magnetic resonance imaging, different, frequency band



Introduction

Schizophrenia (SZ) is a chronic and diverse pathological psychiatric disorder. It typically emerges during adolescence or young adulthood (15–35 years old), and clinically characterized by emotional, attentional, and cognitive dysfunction, accompanied by some symptoms such as hallucinations and delusions. Yet, neural mechanism and pathogenesis of SZ remain poorly understood. Converging studies suggest that the pathology of SZ is related to abnormal structure and functional of large- scale brain network (1–3).

The development and application of functional magnetic resonance imaging (fMRI) has shedded a new light on exploring the pathogenesis of SZ. Findings from fMRI studies have reported abnormal low-frequency (0.01–0.08 Hz) functional connectivity of SZ patients in the default mode network (DMN) (4), sensorimotor network (SMN) (5–7), salience network (SN) (8). Furthermore, based on earlier neurophysiological studies, Gohel and colleagues observed the resting-state functional connectivity of brain regions was differently across diverse frequency bands (9, 10). Moreover, previous studies had demonstrated that blood-oxygen-level-dependent imaging (BOLD) fMRI fluctuations >0.1 Hz had physiological significance (10, 11). While, most previous findings were observed within low frequency band functional networks (12). For example, Yu et al. (2014) researched frequency-specific alternation in SZ patients using the amplitude of low-frequency fluctuations (ALFF) (13). Zou et al. (2019) employed multi-frequency dynamic functional connectivity (dFC) to classify SZ patients from normal controls in low-frequency (14). Taken together, multiple frequency-dependent and higher-frequency brain network information would further provide the evidence to explore underlying etiology and mechanisms of SZ.

Prior neuroimaging researchers had found that distinct oscillator with specific properties and physiological functions could produce independent frequency bands. That was to say physiological signals of different frequency bands were generated by different functional regions of the brain (9). And physiological signals in the same brain network might be competing or cooperating with each other in different frequency bands (15). For instance, Zuo et al. (2010) found that the ALFF of basal ganglia network in slow-5 (0.01–0.027 Hz) were lower than that in slow-4 (0.027–0.073 Hz) frequency band (16).

Previous studies had focused on the analysis the static functional connectivity (sFC) of brain network in multiple-frequency of SZ. Recently, increasing evidence suggested that sFC was insufficient to explain the time-varying dynamic information interactions of brain (17–21), and dFC could offer much more nuanced characterization of dynamic brain function on a time scale (22, 23). The traditional and most widely used method for estimating dFC is the “sliding windows,” which divide the scan session into different sub-interval or windows (24–26). Using a sliding-window analysis, Sakoglu et al. (2010) evaluated dynamic changes of brain network in SZ when task stimulus (26). In recent years, a growing body of research employed dFC analysis to explore changes in neural activity patterns of patients with SZ. Dynamic multiple-frequency brain network analysis may further provide more evidence to explore pathogeny of SZ.

Based on evidence from the research of patients with SZ and functional neuroimaging studies, we hypothesized that the brain network connections were frequency dependence in SZ patients, and these abnormal dynamic frequency-specific might associated with sensory motor, visual processing, auditory, salience networks. To investigate this issue, the current study will measure the frequency-specific variability of large-scale functional network in SZ subjects. Studies had shown that functional connectivity strength (FCS) metric was closely related to physiological measures such as glucose metabolism, oxygen and regional cerebral blood flow (27, 28). Therefore, FCS metric can be used as an indicator to examine hub connectivity in brain network. In our study, FCS analysis was employed to investigate altered patterns of SZ patients compared to healthy controls (HCs) at four frequency bands (slow-5: 0.01–0.027 Hz, slow-4: 0.027–0.073 Hz, slow-3: 0.073–0.198 Hz, slow-2: 0.198–0.25 Hz) (16). Altered frequency-dependent dFCS might provide more insight into the neurobiological processes of schizophrenia.



Materials and Methods


Participants

Ninety-six patients with schizophrenia and 121 gender and age-matched healthy controls were obtained from our dataset, in which participants were recruited in the Clinical Hospital of Chengdu Brain Science Institute. All patients were diagnosed using the structured clinical interview for the DSM-IV axis I disorders-clinical version (SCID-I-CV), and they were taking the medication (e.g., antipsychotics). We excluded subjects with a history of brain damage, a history of substance-related illness, a major medical or neurological disease. The positive and negative symptom scale (PANSS) were employed to assess the severity of symptoms in patients with schizophrenia. All of data were included in our previous study (29), however, whole brain dFCS with frequency dependence were first evaluated in the dataset, differ from Dong's study. The Ethics Committee of the Clinical Hospital of Chengdu Brain Science Institute approved the study in accordance with the Helsinki Declaration. Written assents were obtained from all subjects.



Data Acquisition

All subjects underwent structural and functional MRI scan on a 3-T scanner (GE DISCOVERY MR 750, USA) with 32 channel head coil at the University of Electronic Science and Technology of China. Soft foam and earplugs were used to fix subjects head and reduce scanning noise during the scanning process. High-resolution T1-weighted images were acquired by a three-dimensional fast spoiled gradient-echo (T1-3D FSPGR) sequence [repetition time (TR) = 6.008 ms, flip angle (FA) =9, matrix = 256 × 256, field of view (FOV) = 256 × 256 mm2, slice thickness = 1 mm, no gap, 152 slices]. Resting state functional images were performed with a gradient-echo echo planar sequence [TR =2,000 ms, echo time (TE) = 30 ms, FA =90, matrix = 64×64, FOV = 240×240 mm2, slice thickness = 4 mm, gap = 0.4 mm, number of slice = 35, scanning time = 510 s (255 volumes )]. All subjects were instructed to relax with eyes closed and think of nothing in particular, then kept their head not move as little as possible and without falling asleep.



Data Preprocessing

Image preprocessing was conducted using NIT (http://www.neuro.uestc.edu.cn/NIT.html) software (30). Similar our previous research, normal data preprocessing steps were included in this study as following (31): 1) removing the first ten volumes; 2) slice timing; 3) realignment; 4) spatial normalization of the functional images was performed using 3D T1-based transformation. We coregistered individual 3D T1 images to functional images. The 3D T1 images were segmented and normalized to Montreal Neurologic Institute (MNI) space by a 12-parameter nonlinear transformation. 5) Filtering with a typical temporal bandpass, including slow-5 bandpass (0.001–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz), and slow-2 (0.198–0.25 Hz) respectively. The global signal was not regressed out, as has been recently suggested in processing the schizophrenia functional data (32). In addition, we assessed framewise displacement (FD) of each subject using the following formula (33):

	

where M is the length of time courses (M = 245 in this study), xi, yi, and zi are translations/rotations at ith time point in the x, y, and z directions,  , similar for   and  ; and ∆t represents the FD rotations, ∆d represents the FD translations. Then we also examined group-level head-motion (mean FD) difference between two group using the two-sample t-test. After the above processing, residual time-series were extracted for each voxel and used in subsequent analysis.



Dynamic Functional Connectivity Strength Analysis

Dynamic FCS of the whole brain voxels were assessed in four frequency bands respectively for each subject. The steps included following: 1) whole time series of one subject was divided into L sliding windows (24, 34), the interval of each window was 5TR (10 s). Since recent studies had shown that the minimum window length of dFC based on sliding window should not be less than 1/fmin (35), thus we selected the time window length of 100 s (fmin =0.01 Hz). We were able to acquire 40 FCS maps for each subject. Next, within the ith time window, the FCS was calculated. 2) In order to exclude the interference of the non-gray matter signals and limit the calculation range, the gray matter template (the GM volume threshold was greater than 0.2) was extracted from the average structure gray matter map of all the subjects. 3) The time course after preprocessing of each voxel was extracted in the gray matter template, and the Pearson correlation coefficient between two voxels time signals was calculated. 4) Fisher's r-to-z transformation was performed. 5) For each voxel in the gray matter template of the brain (brain network node), calculated the sum of the weights (z values) of functional connectivity between this voxel and remaining voxels as nodal FCS. Meanwhile, to avoid the influence of weak correlation functional connections, we set the calculation range to the whole brain voxel with correlation coefficient r > 0.2 (36). 6) In order to better quantify dFCS, we defined the dynamic functional connectivity index of a voxel k as:

	

which came from the previous study (37), where ft was the FCS of the k at the time window t, t = 1,2,…n. According to Hui He et al. (37), this dynamic index was an overall metrics, which reflected an average dynamic change relative to its static FCS value. 7) We performed the calculation of this index under the 40 windows each participant and finally obtained the dFCS map. 8) Finally, dFCS maps were apatially smoothed (FWHM = 6 mm).

Firstly, two-sample t-test were used to access group difference in frequency bands respectively. In general, the resting state fMRI signal predominantly distributed in the low-frequency range (0.01–0.1 Hz). Thus, we used repeated measured ANOVA to measure the frequency main effect and interaction effect between frequency and group using SPM12 (www.fil.ion.ucl.ac.uk/spm) in slow-5 and slow-4 frequency bands. During post hoc analysis, we conducted two-sample t-test between groups, and partial t-test between frequency bands. Multiple correction was used for comparison results (false discovery rate correction, p<0.05). During statistical analysis, we controlled age, sex as covariates of no interest. Given previous studies about significant reduction in gray matter (GM) volume of SZ patients (38, 39), we also regressed GM volume during tests.



Correlation Analysis

In this study, partial correlations between the mean dFCS values of brain regions and the clinical symptoms of the schizophrenia patients were performed. During correlation analysis, to avoid compromising our result, age, gender, and gray matter volume were also considered as covariates to regress.



Validation Analysis

To keep the robustness of results, validation analysis was performed in randomly selected half of subjects in two groups respectively. Two-sample t-test were used to assess difference between groups in different frequency bands respectively, repeated measured ANOVA were employed to measure interaction effect in slow-5 and slow-4 bands. In addition, we calculated the correlation between drug equivalents of some patients and dFCS of the patients.




Results


Demographic Characteristics and Clinical Symptoms

There were no overall significant differences between SZ patients and HCs in distribution of age, gender, mean head motion (two-sample t-test). Of note, only 88 patients had the duration of illness information, and 64 of them participated in the evaluation of PANSS. Detailed participant information was shown in (29).



The Difference of Dynamic Functional Connectivity Strength Across Frequency Bands in Schizophrenia

In four different frequency bands, the spatial pattern of mean dFCS was similar between SZ and HC groups. As shown in Figure 1, the brain network with higher dFCS in slow-5 band mainly included visual network (VN) (lingual gyrus and cuneus), basal ganglia network (BGN) (thalamus and caudate), SMN [postcentral gyrus and supplementary motor area (SMA)], SN [insula and anterior cingulate (ACC)]. Moreover, slow-4 and slow-3 frequency bands were found to be highly similar in schizophrenia patients. They also presented greater dFCS in VN, SN, SMN, the frontal and parietal lobule of frontoparietal network (FPN) (Figure 1).




Figure 1 | Mean dFCS maps of the SZ and HC in frequency bands from slow-5 to slow-2. dFCS, dynamic functional connectivity strength; SZ, patients with schizophrenia; HC, healthy controls.



Compared to HC, SZ patients showed increased dFCS in cerebellum, BGN (thalamus and caudate), DMN (angular gyrus), while decreased dFCS in auditory network (AN) (insula and superior temporal gyrus), SN (anterior insula and ACC), VN (lingual gyrus), SMN (SMA) in slow-5 band. In the slow-4, SZ patients relative to controls exhibited significantly higher dFCS in cerebellum, prefrontal network (PFN), BGN, and DMN. These brain networks major contained: cerebellum crus I and II, orbital middle frontal and orbital inferior frontal gyrus, thalamus and caudate, and bilateral angular gyrus. Nevertheless, in slow-4 frequency band, SZ patients presented lower dFCS in VN (lingual gyrus, cuneus, inferior occipital gyrus), SMN (postcentral gyrus and paracentral lobule), and SN (insula and right ACC). In slow-3 band, significantly increased dFCS were observed in SZ, within cerebellum crus, PFN (medial superior frontal gyrus, orbitofrontal cortex), BGN (middle temporal gyrus and left caudate), hippocampus, and fusiform gyrus. In addition, we also observed decreased dFCS in AN (rolandic operculum and superior temporal gyrus), VN (cuneus, calcarine, and middle temporal gyrus), SMN (precentral gyrus, SMA, and postcentral gyrus). Especially, we found decreased dFCS in thalamus and putamen of BGN in slow-3 (Figure 2, Table 1). However, there was no significant difference of schizophrenic subjects in slow-2 compared to healthy controls.




Figure 2 | Significant differences in dFCS across frequency bands between the SZ and HC groups. The results were obtained by two-sample t-test. Hot color represents the SZ group had increased dFCS compared with HC group; cold color represents the opposite. Statistical significance level is corrected for multiple comparisons using FDR with (p<0.05, voxels>23). dFCS, dynamic functional connectivity strength; SZ, patients with schizophrenia; HC, healthy controls; FDR, false discovery rate correction.




Table 1 | Brain regions with significant differences in dynamic functional connectivity strength (dFCS) across frequency bands (slow-5 to slow-2) based on the two-sample t-test of the results between the patients with schizophrenia (SZ) and health control (HC) groups.






Main Effect of Frequency Factor in Slow-5 and Slow-4

Brain regions showed a significant main effect of frequency bands, and post hoc analysis indicated that dFCS of slow-5 band were greater than slow-4 band mainly in cerebellum VIII region, BGN, SMN, PFN, SN. The region of BGN includes hippocampus, parahippocampal gyrus, putamen, caudate, superior temporal pole. The SMN primarily contained left paracentral lobule, right precentral, SMA. FPN showed spatial patterns comprising the orbital superior frontal and orbital inferior frontal gyrus, superior frontal. The SN mainly encompassed ACC. However, the brain regions of slow-4 were higher than slow-5 band mainly distributed in VN, FPN, DMN, and cerebellum, which include calcarine, middle occipital and superior occipital gyrus, cuneus, lingual gyrus, left inferior parietal, precuneus, frontal cortex, angular gyrus, cerebellum crus I and II (Figure 3, Table 2). The main effect of group identified brain regions was similar to those reported in previous analysis using two-sample t-test.




Figure 3 | The main effect of frequency band (slow-5, slow-4) across groups on dFCS. The results were obtained by two-way ANOVA (FDR corrected, p < 0.05, voxels > 23). Hot color represents the slow-5 had increased dFCS compared with slow-4; cold color represents the opposite. dFCS, dynamic functional connectivity strength; ANOVA, analysis of variance; FDR, false discovery rate correction.




Table 2 | Brain regions with significant main effect of frequency band (slow-5, slow-4) differences in dynamic functional connectivity strength (dFCS).





Frequency and Group Interaction Effects

Remarkable interactions between group (SZ and HC) and frequency (slow-5 and slow-4) were found in left calcarine, the bilateral inferior orbitofrontal cortex, and the anterior cingulum (p < 0.005, uncorrected; Figure 4, Table 3). Further post-hoc tests indicated that within SZ group, the dFCS in left calcarine of slow-4 was significantly lower than slow-5, and in slow-4, the dFCS of SZ group was marginally significantly reduced compared with HCs (p = 0.066, t = −1.849) (Figure 4A). Moreover, in the bilateral inferior orbitofrontal cortex, post-hoc two-sample t-test both showed that compared with slow-5, significantly increased dFCS were observed in slow-4 of the SZ group, and the dFCS of patient group was significantly higher than the HC group at slow-4 band (Figures 4B, C). In addition, within SZ group, we also found that significant increased dFCS of the anterior cingulum in slow-4. Also, in the slow-5 frequency band, the dFCS of SZ was marginally significantly lower than HC group (p = 0.093, t = −1.687) (Figure 4D).




Figure 4 | The interaction between the group and frequency band (slow-5 and slow-4) on dFCS. The results were obtained by two-way ANOVA and post-hoc test (p<0.005, uncorrected). (A–D) separately represent significant group *frequency interactions and post-hoc test of the left calcarine, the left inferior orbitofrontal cortex, the right inferior orbitofrontal cortex and the anterior cingulum. The data were expressed as the mean value and standard error. *p<0.1, **p<0.05, ***p<0.005, ****p<0.0001. ANOVA, analysis of variance; dFCS, dynamic functional connectivity strength; SZ, patients with schizophrenia; HC, healthy controls; CAL.L, the left calcarine; IFGorb.L, the left inferior orbitofrontal cortex; IFGorb.R, the right inferior orbitofrontal cortex; ACC, the anterior cingulum.




Table 3 | Significant interaction effects between the frequency band (slow-4 and slow-5) and group by a two-way ANOVA and a post-hoc test.





Correlation Between the Dynamic Functional Connectivity Strength With Clinical Symptoms

Firstly, we extracted dFCS values of patients group from significantly interaction effects, their correlation analysis with clinical symptoms showed decreased dFCS of left calcarine was negatively correlated with duration of illness in slow-4 band (p = 0.036, r = −0.227) (Figure 6). Then in four different frequency bands, correlation between brain regions of significant group differences and clinical symptoms revealed that decreased dFCS of left insula was negatively correlated with the PANSS total score (p = 0.022, r = −0.292) in slow-5 band (Figure 5A). And the dFCS of right insula was negatively correlated with the PANSS negative score (p = 0.037, r = −0.268) (Figure 5B) and total score (p = 0.03, r = −0.278) (Figure 5C). Moreover, positive correlations between the increased dFCS of left thalamus and PANSS positive score (p = 0.014, r = 0.315) (Figure 5D) and total score (p = 0.02, r = 0.296) (Figure 5E) were observed in slow-5. Secondly, in slow-4 frequency band of SZ group, a positive correlation between the dFCS of the left orbital inferior frontal gyrus and PANSS negative score (p = 0.006, r = 0.345) (Figure 5F) was discovered, and the decreased dFCS of the left paracentral lobule was negatively correlated with PANSS total score (p = 0.024, r = −0.289) (Figure 5G).




Figure 5 | Relationship between regions showing significant two-sample t-test results and clinical scale of symptoms in patients with SZ (p < 0.05). Partial correlations were calculated over the data after regressing covariate (age, sex, GM). # represents the residuals after regression of age, sex, and GM volumes using a general linear model. (A) Significant negative correlation between the left insula and PANSS total score in slow-5 band. (B) Significant negative correlation between the right insula and PANSS negative score in slow-5 band. (C) Significant negative correlation between the right insula and PANSS total score in slow-5 band. (D) Significant positive correlation between the left thalamus and PANSS positive score in slow-5 band. (E) Significant positive correlation between the left thalamus and PANSS total score in slow-5 band. (F) Significant positive correlation between the left inferior orbitofrontal cortex and PANSS negative score in slow-4 band. (G) Significant negative correlation between the left paracentral lobule and PANSS total score in slow-4 band. SZ, patients with schizophrenia; GM, the volume of grey matter; dFCS, dynamic functional connectivity strength; PANSS, the positive and negative symptom scale; INS.L, the left insula; INS.R, the right insula; THA.L, the left thalamus; IFGorb.L, the left inferior orbitofrontal cortex; PCL.L, the left paracentral lobule.



We found similar results through validation analysis.




Discussion

Through dFCS analysis, the current study investigated the difference of frequency-dependent whole brain dynamic functional connection in schizophrenia. Consistent with our hypothesis, significantly altered dFCS of SZ mainly distributed in cerebellum, VN, AN, SN, PFN, SMN, DMN, and BGN in different frequency bands. Interesting, compared to HC group, the thalamic subregion of SZ group exhibited enhanced dynamic FCS in slow-5 and slow-4, while reduced in slow-3. Moreover, in slow-5 and slow-4, significant frequency-by-group interaction effect were observed in the left calcarine, the bilateral inferior orbitofrontal gyrus and ACC. Furthermore, the altered dFCS of insula, thalamus, calcarine cortex, orbitofrontal gyrus, and paracentral lobule were partial correlated with clinical symptoms of SZ patients in slow-5 and slow-4 bands respectively. Together, these results demonstrate that altered dFCS in the SZ patients distribute throughout the whole brain, and the abnormal dynamic changes is frequency dependent. These findings may offer more evidence to explore the underlying pathological mechanism of SZ.


Altered Dynamic Functional Connectivity Strength Across Four Frequency Bands in Schizophrenia

Previous studies suggested that decreased functional connectivity (FC) of somatosensory and visual network were a potential mechanism for self-disorder in SZ (40). Kraepelin and Bleuler firstly found sensorimotor processing dysfunction and integration defect of multiple sensory functions in patients with SZ, and they put these as a possible psychopathological mechanism in SZ (41). Moreover, the lower FC of visual network in multiple frequency bands had been reported in several researches (13, 42, 43). These researches indicate disturbed abnormally integration in perception-motor processing of SZ. In the current study, the reduced dFCS of the somatosensory and visual network in slow-5, slow-4, and slow-3 may make it difficult for patients to perceive their own state. The significantly negative correlation between reduced dFCS of insula, paracentral lobule, and clinical symptoms suggest that abnormal processing of perceptional information in SZ helps us to understand the pathological mechanisms involved self-disorder. Moreover, we also found increased dFCS of cerebellum and BGN in different frequency bands. Cerebellum and BGN were considered as a partially functional and strongly connected nervous system (44), a functional abnormality in one network will have the same impact on another neural network (45, 46). Therefore, abnormality in cerebellar function in patients with SZ may be strongly correlated with abnormality in the BGN. The current findings reveal that abnormal cerebellar and BGN functional connections may play a crucial role in cerebellar-BGN-cortical network circuits and may lead to dysfunctional interaction between the subcortical network and the cerebral cortex network in patients with SZ. Especially, the abnormal functional integration of this loop is modulated by frequency band.

Interestingly, we found the dFCS of subregion thalamus presented an imbalance in different frequency bands of SZ subjects. The thalamus is a crucial node for brain physiology implicating in processing of sensorial inputs and emotion processing (47, 48). The BGN received incoming signals from different regions of the brain and projected them back through the thalamus to the cortex. Recently, altered thalamus and cortico-thalamic dysconnection had been revealed in patients with SZ (49–51). Our study extended previous findings to higher frequency band, interestingly, the different thalamic subregion of schizophrenic patients exhibited enhanced dynamic FCS in slow-5 and slow-4, while reduced in slow-3. Besides, we also found that the dFCS of the left THA was positively correlated with PANSS positive/total score in slow-5 of SZ subjects. This imbalance suggests that the dynamic abnormality of THA in patients with SZ may be modulated by frequency band, and thalamus showed competitive signals in different frequency bands, which may be related abnormal affective perception and higher cognitive processing in patients with SZ. In the future, the function of thalamic subregion in different frequency bands should be explore.



Frequency Specific Changes in Dynamic Functional Connectivity Strength Schizophrenia (Slow-5, Slow-4)

In the main effect of the frequency band (slow-5 and slow-4), we found that the cerebellum, BGN, SMN, PFN, and SN had higher dFCS in slow-5, while VN, FPN, DMN had stronger dFCS in slow-5. The cerebellum plays an essential role in the functional interaction between the cortex and the subcortex. The dorsolateral prefrontal lobe (DLPFC) and posterior parietal lobes are the core nodes of the frontoparietal network (FPN). Some neuroimaging studies found that cerebellum and FPN are involved in advanced cognitive information processing (45, 52). Our results indicate that the process of high-frequency information processing in the cerebellum and FPN may enhance the efficiency of advanced cognitive processing. During the processing of cognitive information, the cerebellum, as an unsupervised regulatory brain region, no need the feedback of the higher network. Conversely, the striatum system, particularly the caudate nucleus and frontal cortex, conduct some supervised neuro modulation of speech, memory, mood, and behavior (53–55). Moreover, higher low frequency signals may improve the stability of supervisory regulation during the processing of information and high frequency signals. Therefore, in future researches of schizophrenia, we should consider the frequency band information.

In the visual cortex, orbitofrontal cortex (OFC) and ACC, frequency-by-group interactions between SZ patients and HC controls were observed in our study. The PFN was considered crucial for higher cognitive functions of the brain, such as working memory, control of goal-directed, integration, and coordination of complex cognitive activities (56), OFC and ACC were considered the part of PFN (57). The OFC is known to be closely related to emotional expression, decision making, hedonic experience, and plays a key role in tasks requiring response inhibition (58–60). The ACC is the part of medial PFN, and is critical for executive attention, regulation of motivational and emotional behavior (61). Abnormalities of the OFC and ACC in schizophrenia patients have been reported in several studies (62–64), and these impairments appear to be with the core disease pathophysiology (65). Consistent with previous studies, we also found abnormalities of OFC and ACC in SZ in current study, interestingly, in our study, these dynamic changes were modulated by frequency band. Within SZ group, the dFCS in OFC and ACC of slow-4 was both significantly greater than slow-5 band. The two brain regions of patients have abnormal dynamic characteristics of reduced low frequency signal and increased high frequency signal in their respective frequency bands, which may affect the failure of executive attention, regulation of motivational and emotional behavior, further affect organization and control of goal-directed thought in PFN.

Moreover, compared with HC controls, in slow-5 of the current study, the dFCS of schizophrenic subjects ACC was reduced, while increased dFCS of the OFC in slow-4. A recent study suggested that in brain functional networks, physiological signals in different frequency bands could compete or interacted with each other in the same functional network (66). For the cognitive function of PFN, researchers suggested that lateral PFC was responsible for selection, monitoring and manipulation, medial PFC updated tasks, and OFC conferred social and emotional significance to tasks (61). Thus, our results suggest OFC and ACC interconnect in different frequency bands, their dysfunction may lead to the regulation disorder of cognition and emotions in SZ patients, further some abnormal behavioral.

Previous studies suggested that reduced activation region in the visual magnocellular pathway was related to the deficits in motion processing in schizophrenia (67). Converging evidence suggests that the high frequency visual information collection and transmission may help the bottom-up information integration of the brain. In this study, we observed interaction effect in visual network and the significant negative relationships between dFCS in the left calcarine and duration disease (Figure 6). We also found that the dFCS of SZ visual cortex was reduced in slow-4, while the opposite in HC group. Namely, our finding suggest that the reduction of high-frequency dynamic information in primary visual cortex of SZ may affect the collection and transmission of primary information, and may further affect its advanced cognitive function.




Figure 6 | Relationship between regions showing significant interaction effect results and duration of illness in patients with SZ (p<0.05). Partial correlations were calculated over the data after regressing covariate (age, sex, GM). SZ, patients with schizophrenia; GM, the volume of grey matter; dFCS, dynamic functional connectivity strength; CAL.L, the left calcarine.






Limitations

Some limitations should be taken into account in the current study. Firstly, of note, most of patients with schizophrenia were taking the medication (e.g., antipsychotics). Although we assessed the correlation between drug equivalents of some patients and dFCS of these patients, the results showed no significant correlation, we could not rule out whether the antipsychotic medications has an effect on the observed findings. Thus, in future study, we should validate our findings in first-episode schizophrenic patients. Secondly, although we had regressed 12 head motion parameters, it was still possible that some of the results were affected by motion-induced artifact. Finally, BOLD fMRI signal in high frequency (>0.1 Hz) usually considered physiological noises (respiration and cardiac signal) and are regressed, however, recent studies had confirmed that high-frequency information in resting-state fMRI signal may provide useful information in clinical studies (68, 69). In our study, we were lacked of collecting the physiological signals (respiration and cardiac signal) of subjects, so we couldn't use the general linear model (GLM) to remove the physiological signal noise, there might be some influence. In future research, we will collect physiological signal and conduct further analysis.



Conclusions

In this study, we found the altered dFCS within the brain of SZ patients was sensitive to specificity of frequency band. Significantly abnormal dFCS of schizophrenia mainly within cerebellum, SN, FPN, AN, SMN, VN, BGN, and PFN. Specially, the dFCS of subregion thalamus presented an imbalance in different frequency bands of SZ subjects, and the dFCS of calcarine cortex, insula, THA, OFC, PCL were associated with clinical symptoms, implying that the symptoms were related to abnormally dFCS at specific frequency bands. Moreover, in slow-5 and slow-4, significant frequency-by-group interaction effects were observed in the left calcarine, the bilateral inferior orbitofrontal gyrus and ACC. Our results may provide potential implications for exploring the neuropathological mechanism of schizophrenia.
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Objectives

This study aimed to examine whether the CACNA1C gene rs11832738 polymorphism and major depressive disorder (MDD) have an interactive effect on the untreated regional amplitude of low-frequency fluctuation (ALFF) and to determine whether regional ALFF mediates the association between CACNA1C rs11832738 and MDD.



Methods

A total of 116 patients with MDD and 66 normal controls (NCs) were recruited. The MDD and NC groups were further divided into two groups according to genotype: carriers of the G allele (G-carrier group, GG/GA genotypes; MDD, n = 61; NC, n = 26) and AA homozygous group (MDD, n = 55; NC, n = 40). MDD was diagnosed based on the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition. Depression severity was assessed using the Hamilton Depression Scale-24 (HAMD-24) at baseline and follow-up (after 2 and 8 weeks of treatment). All subjects underwent functional MRI (fMRI) scans at baseline, and the ALFF was calculated to reflect spontaneous brain activity. The interactions between MDD and CACNA1C single nucleotide polymorphism rs11832738 were determined using two-way factorial analysis of covariance, with age, sex, education, and head motion as covariates. We performed mediation analysis to further determine whether regional ALFF strength could mediate the associations between rs11832738 and depression severity, MDD treatment efficacy.



Results

MDD had a main effect on regional ALFF distribution in three brain areas: the right medial frontal gyrus (MFG_R), the left anterior cingulate cortex (ACC_L), and the right cerebellum posterior lobe (CPL_R); CACNA1C showed a significant interactive effect with MDD on the ALFF of MFG_R. For CACNA1C G allele carriers, the ALFF of MFG_R had a significant positive correlation with the baseline HAMD-24 score. Exploratory mediation analysis revealed that the intrinsic ALFF in MFG_R significantly mediated the association between the CACNA1C rs11832738 polymorphism and baseline HAMD-24 score.



Conclusions

A genetic variant in CACNA1C rs11832738 may influence depression severity in MDD patients by moderating spontaneous MFG_R activity.





Keywords: major depressive disorder (MDD), amplitude of low-frequency fluctuation (ALFF), right medial frontal gyrus (MFG), mediation effect, depression severity, CACNA1C



Introduction

Major depressive disorder (MDD) is a highly prevalent psychological condition characterized by a persistent low mood and anhedonia (1). The lifetime prevalence of MDD is approximately 17% (2), affecting approximately 350 million people worldwide (3, 4). According to recent data from 2019, the lifetime prevalence of MDD in China is as high as 3.4%, and it is estimated that approximately 44 million people suffer from this disease (5). More importantly, MDD is associated with substantial disability, mortality, and a high suicide rate, which places a heavy burden on patients, families, and the society, potentially making it the world's most economically burdensome illness by 2030 (6). Unfortunately, the current diagnostic criteria for MDD are mainly based on clinical symptoms, and the diagnostic consistency is very low (only 28%) (1). Poor consistency in diagnostic criteria can seriously affect the clinical efficacy of depression treatment: approximately 20% of patients with MDD fail to respond to standard antidepressant treatment, and up to 60% of patients with MDD still have residual symptoms after treatment (7). Therefore, it is very important to determine the pathophysiological mechanisms and to explore the objective biomarkers of depression in order to improve the consistency of diagnosis and treatment.

Imaging genetics is an emerging field aimed at identifying the associations between genetic variants and neuroimaging, bringing considerable promise in understanding the role of genes in determining the pathophysiological mechanism of MDD (8). Resting-state functional MRI (rs-fMRI) is one of the most commonly used neuroimaging techniques in imaging genetics studies. In rs-fMRI, spontaneous blood oxygen level-dependent (BOLD) low frequency fluctuations (0.01–0.08 Hz) were first suggested to have physiological significance by Biswal and colleagues, and this marker has been demonstrated to be closely related to spontaneous neural activities (9). The amplitude of low-frequency fluctuation (ALFF) based on voxel-wise analysis of the whole brain has been proposed as a quantitative measure of local BOLD signal variation due to regional spontaneous brain activity, which is an index reflecting the intensity of spontaneous neural activity within a specific frequency range, with no filtering at baseline (10).

Abnormal activity in frontotemporal regions (the cognitive and emotional control system in the cortico-limbic network) plays an important role in the pathophysiology of depression. The calcium channel, voltage-dependent, L type, alpha 1C subunit (CACNA1C) gene is considered to be involved in the development and plasticity of frontotemporal regions (11). The CACNA1C gene, located on chromosome 12p13.3, encodes the major L-type voltage-dependent calcium channel, Cav1.2 (alpha-1C subunit) (12). This channel is found in many types of cells, regulating the activity-dependent influx of calcium and is important for the normal functioning of the heart and brain cells (12). Evidence from animal studies, clinical studies, and genome-wide association studies supports the findings that CACNA1C is closely associated with depression (3, 13).

Many studies have focused on the CACNA1C single nucleotide polymorphism (SNP) rs1006737, which is located in the third intron of CACNA1C. This SNP has been demonstrated to have a close association with the minor allele A (adenine) and MDD (12, 14). To date, there have been few studies on other CACNA1C SNPs. However, rs11832738 is an SNP that is close to rs1006737, and they are both introns. Our research group used a multiple regression method and found that rs11832738 could significantly affect the anhedonia-associated grey matter network of MDD (15). Therefore, considering the results of our previous study, we hypothesized that this SNP may also be closely related to MDD. To the best of our knowledge, aside from our previous study, the associations between rs11832738 and MDD as well as other psychiatric disorders have not been studied. In this study, we explored the relationship between the polymorphism of the CACNA1C gene locus rs11832738 and MDD and investigated whether the gene locus could affect the severity and therapeutic effect of MDD by influencing spontaneous brain activity (reflected by ALFF values). We suspect that this gene locus affects MDD by influencing frontotemporal activities. Considering the complex etiology of MDD, we believe that it is critical to explore alterations in spontaneous brain activity and their associations with gene polymorphisms and depression severity, as well as possible therapeutic effects. Such exploration would help to elucidate the pathogenesis of MDD and clarify appropriate antidepressants to improve therapeutic effects and reduce the burden of depression.



Methods


Participants

A total of 182 participants were recruited, including 116 MDD patients (MDD group) and 66 normal controls (NC group). The MDD patients were recruited through the inpatient and outpatient departments of psychiatry in the Second Affiliated Hospital of Xinxiang Medical University (n = 61) and ZhongDa Hospital Affiliated with Southeast University (n = 55), while the NC subjects were recruited through media advertising and community posting and through completed MRI scans at the Second Affiliated Hospital of Xinxiang Medical University (n = 39) and ZhongDa Hospital Affiliated with Southeast University (n = 27). All participants were of Chinese Han ethnicity and right-handed. All participants signed informed consent forms, as approved by the local institutional review boards, and all study procedures adhered to the Declaration of Helsinki. The participants underwent MRI scans at baseline. All patients were in the acute phase of the disease and received antidepressant treatment depending on the clinical judgment of the empirical senior psychiatrists after the first scan and the first clinical scale assessment. Among the 116 patients with MDD, 51 experienced their first episodes without a history of antidepressant use, and the rest were recurrent patients with a history of antidepressant use. On searching the SNP database, we found that the frequency of the rs11832738 A allele was 72.5% in the East Asian population, while that of the G allele (guanine) was 27.5% (https://www.ncbi.nlm.nih.gov/snp/rs11832738#frequency_tab). According to our data, the frequency of the G allele was 22% in NC and 32.3% in MDD. Therefore, the G allele was suggested to be the rare risk allele. Accordingly, we further divided the MDD and NC groups into two subgroups: an AA homozygous group (MDD group, n = 55; NC group, n = 40) and a G-carrier group (GG/GA genotypes; MDD group, n = 61; NC group, n = 26).



Inclusion and Exclusion Criteria

The inclusion criteria for the MDD group were as follows: individuals who (1) were aged ≥ 18 years; (2) met the criteria listed in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition; (3) had a Hamilton Depression Scale-24 (HAMD-24) score ≥ 20; and (4) had no contraindication to MRI scanning. The exclusion criteria were as follows: individuals with (1) other major psychiatric disorders or neurodegenerative illness history; (2) substance abuse (drug, caffeine, nicotine, alcohol, or others), head trauma, or loss of consciousness; or (3) a cardiac or pulmonary disease which could influence the MRI scan.

NC subjects were required to have a HAMD-24 score of ≤7. The exclusion criteria included a history of neuropsychiatric disease, substance abuse or insobriety, or contraindications to MRI scanning.



Clinical Evaluation

We used the HAMD-24 to assess depression severity at baseline and used the HAMD-24 reductive rate, calculated as (baseline HAMD score − follow-up HAMD score)/baseline HAMD score × 100%, to evaluate the effect of MDD treatment at the end of the 2- and 8-week treatments.



Genotyping

DNA was extracted from blood using standard protocols. DNA genotyping was performed by Tianhao Biotechnology Company (Shanghai, China). SNP genotypes in CACNA1C genes (rs11832738) were determined using predesigned Illumina next sequencing and array technologies (Illumina Inc., San Diego, CA, USA). Hardy-Weinberg equilibrium (HWE) tests, linkage disequilibrium statistics, and allele and genotype frequencies were calculated using PLINK 1.9 software (16). The SNP did not deviate from the HWE (r = 0.78, P = 0.44).



MRI Data Acquisition

MRI data were acquired using a Siemens 3.0 Tesla scanner with a 12-channel head coil (Siemens, Erlangen, Germany) in the Department of Clinical Magnetic Resonance Imaging at the Second Affiliated Hospital of Xinxiang Medical University and the affiliated ZhongDa Hospital of Southeast University. The heads of the participants were stabilized with a cushion to minimize head motion. Earplugs were used to reduce the scanner noise. High-resolution three-dimensional T1-weighted scans were recorded as magnetization-prepared rapid-acquisition gradient echo sequence (repetition time [TR] = 1,900 ms; echo time [TE] = 2.48 ms; flip angle [FA] = 9°; acquisition matrix = 256 × 256; field of view [FOV] = 250 × 250 mm2; thickness = 1.0 mm; gap = 0; time = 4 min 18 s, 176 volumes). The parameters of the rs-fMRI were as follows: TR = 2,000 ms, TE = 25 ms, FA = 90°, acquisition matrix = 64 × 64, FOV = 240 × 240 mm2, thickness = 3.0 mm, gap = 0 mm, 36 axial slices, 240 volumes, 3.75 × 3.75 mm2 in-plane resolution parallel to the anterior-posterior commissure line, and an acquisition time of 8 min. During scanning, the participants were instructed to lie still in the scanner, keep their eyes open, and refrain from falling asleep.



MRI Image Preprocessing

For quality control, all image data were checked by two experienced radiologists. The rs-fMRI images were preprocessed using the Data Processing Assistant for Resting-State Function (DPARSF 2.3 advanced edition) MRI toolkit (17), which synthesizes procedures based on the resting-state functional MRI toolkit (REST, http://www.restfmri.net) and statistical parametric mapping software package (SPM, http://www.l.ion.ucl.ac.uk/spm). The first 10 time points were excluded to ensure stable longitudinal magnetization and adaptation to inherent scanner noise. The remaining 230 images were processed sequentially according to the following steps: (1) slice time was used with the 36th slice as the reference slice, corrected for temporal differences and head motion (participants with a head motion with maximum displacement greater than 1.5 mm in any direction [x, y, or z] or 1.5° of angular motion were excluded from the analyses); (2) T1 was co-registered to functional images and subsequently reoriented; (3) for spatial normalization, T1-weighted anatomic images were segmented into white matter, grey matter, and cerebrospinal fluid, and subsequently normalized to the Montreal Neurological Institute space using transformation parameters estimated with a unified segmentation algorithm (18). These transformation parameters were applied to the functional images, and the images were resampled with isotropic voxels of 3 mm; (4) spatial smoothing was conducted with a 4-mm full-width at half-maximum (FWHM) isotropic Gaussian kernel; (5) the linear trend within each voxel's time series was removed; (6) nuisance signals (white matter, cerebrospinal fluid signals, and head motion parameters calculated using rigid body six correction) and spiked regressors were regressed out; and (7) finally, temporal bandpassing (0.01–0.08 Hz) was performed to minimize low-frequency drift and filter high-frequency noise.



ALFF Analysis

After preprocessing, ALFF was calculated using the DPARSF software. For a given voxel, the time series was transformed into the frequency domain, and the power spectrum was obtained. The square root of the power spectrum was subsequently computed and averaged across a predefined frequency interval. The average square root was taken as the ALFF, which was assumed to reflect the absolute intensity of spontaneous brain activity (17).




Statistical Analyses


Demographic and Clinical Data

Independent one-sample or two-sample t-tests or the chi-square tests were employed to explore differences in the demographic and clinical data (SPSS 20.0, Chicago, USA). Continuous variables were presented as mean ± SD. The threshold for statistical significance was defined as P < 0.05.



Analysis of Covariance and Correlation Analyses

A two-way factorial analysis of covariance (ANCOVA: MDD, CACNA1C rs11832738 G allele) was performed using AlphaSim correction (FWHM = 4 mm, with 61 × 73 × 61 mm3 whole brain mask, which yielded a corrected threshold of P < 0.001, cluster sizes ≥6 mm3), by controlling for age, sex, education, and head motion. Subsequently, numerical representation of the mean ALFF strength of each significant cluster was displayed to reflect ALFF alterations among groups.

To further identify the clinical significance of the altered ALFF, the average ALFF strength of each significant region observed in the ANCOVA analysis was extracted. Partial correlation analysis was employed to detect the relationship between the average regional ALFF strength from the interactive effect and depressive severity or therapeutic effect (2-week/8-week) as well as the genotype of rs11832738 (GG, GA, and AA genotypes with scores of 1, 0.5, and 0, respectively) in patients with MDD after controlling for covariates including sex, age, education, and duration of illness. The threshold of statistical significance was P < 0.05.



Mediation Analyses

We performed mediation analyses to further determine whether ALFF strength could mediate the association between CACNA1C rs11832738 and MDD. This approach was based on a standard three-variable mediation model and was in line with the current most widely accepted mediation analysis technique (19, 20). A detailed description of the method is provided in the Supplementary Material.




Results


Demographic and Clinical Data

Demographic and clinical data are shown in Table 1. There were no significant differences in age, sex, or education among the different allele groups in the MDD and NC groups. There were no significant differences in age of onset, duration of illness, number of episodes, family history, HAMD-24 score (0-week/2-week/8-week) or HAMD-24 reductive rate (2-week/8-week) among the different allele groups in the MDD group.


Table 1 | Demographic and clinical data of different allele groups in the MDD and NC groups.





ANCOVA Analysis

MDD had a main effect on regional ALFF distribution in the three brain regions: the right medial frontal gyrus (MFG_R), the left anterior cingulate cortex (ACC_L), and the right cerebellum posterior lobe (CPL_R; Table 2 and Figure 1). CACNA1C showed a significant interactive effect with MDD on the ALFF of MFG_R (Table 3 and Figure 2). No main effect of the gene on regional ALFF was found (corrected P < 0.001, determined by AlphaSim with voxel number ≥6 for multiple corrections).


Table 2 | Main effect of MDD on regional brain ALFF values.






Figure 1 | The main effect of MDD on regional ALFF distributed in the three brain areas: the right medial frontal gyrus (MFG_R), left anterior cingulate cortex (ACC_L), and right cerebellum posterior lobe (CPL_R; corrected P < 0.001, determined by AlphaSim with voxel number ≥6 for multiple corrections). The color bar indicates the display window for the threshold t-value maps. More intense colors indicate higher ALFF values.




Table 3 | Interactive effect of MDD and gene on regional brain ALFF values.






Figure 2 | The interactive effect of gene and MDD on the ALFF of the right medial frontal gyrus (MFG_R; corrected P < 0.001, determined by AlphaSim with voxel number ≥6 for multiple corrections). The color bar indicates the display window for the threshold t-value maps. More intense colors indicate higher ALFF values.





Correlation Analysis

For CACNA1C G allele carriers, the ALFF of MFG_R was significantly positively correlated with the baseline HAMD-24 score (r = 0.335, P = 0.011; Figure 3A). In the MDD group, CACNA1C rsll832738 was significantly negatively correlated with the ALFF of MFG_R (r = −0.224, P = 0.017: Figure 3B).




Figure 3 | The results of the partial correlation analyses. (A) For CACNA1C G allele carriers, ALFF_MFG_R was significantly positively correlated with the baseline HAMD-24 score (r = 0.335, P = 0.011); (B) in the MDD group, CACNA1C rsll832738 was significantly negatively correlated with ALFF_MFG_R (r = −0.224, P = 0.017). ALFF_MFG_R: amplitude of low-frequency fluctuation of the right medial frontal gyrus.





Mediation Analysis

Exploratory mediation analysis revealed that the intrinsic ALFF in MFG_R had a significant mediation effect on the association between the CACNA1C rs11832738 polymorphism and baseline HAMD-24 score (Figure 4).




Figure 4 | ALFF_MFG_R had a significant positive mediation effect between the CACNA1C rs11832738 polymorphism and the baseline HAMD-24 score. ALFF_MFG_R, amplitude of low-frequency fluctuation of the right medial frontal gyrus; LLCI, lower-limit confidence interval; ULCI, upper-limit confidence interval.






Discussion

To the best of our knowledge, our study is the first to explore the relationship between the CACNA1C rs11832738 polymorphism and ALFF in patients with MDD. In the current study, we found that MFG_R was both the brain area that was mainly affected by the MDD as well as affected by rs11832738 and MDD interactively. Moreover, for CACNA1C G allele carriers, the ALFF of MFG_R was significantly positively correlated with depression severity. Finally, through further mediation analyses, we found that the relationship between the CACNA1C rs11832738 polymorphism and depression severity was mediated by the altered spontaneous activity of MFG_R.

The MFG, a region of the ventral lateral prefrontal cortex, is responsible for the top-down regulation of emotional processing and numerous cognitive functions, such as decision-making, working memory, and attentional processing, and its contribution to MDD has been documented (21, 22). Compared to the left side, MFG_R could modulate the cognitive shift between the internal and external environments due to the link between the ventral attention network and the dorsal attention network (21), and lesions in this area could lead to negatively biased attention in patients with MDD (23, 24). Importantly, considerable research has, to date, supported the idea that negatively biased attention predicts prolonged mood persistence in patients with MDD and future increases in depression severity (24–26). A recent study also suggested that abnormal spontaneous activity (reflected by ALFF) of MFG_R predicts improvement in depressive symptoms (27). Our study found a significant correlation between spontaneous activity of MFG_R and depression severity. Therefore, MFG_R might have a closer relationship with MDD than does the left MFG.

Previous studies have suggested that the CACNA1C SNP can alter the function of the frontal cortex (11) and that the knockdown of CACNA1C in the frontal cortex has an antidepressant-like effect (28), suggesting that CACNA1C might affect depression by altering frontal lobe function. Our study is consistent with these studies and showed that the effect of this gene on the severity of depression is mediated by changes in the spontaneous activity of MFG_R.

The underlying mechanism may be related to the contribution of Cav1.2 signaling. Cav 1.2 is encoded by CACNA1C and is the predominant calcium channel in the brain (accounting for approximately 90% of calcium channels), acting as the main pathway that mediates the entry of calcium into cells (29). Thus, it is of vital importance to intracellular signaling pathway activity, gene expression, synaptic plasticity, and neuronal and dendritic development, suggesting that perturbations in Cav1.2 signaling can lead to depressive phenotypes (28, 29). Cav1.2 modulates the calcium-dependent genes, including brain-derived neurotrophic factor and B-cell lymphoma 2, the protein products of which have been demonstrated to have neurotrophic and neuroprotective effects in the context of corticolimbic frontotemporal structures and functions (30). Although not specifically about rs11832738, previous studies have suggested that SNPs could influence altered CACNA1C gene expression, which in turn would lead to the dysfunction of Cav1.2 and altered neural activity (12). Our results suggest that rs11832738 might contribute to depression severity through altered CACNA1C gene expression; however, this requires further research.

In addition to MFG_R, we found that the right CPL and ACC were also affected by MDD. The ACC is responsible for regulating stress and processing emotion and has repeatedly been shown to play an important role in MDD (31–33). The cerebellum is traditionally thought to be involved only in motor function, but in recent years, it has been increasingly recognized that the cerebellum is important for cognition and emotion (34). Therefore, an increasing number of studies have suggested that the cerebellum participates in the pathophysiological mechanism of depression (35). Moreover, a meta-analysis indicated that posterior and lateral cerebellar regions regulate cognition and emotion, whereas the anterior lobe is mainly involved in motor function (36). This is consistent with our results, demonstrating that the posterior lobe is associated with MDD.

There were two main limitations to our study. First, as with many other rs-fMRI studies, there was no way to constrain the subjects' thoughts during scanning, especially for MDD patients, making the cross-sectional resting ALFF comparison more difficult as there may already be differences in the patients' ‘resting state'. Second, our data were collected from two sites, similar to many multicenter studies (37), and the site effect was an important problem which should not be ignored. However, to ensure the same scanning parameters and minimize the differences between the two sites, an indicated person (Chunming Xie) was invited to debug the MRI scan parameters of the two sites before we collected the data. One advantage of our study setup was the use of mediation analysis, which provided direct evidence of the neural basis of MDD.



Conclusions

This study provides initial evidence for CACNA1C genotype-related alterations in brain function among patients with MDD and contributes to a better understanding of the neurobiological mechanisms underlying MDD. This adds to the current state of knowledge regarding the effects of CACNA1C on brain function. Our study, together with previous studies, suggests that calcium channel dysfunction may, in part, contribute to the genetic etiology of MDD through alterations in the functional activity of the brain. In other words, MDD may be, in part, an ion channelopathy.

However, the present findings require replication with larger samples. Moreover, an important step in determining whether specific effects of the CACNA1C genotype exist in subgroups of patients with MDD is the investigation of different patient samples.
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Background

The active alkaloid in Betel quid is arecoline. Consumption of betel quid is associated with both acute effects and longer-term addictive effects. Despite growing evidence that betel quid use is linked with altered brain function and connectivity, the neurobiology of this psychoactive substance in initial acute chewing, and long-term dependence, is not clear.



Methods

In this observational study, functional magnetic resonance imaging in a resting-state was performed in 24 male betel quid-dependent chewers and 28 male controls prior to and promptly after betel quid chewing. Network-based statistics were employed to determine significant differences in functional connectivity between brain networks for both acute effects and in long-term betel users versus controls. A support vector machine was employed for pattern classification analysis.



Results

Before chewing betel quid, higher functional connectivity in betel quid-dependent chewers than in controls was found between the temporal, parietal and frontal brain regions (right medial orbitofrontal cortex, right lateral orbital frontal cortex, right angular gyrus, bilateral inferior temporal gyrus, superior parietal gyrus, and right medial superior frontal gyrus). In controls, the effect of betel quid chewing was significantly increased functional connectivity between the subcortical regions (caudate, putamen, pallidum, and thalamus), and the visual cortex (superior occipital gyrus and right middle occipital gyrus).



Conclusion

These findings show that individuals who chronically use betel quid have higher functional connectivity than controls of the orbitofrontal cortex, and inferior temporal and angular gyri. Acute effects of betel quid are to increase the functional connectivity of some visual cortical areas (which may relate to the acute symptoms) and the basal ganglia and thalamus.





Keywords: functional brain imaging, basal ganglia, orbitofrontal cortex, betel quid, arecoline, resting-state fMRI



Introduction

Betel quid (BQ) is a psychotropic substance, extensively consumed by more than 600 million people worldwide (1). Right after consumption, users of BQ have reported experiencing decreased thinking ability, disturbed mental processes, increased vigilance, body relaxation, enhanced motor responses, and a boosted sense of wellness (2). Substance dependence features including tolerance, craving, and drug-seeking behaviors as well as withdrawal symptoms have been acknowledged by habitual users of BQ (3). Many psychoactive substances act on the brain's reward pathway during acute administration, an effect that may be different in habitual users (4). The basal ganglia, extended amygdala, and the prefrontal cortex have been implicated in the initial stages, development, and habitual use of addictive substances (5). During the initial stages, the individual engages in voluntary substance use behaviors (6). Such behaviors may be accompanied by intense feelings which once experienced, may enhance recurrent substance use (7). Arecoline is the principal active component in BQ (8). It facilitates the release of dopamine (DA) (9) by binding to M5 muscarinic acetylcholine receptors on GABA terminals on DA neurons in the ventral tegmental area (VTA) (10). DA concentration is increased in the VTA and other projection areas through a series of mechanisms carried out by the mesocorticolimbic system [VTA, nucleus accumbens (NAc), and prefrontal cortex (PFC)], which is considered to be a principal pathway of drug reward (11). Additionally, cholinergic and inhibitory GABA'ergic inputs greatly regulate the mesolimbic dopaminergic neurons (12), which are known for their important role in processing rewards, reinforcement learning, (13) and dependence (14). Moreover, acute administration of psychoactive drugs has been found to activate brain areas connected to the mesocorticolimbic neural networks, implicated in drug rewards (15). Therefore, the need to use psychoactive substances repetitively and the compulsivity that is demonstrated in individuals addicted to drugs may be elucidated by the involvement of the reward and habit pathways in the brain (5). In contrast to the increased dopaminergic transmission in the NAc during acute exposure to drugs, chronic drug use is linked with less rewarding effects which result from reduced DA levels (16, 17). Chronic drug use is known to diminish the ability of the brain to control drug use behaviors, leading to increased risk for compulsive behavior that characterizes addiction (6). At first, it was believed that losing control over drug use stemmed from impairment in the subcortical reward brain region. However, findings from addiction studies have demonstrated the crucial role of the PFC in modulating the limbic reward regions and executive functions. Disruption of the PFC has been associated with loss of inhibitory control observed in drug-addicted individuals who have relapsed (18).

Resting-state functional connectivity (FC) studies have found that the majority of addictive drugs lead to reward, emotional and cognitive dysregulation (19). The mesocorticolimbic (MCL) system has been implicated to play an important role in drug addiction. The interaction among and between the MCL regions and other subcortical and cortical structures that manifests as circuit-level FC alterations have been observed in the reward circuit of drug addicts (19). The principal reward network is connected to other reward brain areas encompassing the subgenual anterior cingulate cortex (ACC), medial orbitofrontal cortex (mOFC), and medial PFC (mPFC) (20). For instance, increased resting-state FC was observed between NAc and the ventral mPFC (vmPFC) (rostral ACC and mPFC) of heroin addicts (21). Likewise, abstinent cocaine-users displayed greater resting-state FC between the ventral striatum and the vmPFC (22). Apart from increased striatal-PFC FC, a study investigating FC in prescription opioid users found reduced FC between NAc and the subcortical (hippocampus and amygdala) and cortical (cingulate, parietal, prefrontal) regions (23).

Drugs of addiction are also characterized by emotional dysregulation emanating from altered FC between the amygdala and PFC regions (19). Interaction of the amygdala with mPFC, hippocampus, cingulate, and insula regions has been linked with emotional processing and regulation, and generation of affective states (24). The hippocampus (involved in memory and learning) and the dorsal ACC (involved in cognitive control) are thought to be impaired in addiction, where a greater saliency value of drugs accompanied by a weaker inhibitory control leads to compulsive drug-seeking behavior (25, 26). The amygdala and its connections are fundamental elements perpetuating drug use, and previous studies propose that aberrant amygdala-mPFC FC may play a crucial role in emotional dysregulation frequently observed in drug addicts (19). Reduced FC strength was reported between the amygdala and regions of mPFC (including vmPFC and rostral ACC) in individuals addicted to cocaine (27), and heroin abusers (28). Similarly, extensive reduction of FC was displayed between the amygdala and several regions, including ventrolateral, medial, and dorsolateral PFC (dlPFC) regions in individuals addicted to prescription-opioid (23). In this study, longer periods of opioid use were linked with greater amygdala-vmPFC (specifically the subgenual ACC) FC reductions.

Apart from reward and emotional deficits, individuals addicted to psychoactive drugs are known to display neural dysfunction linked with cognitive control (29). The cognitive control network includes the ACC, lateral PFC, and parietal areas (19). For instance, decreased resting-state FC was observed between the ACC and dlPFC of heroin users relative to controls (21). Moreover, substantially decreased FC was observed within and between lateral PFC and parietal regions, such that decreased interhemispheric connectivity between lateral PFC areas was associated with a greater frequency of self-reported cognitive deficits (30) in cocaine addicts. A similar characteristic was displayed in abstinent heroin users such that FC was reduced between the lateral PFC and parietal regions. The observed reduction in FC matched a reduction in gray matter density in the same regions, with a longer duration of use predicting a greater reduction in both parameters (31).

A number of psychoactive substances have been linked with FC alterations in addicts. Specifically, compared to healthy controls, cocaine users displayed decreased FC within corticostriatal reward circuitry (27, 32), which has been associated with compulsive use of drugs and relapse (32). Apart from the reward circuitry, users of cocaine demonstrated altered FC between vital regions in the salience network and cortical regions (involved in decision making) (33); and within cortical brain areas involved with executive control (such as the cognitive control and attentional salience networks) (30, 33). Similarly, cocaine dependence has been associated with disruption among the default mode, salience and emotional networks where cocaine-dependent individuals displayed decreased connectivity between rostral ACC and salience network; posterior cingulate cortex (PCC) and executive control network (ECN); and bilateral insula and default mode network (DMN) (34). Moreover, compared to controls, the ventral striatum of individuals with cocaine dependence exhibited reduced FC with the hippocampal, parahippocampal gyrus, vmPFC, and increased FC with the visual cortex (35). In alcohol dependence, individuals are often characterized by an impulsive drive to consume alcohol and a lack of self-control towards its consumption despite negative consequences (36). Evidence shows that individuals with alcohol dependence showed increased within-network FC in the salience network (SN) (including insula, hippocampus, and temporal lobe); anterior DMN (including superior frontal gyrus (SFG), ACC, medial frontal gyrus (MFG), and superior medial gyrus); posterior DMN (involving middle cingulate cortex, PCC, precuneus, insula, caudate, superior temporal gyrus (STG), and thalamus); orbitofrontal cortex (OFCN) (including middle and superior orbital gyrus, insula, amygdala); amygdala-striatum (ASN) (including putamen, amygdala, caudate, hippocampus, and inferior temporal gyrus (IFG); and left executive control (LECN) networks (consisting of the angular gyrus) (36). Relative to controls, cannabis abusers demonstrated increased resting-state FC of subcortical regions. Specifically, the cannabis abusers displayed greater local functional connectivity density (lFCD) than controls in the ventral striatum (NAc location), midbrain (SN/VTA location), brainstem, and thalamus (37). Results from a study investigating FC of the DMN revealed increased FC in the right hippocampus, while reduced FC was found in the right dorsal ACC and left caudate of chronic heroin users relative to controls (21). Increased FC was observed between dorsal ACC (dACC)-right anterior insula (AI), the dACC-thalamus, the dACC-left AI, and the right AI-left AI of nicotine addicts. Increased FC was associated with risky decision making (38).

The effect of BQ use on brain functional connectivity during acute administration is not well understood. Studies investigating the acute effects of BQ have largely focused on the frontal and default mode networks, giving subcortical regions less attention. For instance, based on previous findings from independent component analysis (ICA), acute use of BQ among naïve chewers was associated with increased and decreased FC in the frontal and default mode networks respectively (39). Evidence from addiction studies has linked initial drug use with activation of the reward pathway which primarily involves the interaction between subcortical and frontal cortical structures (6). Additionally, resting-state fMRI studies investigating chronic effects of BQ in the brain have yielded inconsistent results. For instance, compared to controls, individuals with betel quid dependence (BQD) had decreased FC in the DMN (40, 41), parietal network (42), and between the anterior cingulate cortex (ACC) and DMN (43); while increased connectivity was mostly displayed in networks including the visual (41), frontoparietal, occipital/parietal, frontotemporal, temporal/limbic, and frontotemporal/cerebellum (42), and between the ACC and regions of the reward network (41). The different FC results may have been influenced by differences in subjects across studies (sample size, age, gender, variations in BQ preparation, dependence level, duration of BQ exposure and the use of other substances, e.g., alcohol and tobacco) and use of different analysis methods, such as ICA (39, 40, 42), functional connectivity density mapping (44), graph theoretical analysis (GTA), and network-based statistics (NBS) (41).

Persistent psychoactive substance use has been linked with impaired brain function which disrupts the ability to wield self-control over drug use behaviors that typifies addiction (6).

Previous neuroimaging studies have investigated separately the acute and chronic effects of BQ on brain functional connectivity. Specifically, acute and chronic effects of BQ were mostly explored in the DMN and different parts of the brain respectively. This is the first study to examine both the acute and chronic effects of BQ concurrently. We explored the whole brain rather than predefined systems, with the aim of elucidating the impact of both initial and chronic BQ use on brain FC. Specifically, our first aim was to examine functional connectivity during initial BQ use among naïve chewers. Second, we aimed to explore the differences in FC between the naïve and BQ dependent chewers. We used NBS to identify FC differences (45). The results may provide further evidence and understanding of the neural mechanisms involved during initial BQ chewing and BQD.



Materials and Methods


Aim, Design, and Setting of the Study

This is an observational neuroimaging study that aimed to examine the effects of both acute and chronic BQ chewing in the whole brain. Recruitment of participants and data collection was carried out between January 2015 and March 2016 at the Second Xiangya Hospital of Central South University, located in Changsha city, Hunan Province, China.



Characteristics of Participants

All participants in this study were male. The following criteria for inclusion and exclusion of participants have been described in our previous papers (39, 42). Twenty-five individuals with BQD had to meet the following inclusion criteria: (1) 18–40 years of age; (2) Han Chinese ethnicity; (3) accomplished nine or more years of education; (4) right-hand dominant; (5) diagnosed with BQD as individuals using BQ at least 1 day at a time for more than 3 years and with a score of 5 or higher on the Betel Quid Dependence Scale (BQDS). The BQDS is a 16-item self-administered tool made up of three parts: physical and psychological urgent need, increasing dose and maladaptive use (46). Exclusion criteria included: (1) a history of neurological disorder or other serious physical illness; (2) a history of any mental disorders; (3) a history of substance abuse other than BQ; (4) a contraindication to MRI.

Thirty healthy controls were enrolled from the community in the Changsha City area. The inclusion and exclusion criteria for controls corresponded to those of the BQD group. The only exception was that controls would not have a diagnosis of BQD or have a family history of psychiatric illness amongst their first-degree relatives. All study participants were asked not to use any psychoactive substance during the 24-h period prior to scanning.

BQ can induce some physiological and psychological changes to users. But a half fruit of BQ is unlikely to induce severe adverse effects in healthy young men, even if used for the first time. We recorded the participants' heart rates and blood pressures just before the first scan and right after the second scan (about 30 min after using the betel quid) so as to monitor and rule out any physiological changes to users. Statistical analysis showed that there were no significant differences between the first and second measures of heart rate or blood pressure (Table 1 below). It has been reported that “The onset (of physiological effect) was within 2 min after chewing, peak effect was reached within 4–6 min and the effect lasted for an average of 16.8 min (47).” The absence of changes in heart rate or blood pressure may have resulted from the long interval (about 30 min) between the betel quid chewing and the recording. We also administered behavior questionnaires including the Beck Depression Inventory and Beck Anxiety Inventory before betel quid chewing to assess the participants' emotional status.


Table 1 | Demographics and clinical characteristic of participants.



This study was conducted in accordance with recommendations of the Helsinki Declaration established in 1964, and its later amendments or comparable ethical standards. Approval to conduct this study was obtained from the Ethics Committee of the Second Xiangya Hospital of Central South University. Before inclusion in the study, written informed consent was provided by each participant.



Image Acquisition and Preprocessing

HC1 and BQD1 were defined as controls and participants with BQD respectively, who were scanned before BQ chewing. HC2 and BQD2 were defined as controls and participants with BQD respectively scanned after BQ chewing. In theory, we can compare any pair of conditions. However, in the main text, we describe the results for HC1 versus HC2 and HC1 versus BQD1. The results for other comparisons are shown in the supplementary materials. The following explanation about image acquisition and preprocessing parameters have also been described in our previous papers (39, 42). Resting-state fMRI scans were carried out for all participants before and after BQ chewing. HC1 and BQD1 were asked to chew the dried BQ along with its husk and swallow the saliva quickly in no more than 3 min. The BQ was an industrially wrapped product that has been described before by (48). Subsequently, the residual BQ was spat out, and 3 min later participants underwent the second fMRI scan which resulted in HC2 and BQD2.

Resting-state images were obtained from a Philips Gyroscan Achieva 3.0-T scanner in the axial direction. The following imaging parameters were used for the gradient-echo echo-planar imaging sequence: matrix size = 64 × 64, repetition time = 2,000 ms, echo time = 30 ms, flip angle = 90°, gap = 0 mm, field of view = 24 cm × 24 cm, number of slices = 36, and slice thickness = 4 mm. Earplugs and foam pads were utilized to lessen scanner noise and head motion respectively. Participants were asked to lie flat on their back motionless with their eyes closed. The maximum time for each resting-state fMRI scan was 500 s, and generally, 250 image volumes were acquired.

The Data Processing Assistant for Resting-State fMRI (DPARSF) toolbox (49) was utilized to preprocess the fMRI imaging data by way of Statistical Parametric Mapping (SPM8) (50). The first 10 images were removed to allow for scanner adjustment and for participants to gain familiarity with the scanner environment. Slice-timing correction and realignment for the head motion were performed to the residual 240 image volumes. The following measures were taken to minimize the effect of head motion on functional connectivity: First, the following criteria had to be met for realignment (1): a maximum displacement in the x, y, or z-axis of less than 2 mm and (2) angular rotation about each axis of less than 2°. Initially, the scan was performed among 25 BQD and 30 HCs, nevertheless, 1 BQD participant and 2 HCs had to be excluded from the study owing to greater than 2° and 2mm of rotations and translations respectively during fMRI scanning. Second, we utilized the Friston 24-parameter model (51) to regress out head motion effects from the realigned data (i.e., 6 head motion parameters, 6 head motion parameters one-time point before, and the 12 corresponding squared items) based on recent reports that higher-order models demonstrate benefits in removing head motion effects (52). Third, the head motion was also controlled at the group-level by using the mean framewise displacement (FD) as a covariate. These measures were strict enough to control artifacts caused by head movements. We compared head motion between the BQD1-2 and HC1-2, which was measured by mean FD derived from Jenkinson's formula (53), and no difference was detected between the groups. A scrubbing procedure was performed, where we calculated DVARS (a temporal derivative of time courses and variance across voxels) (54) to measure the rate of change of the BOLD signal across the entire brain for each frame of data. This revealed only a very small proportion of our data had movement contamination. When we compared the results obtained from the original data and the movement scrubbed data, there were no notable differences. Thus, all the results are obtained from the original data in this paper.

The data were spatially normalized into standard coordinates using the Montreal Neurological Institute echo-planar imaging template in the SPM package and was then resampled into 3 mm × 3 mm × 3 mm voxels. The preprocessed images were smoothed using a 4mm Gaussian kernel before the statistics. Subsequently, the BOLD signal of each voxel was first detrended to eliminate any linear trend. These signals were then passed through a band-pass filter of 0.01–0.08 Hz to decrease low-frequency drift and high-frequency physiological noise. Lastly, nuisance covariates (Friston 24-head motion parameters, white matter and cerebrospinal signals) were regressed out from the BOLD signals.



Whole-Brain Functional Network Construction

The revised automated anatomical labeling atlas (AAL2) (55) was used to parcellate the brain into 94 regions of interest (ROI) (47 in each hemisphere). The mean time courses were obtained from each ROI by extracting the signal average of all voxels within the region. The AAL2 atlas provides an upgraded parcellation of the orbitofrontal cortex for the automated anatomical labeling atlas (56). The new parcellation of the orbitofrontal cortex is based on anatomical evidence (57). The anatomical regions defined in each hemisphere and their labels in the AAL2 are provided in the supplementary materials (Table S4).



Acute Impact of BQ

The acute impact of BQ was estimated by comparing HC1 versus HC2. Pearson correlation coefficients were calculated between all pairs of ROIs, to acquire 94 × 94 correlation matrices rij,i, j = 1, 2….,94, indicating the FC strength for each pair (connectivity between any two brain regions) of regions for each participant. Then, the FC with significant differences (p-value of less than 0.05) before and after chewing BQ were selected by performing a paired t-test and the difference network was constructed. The number of all FCs for each node in the different network was defined as the degree of this brain region.



Differences of Functional Connectivity in Chronic BQ Users and Controls

These differences were estimated by comparing the difference between HC1 vs BQD1. The 94 × 94 Pearson correlation coefficients were initially calculated between all pairs of ROIs. Then, FCs with significant differences (p-value of less than 0.05) between HC1 and BQD1 were selected by performing a two-sample t-test and the difference network was constructed. The number of all FCs for each node in the difference network was defined as the degree of this brain region.



Network-Based Statistics

At present, studies using neuroimaging data to construct functional or structural networks are many, and most of them are aimed at finding different connections between the two groups of networks. When we test each connection in the graph of the network at the same time, the family-wise error rate is generated. The network-based statistic is an effective way to control the family-wise error rate, depending on the degree of association between the connections of interest (45). The specific steps are as follows. First, a Fisher's r to z transform for each connection in the network was performed, and a t-test was performed for the differences between the two groups for each connection. The test statistic computed for each pairwise association was then thresholded to formulate a set of suprathreshold links. Components present in the set of suprathreshold links were ascertained using a breadth-first search, and the number of links they comprise (or size) was stored. Thereafter, permutation testing was used to assign a p-value controlled for the FWE to each connected component based on its size. A total of M random permutations was created independently, where for each permutation, a random exchange was done for the group to which every participant belongs. The required test statistic for each permutation was recalculated, then the same threshold was applied to define a set of suprathreshold links. The maximal component size in the set of suprathreshold links extracted from each of the M permutations was ascertained and stored, thereby earning an empirical estimate of the null distribution of maximal component size. Lastly, to estimate the p-value of an observed component of size k, the total number of permutations was detected showing a greater maximal component size than k and normalizing by M. Networks with significant inter-group differences were detected if the p-value was smaller than the given 0.05 threshold.



Support Vector Machine (SVM) Classifier

In order to study how much difference there is between the different groups, we employed a widely used SVM classifier. SVM is a learning machine for two-class problems for pattern classification analysis.

We used an SVM toolkit called libsvm composed by Chih-Jen Lin from Taiwan University (58) (http://www.csie.ntu.edu.tw/~cjlin/libsvm/). Specifically, the whole brain FC was applied to the raw input matrix. Features that appeared statistically significant (a smaller p-value than the threshold for a two-sample t-test) were picked. Various types of kernel (linear, t=0; polynomial, t=1; radial basis function, t=2) and different trade-off parameter C (0.001, 0.01, 0.1, 1, 10, 100, 1,000, 10,000) were tried to attain the highest accuracy rate. A leave-one-subject-out cross-validation technique was applied to ascertain how the test performs as well as to validate the classifier, where the classifier was trained on all subjects except one, who was then used for the test data. The mean discrimination accuracy, sensitivity, specificity and AUC (area under ROC curve) were obtained for the entire sample.

Selecting the generalization rate as the statistic, permutation tests were employed to estimate the statistical significance of the observed classification accuracy. In the permutation testing, the class labels of the training data were randomly permuted prior to training. Cross-validation was then performed on the permuted training set, and the permutation was repeated 100 times. The p-value represents the probability of observing a classification prediction rate in the permutation testing no less than the discrimination accuracy. If the p-value is smaller than the significance level, we reject the null hypothesis that the classifier could not learn the relationship between the data and the labels reliably and declare that the classifier learns the relationship with a probability of being wrong of at most p.




Results

The mean age for BQD chewers and HC was 23.5 ± 3.88 years and 24.9 ± 2.60 years respectively. Individuals with BQD displayed a mean BQDS score of 7.58 ± 2.17 and a mean duration of BQ use of 7.13 ± 3.79 years (Table 1).


Acute Impact of BQ

We used the NBS method to assess specific network connections for acute impact. Compared with HC1, HC2 displayed higher functional connectivity strength between subcortical regions including the basal ganglia and thalamus, and occipital brain regions, after chewing BQ as shown in Figure 1A. The brain regions comprised of 37 nodes and 55 connections that included many connections involving the basal ganglia (corrected p value < 0.001). The ROIs with the highest degree are shown in Figure 1B including bilateral caudate (CAU), thalamus (THA), left putamen (PUT), bilateral superior occipital gyrus (SOG) and middle occipital gyrus (MOG). Because the right caudate has the biggest degree in Figure 1, it was used as an example to calculate the connectivity between the right caudate and the other voxels in the whole brain. We performed this analysis to show whether the voxel-wise analysis is consistent with the NBS analysis. We used a pairwise t-test to compare the difference between HC1 and HC2. The t map (link-wise FDR corrected, q=0.05) is shown in Figure 2. A significant difference was detected with connectivity involving the caudate and putamen. No association was found between the baseline scores and FCs.




Figure 1 | (A) Network-based functional connectivity differences after acute administration of betel quid to naive participants. Orange indicates an increase in functional connectivity which was found between the subcortical and occipital brain regions. (B) The degree of different areas for acute use (ROIs with the highest degree). CAU, caudate; L/R, left/right; MOG, middle occipital gyrus; PUT, putamen; SOG, superior occipital gyrus; THA, thalamus.






Figure 2 | The t map (link-wise FDR corrected, q=0.05) in Healthy Controls before and after acute betel quid chewing. A significant difference was detected with connectivity between the caudate and putamen. The colorbar represents the t value for each region of interest (ROI).





Differences of Functional Connectivity in Chronic BQ Users and Controls

Using the NBS method, higher functional connectivity strength in BQD1 compared with HC1 was found between the temporal, parietal and prefrontal brain regions, as shown in Figure 3. The regions comprised of 55 nodes and 79 connections (corrected p-value is 0.035). The ROIs with the highest degree are shown in Figure 3B including the right medial OFC, right lateral OFC, angular gyrus, superior parietal gyrus (SPG), SFG, and bilateral ITG. There was no association between the baseline scores and FCs.




Figure 3 | (A) Network-based connection differences for chronic betel quid users minus controls. Orange indicates an increase in functional connectivity which was found between the frontal, parietal and temporal brain regions. (B) The degree of different areas for chronic use [regions of interest (ROIs) with the highest degree] The right OFCmed is the combination of the sum degree of rectus, OFCmed, OFCant, and OFCpost). ANG, angular gyrus; ant/post, anterior/posterior; ITG, inferior temporal gyrus; L/R, left/right; med/lat, medial/lateral; OFC, orbitofrontal cortex; SFG, superior frontal gyrus; SPG, superior parietal gyrus.



Significant links during acute and chronic BQ chewing are provided in supplementary materials 456 (Figure S1 and Table S2).



Network-Based Classification

Receiver operating characteristic curves (ROC) were charted for network classification analysis, so as to ascertain whether graph-based network metrics might act as biomarkers for discriminating different groups. The ROC analysis was performed for each metric (i.e., one-dimensional characteristic) displaying significant differences between groups. For each particular metric, a range of thresholds was employed to allocate each participant into either the first or the second group. An initial linear discriminant analysis was carried out to yield an overall estimate of group separation. The highest degrees of separability (AUC) were observed between HC1 and HC2 (0.7551), as well as between HC1 and BQD2 (0.8646). HC2 versus BQD2 and BQD1 versus BQD2 portrayed the lowest AUC (Table S3 and Figure S2 in supplementary materials).




Discussion

This study identifies the neurobiological effects involved in the initial acute effects of BQ chewing and in differences in those who are BQ dependent from controls when BQ was not being administered. For the purpose of this study, we only compared HC1 versus HC2, and HC1 versus BQD1, because our interest lies in the acute impact of BQ chewing, and in differences between long-term BQ and non-BQ users. NBS was used because it is a more sensitive approach than FDR.

The results from the SVM showed that the biggest difference between groups was observed between healthy controls who did not chew BQ and individuals who chewed BQ. For instance, HC1 versus BQD2 and HC1 versus HC2 have greater AUC values compared to those who chewed BQ (HC2 versus BQD2 and BQD1 versus BQD2). A small difference was detected between those who chewed BQ. Previous studies have also reported the difference in connectivity between BQ dependent chewers and healthy controls (41–43), as well as between non-chewer healthy controls and healthy controls who chewed BQ (39). This is consistent with the hypotheses that BQ can alter the brain once it is consumed; or with the hypothesis that there are differences between individuals that lead some to consume BQ. AUC has previously been suggested as the preferred measure of diagnostic accuracy in psychiatry and forensic psychology, with reports considering AUC values greater than 0.7 as having strong effects in test performance (59).


Effects of Acute BQ Chewing on Brain Functional Connectivity

Increased functional connectivity among naive BQ chewers was mostly observed between subcortical regions including the basal ganglia and thalamus (CAU, PUT.L, and THA) and the visual cortex (SOG and MOG.R). This effect of BQ is consistent with previous reports about increased activity in these regions during acute cocaine administration (60). For the majority of psychoactive drugs, the acute effects involve the activation of reward pathways (6). The reward pathways in the brain include the basal ganglia (including the striatum), the limbic system (amygdala) and parts of the PFC (61). The basal ganglia are known for modulating the rewarding effects of drug use and also play a role in habit formation (dorsal striatum) (5). The striatum is involved in reward-related learning, as well as contributing to the development and maintenance of addictive behaviors (62). In particular, the putamen and caudate of naive BQ chewers demonstrated significantly increased FC, portraying the role of the striatum in the reward pathway during acute drug administration (6). DA neurons in the VTA play an important role in processing drug rewards (63), and increased DA in the striatum has been linked with subjective feelings of pleasure, euphoria, or a “high” resulting from drug use (64) and alcohol-associated cues (65). Our results agree with previous studies where activation of the ventral striatum significantly correlated with smoking motivation for pleasurable relaxation (66), supporting the reported psychological effects experienced immediately after BQ chewing (2). Similarly, acute alcohol influences neuronal activity in the ventral striatum which is known to project to regions believed to regulate motor responses, motivation and executive functions (67). Compared to non-users, individuals with substance use disorders displayed reduced functional connectivity between the nucleus accumbens and the frontal cortical regions responsible for controlling cognition (68). Such findings provide evidence that differences in the connections between the reward processing and cognitive-behavioral control areas may play a crucial role in the development of substance use disorders including betel quid dependence.

Compared to the frontal and striatal brain areas, the visual cortex (69) has received attention to a lesser degree in substance use and addiction neuroimaging studies. Our study found significantly increased FC involving the visual cortex of controls immediately after BQ chewing, which is consistent with results by Huang et al. (39) and also backing up the reported heightened alertness experienced by BQ chewers (8). Increased FC in the visual cortex has also been demonstrated after acute alcohol consumption (70). We suggest that BQ may enhance alertness which in turn activates the visual cortex, however, this requires further investigation. Drug cue exposure studies have also documented activation of the visual cortex in substance abusers when presented with visual drug cues as compared to neutral cues (71).



Differences of Functional Connectivity in Chronic BQ Users and Controls

Our study found significantly higher FC in the networks involving the right medial OFC, right lateral OFC, and right SFG of BQ dependent individuals. Analogous results have been reported by (39). The OFC, whose disruption leads to maladaptive and impulsive decision making (72), is known for its function in signaling the value of expected outcomes or consequences (73), motivational behavior (74), salience attribution (75), emotional regulation, and decision making (together with the amygdala and insula) (61, 76, 77). It has numerous projections to the striatum (75), and each of its sub-regions performs distinct functions; for example, the OFCmed is known for its role in monitoring reward stimuli whereas the lateral OFC evaluates punishing stimuli (78). For instance, individuals carrying out a monetary decision-making task exhibited activation of the OFCmed to positive reward outcome whereas activation of the lateral OFC was observed during monetary loss outcome (79). Addiction studies have also shown that the enhanced expectation value of a drug in the reward (ventral pallidum, NAc, and VTA), motivation (medial OFC, VTA, ventral ACC, dorsal striatum, SN, and motor cortex), and memory (medial OFC, amygdala, dorsal striatum, and hippocampus) circuits overcomes the control circuit (dlPFC, inferior frontal cortex, ACC, and lateral OFC) resulting in compulsive drug use and loss of control (80). Furthermore, compared to controls, individuals with cocaine dependency showed significantly decreased interhemispheric resting-state functional connectivity of the prefrontal cortex and the dorsal attention network encompassing medial premotor and posterior areas, as well as the bilateral frontal (30). Additionally, resting-state studies have portrayed dysfunctional network connectivity across the brain during both acute and chronic nicotine exposure, where the effects mostly appeared to involve the networks linked with attention, cognitive control, ACC, and insula (81). This relates to the enhanced attention that is commonly experienced by smokers (81) and continues to support the notion that substance use is associated with various alterations in connectivity between significant regions of the brain. The brain reward system is not only activated by the drugs, but also stimuli associated with the substance's rewarding effects, such as drug-associated cues. These stimuli can trigger the urge to use drugs (incentive salience) by activating the DA system on their own. The DA levels tend to persist even after the rewarding effects of the drugs have declined (5). Imaging studies of cocaine-addicted individuals have reported higher activity in the PFC during drug expectation than during drug administration (15, 60). This is in agreement with our hypothesis that the expectation value of BQ after 24 h of abstinence in dependent individuals was enhanced and may have contributed to the observed increased FC found in this investigation. Our study found increased FC in the amygdala whose key role is to control stress reactions and negative emotions (82). Therefore, the 24 h abstinence in BQ dependent individuals may have triggered unpleasant feelings associated with withdrawal symptoms which are believed to originate from reduced activation in the reward network of the basal ganglia and increased activation of the stress system including stress neurotransmitters (corticotropin-releasing factor, norepinephrine, and dynorphin) (83) in the amygdala (84). There is evidence that all abused substances tend to disrupt the dopamine reward system when used for a long time (6). For instance, addicts in imaging studies have constantly demonstrated long-term decreased D2 dopamine receptor, compared with non-addicts (85). The overall loss of reward sensitivity may explain compulsive drug use seen in addicts as a way to experience the pleasurable feelings the reward system formerly exerted (86). The desire to get rid of the negative feelings accompanying withdrawal may therefore reinforce continual drug use like the one demonstrated in individuals with BQD. Additionally, compared to HC1 versus HC2, the FC observed in the subcortex between HC1 and BQD1 groups was not significantly increased. This may be due to reduced D2 dopamine receptors (85) in individuals with BQD, which makes them less sensitive to BQ and therefore increases their compulsivity.

We also found increased FC in the right medial SFG, which mirrors a reduced efficiency of response inhibition processes in the PFC (87). The SFG is involved in planning, and motivation, as well as contributing to both stimulation and inhibition of craving. Its activation during responding to smoking cues versus neutral cues is highly correlated with participants' reports of craving (88), suggesting that time spent without BQ may have stimulated craving and thus activated the SFG in the BQD group.

Increased FC was observed in the right angular gyrus and right SPG of BQ dependent individuals. Our results are similar to other cocaine studies that have demonstrated increased FC between frontal–temporal and frontal–parietal brain regions of abstinent chronic cocaine users (89). Similarly, compared to people who have never smoked and former nicotine smokers, current smokers had greater connectivity in the right superior parietal lobe located in the dorsal attention network (90). The dorsal attention network has been linked with attention processing, predominantly in employing top-down control over fundamental sensory operations including visual information and maybe a crucial location for distorting attention (91). Therefore, greater connectivity in this area may indicate an increased propensity to focus one's attention on external signals (90), which may make it harder to abstain from BQ. The angular gyrus plays a crucial role in comprehension, reasoning (92), attention, language memory and self-awareness as well as providing information about self-awareness in the default mode network (DMN) (93). Addicts with dysfunctional DMN may exhibit impairment in disease awareness, need for professional help, and/or drug-seeking behavior (94) which supports what is often depicted in BQD behavior.

The results from this study also demonstrated increased FC in the right ITG. The ITG and SPG are involved in visual and auditory processing (95), and the increased FC in these regions in this study may relate to a perceived improvement in visual and auditory abilities in chronic BQ chewers. Such experiences may facilitate maintenance of BQ chewing, thus leading to dependent behavior.

A number of limitations are noted. First, our study was cross-sectional: we only observed functional connectivity differences in naive and chronic BQ chewers, but cannot infer causality. Future longitudinal neuroimaging BQ studies are crucial to consider the mechanisms fundamental for the neuro-transition from initial BQ use to dependence. Second, the use of other substances, such as cigarettes or alcohol could have influenced the results even though all recruited participants met the inclusion and exclusion criteria. Third, for BQ dependent individuals, we did not take into account the influence of craving on functional connectivity and the duration since last BQ use; which might influence the results. Fourth, for the investigation of the acute effects of chewing betel, it would be useful in future studies to have a control group that did not chew betel but was otherwise scanned similarly.




Conclusion

This is the first study to examine the acute and chronic effects of BQ concurrently. In controls the effect of acute BQ chewing significantly increased functional connectivity between subcortical regions (including the caudate, putamen, pallidum and thalamus); and visual brain regions (including the bilateral superior occipital gyrus and right middle occipital gyrus networks). These increases may relate to the acutely rewarding and visual effects of betel produced by its arecoline. In habitual users of betel, networks comprising the right medial OFC, right lateral OFC, bilateral inferior temporal gyrus, right angular gyrus, superior parietal gyrus, and right medial superior frontal gyrus had higher functional connectivity as compared to the controls before BQ chewing. These differences may be related to the craving for betel.
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Objectives

Abnormal activity of the subgenual anterior cingulate cortex (sACC) is implicated in depression, suggesting the sACC as a potentially effective target for therapeutic modulation in cases resistant to conventional treatments (treatment-resistant depression, TRD). We hypothesized that areas in the prefrontal cortex (PFC) with direct fiber connections to the sACC may be particularly effective sites for treatment using transcranial magnetic stimulation (TMS). The aim of this study was to identify PFC sites most strongly connected to the sACC.



Methods

Two neuroimaging data sets were used to construct anatomic and functional connectivity maps using sACC as the seed region. Data set 1 included magnetic resonance (MR) images from 20 healthy controls and Data set 2 included MR images from 15 TRD patients and 15 additional healthy controls. PFC voxels with maximum values in the mean anatomic connection probability maps were identified as optimal sites for TMS.



Results

Both right and left PFC contained sites strongly connected to the sACC, but the coordinates (in Montreal Neurological Institute space) of peak anatomic connectivity differed slightly between hemispheres. The left PFC site connected directly to the sACC both anatomically and functionally, while the right PFC site was functionally connected to the posterior cingulate cortex (PCC).



Conclusions

Both left and right PFC are functionally connected to regions implicated in depression, the sACC and PCC, respectively. These bilateral PFC sites may be effective TMS targets to treat TRD.





Keywords: treatment-resistant depression (TRD), transcranial magnetic stimulation (TMS), anatomical connectivity, subgenual anterior cingulated cortex (sACC), prefrontal cortex (PFC)



Introduction

Major depressive disorder (MDD) can be effectively treated in the majority of cases by medication, psychotherapy, or a combination of both, but more than one third of patients fail to respond to these standard interventions and other treatments, termed treatment-resistant depression or TRD cases (1). Chronic depression is associated with reduced productivity and quality of life as well as increased suicide risk, so alternative treatments for TRD are required.

Transcranial magnetic stimulation (TMS), deep brain stimulation (DBS), and vagus nerve stimulation (VNS) exert antidepressant effects by modulating activity within specific neural networks associated with emotional regulation and cognition (2–5). Vagus nerve stimulation has been approved by the United States Food and Drug Administration (FDA) for TRD treatment, although not for management of acute illness (6). Clinically significant antidepressive effects have also been observed following chronic DBS of the subcallosal cingulate white matter (4, 7) and subgenual anterior cingulate cortex (sACC) (8, 9) with good patient tolerability. However, DBS treatment is invasive and efficacy for TRD is still under investigation (10). Alternatively, TMS is non-invasive and well tolerated, with no evidence of cognitive impairment and few reports of medical complications. While TMS has been approved by the FDA for TRD, its effect size is generally modest compared to DBS (6). This lower efficacy may result from uncertainty regarding therapeutic mechanisms and the optimal regimens and target sites. For instance, while the prefrontal cortex (PFC) is widely regarded as an effective stimulation site, the precise subregions of left and right PFC evoking the optimal therapeutic response are unclear (11–13).

Depression involves dysfunction in a distributed network of cortical and limbic regions, including the ACC (2, 14–16). Previous studies have suggested that DBS of the sACC can effectively reverse symptoms of TRD (9), and is particularly effective against the associated cognitive deficits (3, 9, 15, 16). There is also evidence that functional connectivity of the sACC may predict treatment response to TMS (15, 16). An early review by Mayberg (3) suggested that normalization of sACC hyperactivity was a prerequisite for symptom remission (3). Indeed, reduced sACC activity has been reported following successful treatment with a variety of methods, including TMS (17, 18) and VNS (19). These studies suggest that the sACC acts as a hub within a critical depression-related circuit and that effects on activity within this circuit are strongly related to antidepressant efficacy.

The sACC and rostral ACC (rACC) differ in anatomic connectivity, cytology, and neurotransmitter receptor organization (20, 21). Further, studies comparing different left prefrontal cortex (PFC) stimulation sites found that antidepressant efficacy was related to the functional connectivity with deeper limbic regions, especially the sACC (22, 23). Fox and colleagues found that the sACC and dorsolateral PFC (DLPFC) are intrinsically anticorrelated, and suggested that the functional link between these two regions is strongly related to depression and treatment response (24). This anatomic connectivity with the sACC suggests that the PFC may be the optimal TMS site for neuromodulation. To our knowledge, most TMS studies for MDD have applied stimuli to the left dorsolateral PFC (DLPFC) (13, 25, 26). In present study, we identified PFC regions of strongest anatomic and functional connectivity to sACC as potential sites for optimal TMS treatment response.



Materials and Methods


Participants and Clinical Diagnosis

Two independent data sets were used in the present study. Data set 1 consisted of twenty healthy, right-handed subjects (10 males and 10 females, mean age=18.5 ± 1.5 years old) recruited by advertisement from the University of Electronic Science and Technology of China, Chengdu. None of the participants had a history of psychiatric or neurological diseases, and none had any contraindications for magnetic resonance imaging (MRI). All participants signed a consent form approved by the Medical Research Ethics Committee of the University of Electronic Science and Technology of China after a full explanation of study objectives and procedures. The Ethics Committee of the First Affiliated Hospital of Jilin University (China) approved the study protocol.

Data set 2 consisted of fifteen right-handed TRD patients (6 males and 9 females, mean age 29.7 ± 7.5 years old) and 15 healthy right-handed controls (8 males and 7 females, mean age 37.3 ± 8.5 years old). Healthy controls had no history of psychiatric or neurological diseases. All patients were screened independently by two psychiatrists to ensure that they met criteria for TRD. All fifteen patients were diagnosed with a major depressive episode of at least 2 years’ duration according to Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition IV (DSM-IV) criteria, and all had a minimum score at entry of 35 (37.4 ± 3.0) on the 17-item Hamilton Depression Rating Scale (HDRS), indicating severe depression (27). A priori exclusion criteria were a) other psychiatric disorders with the exception of depression, such as schizophrenia, bipolar disorder, and obsessive–compulsive disorder; b) organic causes of depression including heart, liver, and kidney diseases; c) surgically implanted electronic devices or metal frame supporting equipment precluding MRI scanning.

Data set 1 was used to construct a probabilistic tractography map showing fibers directly connecting the PFC and sACC and the x-y-z coordinates of peak connectivity as the optimal site for TMS. Data set 2 was used for functional connectivity analysis to test the reliability of the optimal TMS site generated from the anatomic connectivity map.

Using probabilistic fiber tractography, we were able to infer anatomic connectivity that progressed into gray matter, and gained a comprehensive description of the connections between the sACC and PFC. By comparing the pattern of functional connectivity between TRD patients and healthy controls, we then verified the rationality of the TMS sites.



Data Acquisition

All Data set 1 subjects were examined using a Signa HDx 3.0 Tesla MR scanner (General Electric, Milwaukee, WI, USA). The diffusion tensor imaging (DTI) scheme of Data set 1 yielded 64 images with non-collinear diffusion gradients (b=1000 s/mm2) and 3 non-diffusion-weighed images (b=0 s/mm2) using a single-shot echo planar imaging sequence (SE-EPI). An integrated parallel acquisition technique was used with an acceleration factor of 2 to reduce acquisition time and image distortion from susceptibility artifacts. From each participant, 75 slices were collected with FOV = 256×256 mm, acquisition matrix = 128×128, flip angle (FA) = 90°, and slice thickness = 2 mm with no gap. This method resulted in voxel-dimensions of 2×2×2 mm, TE = 67.6 ms, and TR = 8500 ms. Sagittal 3D T1-weighted images were also acquired with a brain volume (BRAVO) sequence (TR/TE= 8.1/3.1 ms, inversion time = 450 ms, FA = 13°, FOV = 256×256 mm, matrix = 128×128, slice thickness = 1 mm with no gap, 176 sagittal slices, and voxel size = 1×1×1 mm).

In Data set 2, imaging was performed using a Siemens 3.0-T MR system equipped with a SIEMENS MR HEADER coil. The protocol (ep2d.bold.REST.2000/30.4M.6MIN.FAST.0.49) included 64 phase encoding steps. The following acquisition parameters were used in the fMRI protocol: echo time = 30 ms, FOV = 256×256, field of view = 256 mm, acquisition matrix = 64×64, voxel size: 1×1×1 mm, slice thickness = 4 mm, no gap, 188 sagittal slices, TR = 2000 ms, TE = 30 ms, and FA = 90°.



Data Preprocessing and Analysis of Data Set 1

Diffusion tensor and T1-weighted images from Data set 1 were visually inspected independently by two radiologists for obvious artifacts arising from subject motion and instrument malfunction. Distortions in diffusion-weighted images caused by eddy currents and simple head motions were corrected using the FMRIB Diffusion Toolbox (FSL) 4.0 (http://www.fmrib.ox.ac.uk/fsl). Skull-stripped T1-weighted images of each subject were co-registered to the subject’s non-diffusion-weighted image (b=0s/mm2) using the Statistical Parametric Mapping 8 (SPM8) package (http://www.fil.ion.ucl.ac.uk/spm), yielding a set of co-registered T1 images (rT1) in DTI space. Then the rT1 images were transformed to Montreal Neurological Institute (MNI) space. Seed masks and target masks were transformed from MNI space to native DTI space using nearest-neighbor interpolation.

Tractography was performed in diffusion space using the FSLpackage. Voxel-wise estimates of fiber orientation distribution were calculated using Bedpostx. Probability distributions for two fiber directions at each voxel were calculated using the multiple fiber extension (28) of a previously published diffusion modeling approach (29). The connection probability value was recorded for every seed voxel. We also transformed the connection probability map to MNI space and averaged the 20 individual connection probability maps to obtain a mean probability connectivity map for the seed. We then found the coordinate of maximum value in the mean probability connectivity map. Fiber tracking was used to obtain the fibers connecting the two areas. To map the anatomic connections between the PFC and sACC, these brain areas were defined in MNI space. The sACC was defined as that part of the ACC located beneath the genu of the corpus callosum and corresponds primarily to Brodmann’s area (BA)10 as well as the caudal portions of BA32 and BA24 (20). The sACC was drawn by hand based on BAs 10, 24, and 32. As the PFC as no clear anatomic boundary, we defined a liberal mask including middle frontal gyrus, superior frontal gyrus, and part of the orbitofrontal region to map the connections between sACC and PFC. The PFC was drawn on the structural template of MNI152. The inferior boundary was the inferior frontal sulcus, and the posterior boundary was the precentral sulcus.



Data Preprocessing and Analysis of Data Set 2

We used Data set 2 to assess the accuracy of the anatomic connectivity derived from Data set 1 and to reveal differences in functional connectivity between TRD patients and healthy controls. First, DTI analysis of Data set 2 was used to demonstrate similar anatomical connectivity to normal subjects in Dataset 1. To test the rationality of the TMS sites identified by probabilistic tractography analysis of Data set 1, functional connectivity preprocessing was conducted using SPM8 Data Processing Assistant for Resting-State fMRI (DPARSF) V2.0 Advanced Edition (30) and Resting-State fMRI Data Analysis Toolkit (REST, http://www.restfmri.net). For statistical analysis, the contrast images of TRD patients and healthy controls were analyzed using a two-sample t test to compare the differences in functional connectivity between the right and left stimulation site.




Results

We used Data set 1 consisting of MRI scans from 20 healthy subjects to examine the anatomical connectivity (probabilistic tractography) between the sACC and PFC (Supplementary Figure 1). A probability connectivity map was derived for both hemispheres of each subject and mean probability connectivity maps obtained (Figure 1), yielded bilateral maximum probability coordination (x-y-z in MNI space) as potential TMS sites. Slight differences in connectivity were observed between left and right PFC, with the right maximum anterior to the left (left MNIxyz, −15, 65, 14; right MNIxyz, −15, 65, 5). Potential PFC stimulation sites were identified as voxels with the highest probability of connectivity to the sACC (Supplementary Figure 2). Fiber tracking from the sACC to PFC indicated that the inferior fronto-occipital fasciculus ran through the sACC and the left PFC probability peak (Figure 2).




Figure 1 | Mean probabilistic anatomic connectivity maps derived from healthy controls (A, B) and treatment-resistant depression (TRD) patients (C) using the subgenual anterior cingulate cortex (sACC) as the seed region. The connectivity map of each individual (a, n=20; b, n=15; c, n=15) was transformed to MNI space and averaged. The prefrontal cortex (PFC) coordinate of maximum value in the mean connectivity map was identified as the optimal site for transcranial magnetic stimulation (TMS) to modulate sACC activity. The results based on Data set 1 (A) were reproducible in Data set 2 (B, C).






Figure 2 | Fiber tractography map, including the prefrontal cortex (PFC) and sACC (seed region). PFC targets are in red and the sACC seed region is in blue, while fibers running through the seed region are in green. Fiber tracts connected mainly to the medial frontal areas, but also included a site of strong connectivity in the left PFC.



To explore the reproducibility of this PFC–sACC connectivity, Data set 2 derived from another group of 15 healthy controls, as well as 15 TRD patients using a different MRI scanner was subjected to similar analysis. Again, the PFC region demonstrated a strong probability of anatomic connectivity with sACC. Further, while absolute values differed, the connectivity map of TRD patients was similar to that of the healthy controls (Figure 1), including near overlapping maximum value coordinates. Thus, our tractography method was highly reproducible among different populations.

Since resting state functional connectivity may differ from anatomical connectivity, we constructed whole-brain functional connectivity maps using the average MNI coordinates of maximum value in Data set 2 as ROIs. Peak functional connectivity of the left PFC with the left sACC was located exactly at the position of peak anatomic connectivity in both patients and controls, but was significantly stronger among healthy controls than TRD patients (Figure 3A). In contrast, the right PFC was functionally connected to the posterior cingulate cortex (PCC) (Figure 3B). Between-group comparisons across the whole brains of Data set 2 at an AlphaSim corrected p < 0.01 height threshold (t = 2.467, df = 28) confirmed reproducibility with anatomic connectivity analysis across disease states and MRI scanners (Table 1).




Figure 3 | Whole-brain resting state functional connectivity differences between healthy controls and TRD patients. Functional connectivity ROIs were taken from our anatomic connectivity results (coordinates shown in Figure 3). (A) Functional connectivity between the left target and sACC (seed region for the anatomic connectivity, red circles in A) was significantly stronger in the healthy group. Only negative results are shown because a previous study reported that anticorrelation between the PFC and subgenual cingulate (BA25) is related to depression networks (22). (B) Functional connectivity with the right PFC target. Only negative results are shown. Red circles in Figure 3B illustrate PCC areas involved in depression (41).




Table 1 | Functional connectivity results in healthy controls versus depression patients.





Discussion

In this study, we identified PFC sites with strong anatomical connectivity to the sACC, and PCC that may be optimal targets from TMS treatment of depression. Further, these sites were reproducible across different data sets and closely mirrored functional connectivity. In light of the strong evidence that modulation of sACC and PCC activity can mitigate symptoms of depression, we suggest that these PFC sites are optimal targets for TMS treatment.

Depression is linked to reduced activity of the left PFC (26, 31, 32). Recently, Wang et al. (33) reported that the effective connectivity from DLPFC to right angular gyrus predicts the antidepressant effects of electroconvulsive therapy (ECT) for MDD (33). Further, a recent functional connectivity study found that dysfunctional communication between the medial PFC and right ventral anterior insula is a major contributor to MDD pathogenesis (34). The application of repetitive (r)TMS for depression was initially driven by functional imaging data showing reduced left PFC activity in depression (35, 36). Based on empirical experience, the majority of the initial studies applied high-frequency rTMS to the left PFC (13, 25, 37, 38). However, low-frequency stimulation of the right PFC has also been used (17, 39) with clinically significant efficacy (37, 40). Grimm et al. (41) found that depressed patients exhibited hypoactivity in the left PFC during both unattended and attended emotional judgments but hyperactivity in the right PFC during attended emotional judgment (41), suggesting distinct forms of dysfunction in left and right PFC–ACC pathways Our current study also provides evidence that sites within both right and left PFC are strongly connected to regions involved in TRD, consistent with previous studies(13, 22, 23), and so may be effective TMS targets.

Repetitive TMS applied at a variety of sites and frequencies has proven highly effective for inducing mood changes in healthy controls and therapeutic effects in TRD patients. For instance, concomitant high-frequency rTMS stimulation of the left PFC and low-frequency rTMS of the right PFC was reported to have antidepressive effects. Alternatively, these regimens were ineffective when the stimulation side was reversed (37, 40, 42), suggesting an imbalance in frontal lobe activity (hypoactivity in the left frontal lobe and excessive inhibitory activity in the right frontal lobe) among MDD patients. Left and right PFC sites with strongest anatomic connectivity also appear to have non-overlapping functional targets, the sACC (left target) and PCC (right target), both of which are involved in depression (41). Therefore, analyzing the connectivity of sACC (43) and PCC (44) could reveal the mechanisms underlying therapeutic responses to TMS at these sites. Our study provides further evidence that the left PFC connects directly to the sACC and the right PFC connects to the PCC, consistent with previous studies (22, 43, 44). Therefore, this study suggests that the antidepressant mechanisms of TMS are mediated by modulation of left PFC–sACC neural circuit activity and right PFC–PCC activity.

Multiple targets have been used for rTMS treatment (26) as there is no current consensus on the optimal target for antidepressant efficacy. Tracing direct fiber pathways from deep regions implicated in depression, such as the ACC, to cortical areas accessible to modulation by TMS is a novel approach for targeting. We performed probabilistic tractography in healthy controls and TRD patients to determine the connectivity patterns of the sACC and PFC. The subcallosal cingulate is connected to many ipsilateral regions, such as the medial frontal cortex, ACC, and PCC (4), but these regions have limited area for TMS. Here we identified strong connection with specific sites of the left and right PFC that may be superior targets for treating TRD. The left PFC site is located on the gyrus, while the right PFC target is located on the sulcus, so the left PFC target may be more readily activated by TMS. Nonetheless, stimulation of both sides with distinct frequency patterns may provide the best therapeutic effect (6, 37, 42–44).

The DLPFC position for TMS is often located using the electroencephalography (EEG)-based “5-cm rule” or by neuroimaging-based targeting of BA9 or BA46 (42, 45–47). While the 5-cm rule is an easy low-cost option, it does not account for individual differences in skull size. Further, targeting based on BA9 or BA46 locations on neuroimages did not substantially improve clinical efficacy compared to the 5-cm rule (22). We suggest that the optimal target can be identified using a TMS Navigation system and our MNI coordinates.

This study has several limitations. First, only 15 TRD patients were examined and MDD is a heterogeneous disorder, so certain abnormalities in anatomic or functional connectivity may have been missed. Second, the sACC subregions connected anatomically with the PFC were not examined.



Conclusions

This study identifies sites in right and left prefrontal cortex that may be optimal targets for transcranial magnetic stimulation treatment of depression based on strong functional connectivity with the posterior and subgenual anterior cingulate cortex.
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Supplementary Figure 1 | Regions of interest (ROIs) for connectivity analysis. (a) Left prefrontal cortex (black) and right prefrontal cortex (yellow) ROIs. (b) The seed region (sACC, red) contains effective therapeutic target for DBS and VNS (7, 19).

Supplementary Figure 2 | Optimal TMS sites were defined as the coordinates of maximum values in the probability connectivity map (left MNI x-y-z -15, 65,14; right MNI x-y-z 24, 53, 1). The radius was 8 mm. These targets were also used as seed ROIs to conduct functional connectivity analysis.
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Background

Neuroimaging research has determined deficits in the dopaminergic circuit of major depressive disorder (MDD) during adolescence. This study investigated how emotional contexts modulate the temporal dynamics of reward anticipation and feedback in adolescents.



Methods

EEG data from 35 MDD and 37 healthy adolescents were recorded when they conducted a gambling task after being presented with emotional pictures.



Results

The results demonstrated that both MDD and healthy adolescents exhibited the largest late positive component (LPC) in positive contexts at the frontal sites and the largest LPC in negative contexts at the central sites; however, MDD adolescents exhibited anticipatory LPC hypoactivation than healthy adolescents. However, MDD adolescents exhibited smaller gain feedback negativity (FN) than healthy adolescents independent of emotional contexts, positively correlating with the trait anhedonia according to the consummatory aspect of the Temporal Experience of Pleasure Scale. In contrast, MDD adolescents exhibited greater FN loss in positive and neutral contexts than healthy adolescents while no difference in FN loss was found between the two groups in negative contexts. Moreover, the FN loss amplitudes negatively correlated with hedonic tone according to the Snaith-Hamilton Pleasure Scale over the past week.



Conclusions

These findings suggest that MDD adolescents exhibited dissociable deficits in reward anticipation and gain or loss feedback that are distinctly modulated by emotional contexts, and they deepen our understanding of the modulation of emotional contexts on the temporal dynamic reorganization of the reward circuit in MDD adolescents.





Keywords: adolescents, feedback negativity, late positive component, major depressive disorder, reward anticipation



Introduction

Adolescence is a critical period of developmental transition in cognitive, affective, and social domains (1). During this period, adolescents undergo dramatic neuroplastic changes in neural structure and function (including the dopaminergic corticomesolimbic circuit) (2), coinciding with a high incidence of mental illnesses (e.g., depression with the subsequent reoccurrence of depressive episodes) (3). Particularly, adolescents in major depressive disorder (MDD) exhibit emotional disturbances and blunted reward sensitivity (4). As MDD impacts not only responses to emotional events, but extends to other cognitive processes (e.g., reward processing) carried out in the context of emotional engagement (5, 6), exploring the interaction between emotional contexts and reward processes is important for the understanding of the reward function reorganization in MDD across adolescence.

It is well-known that contextual factors (e.g., affective state/mood) might promote or subvert goal-directed behaviors (7). According to the appraisal tendency framework (8), contextual emotions generate specific anticipatory effects consistent with underlying appraisal tendencies and carry over to a new situation to alter sequent task performances (9–11). Changes in anticipatory effect might lead to goal reprioritization by modifying the salience of potential gains or loss: positive mood increases the value of reward motivation and activates corticostriatal pathways, including the nucleus accumbens, putamen, and ventromedial prefrontal cortex (9, 12–14). However, these effects are not found during reward outcome, loss anticipation, and loss outcome (14). Following positive mood induction, nucleus accumbens’ activation decreases during reward anticipation (but not receipt) while its connectivity with the dorsolateral prefrontal cortex increases and these effects are modulated by anhedonia (15).

In contrast, negative mood leads to a greater degree of anchor biasing, which reduces reward-processing capacity and makes people avoid loss (16–18). Recently, Park et al. (19) proposed the valence compatibility hypothesis and found that positive emotional valence increases activity in typical reward-processing regions (e.g., ventral striatum) (reflecting additive value effect) while negative valence imposes increased task demands, eliciting conflict processes, which leads to the engagement of regions related to cognitive control (e.g., medial and lateral prefrontal cortex). Thus, how emotional contexts interact with reward processes during the distinct stages of reward anticipation and outcome remains an open question.

Event-related potentials with high temporal resolution easily capture rapid neural responses during different stages of reward processes. Late positive component (LPC) is a slow, positive component that lasts several hundred milliseconds after stimulus onset (20). Generally, positive and negative visual stimuli elicit enhanced LPC amplitudes compared with neutral stimuli (21), reflecting selective attention to motivationally salient stimuli (22). Particularly, during the anticipatory stage, the low positive affect trait was associated with reduced LPC by rewarding images and a blunted threat of eliciting LPC in adult depression, while the negative affect trait was not associated with the magnitude of neural responses to either threatening or rewarding pictures (23). Moreover, Howsley & Levita (24) found that only preadolescents exhibited heightened LPC in the reward block, whereas all preadolescents, adolescents, and late adolescents exhibited LPC potentiation to discriminative stimuli versus control stimuli in the avoidance block.

Feedback negativity (FN) is a negative-going waveform, and it reaches a maximum at the frontocentral sites approximately 300 ms after feedback presentation (25). Reflecting deeper striatal signals or prefrontal responses to changes in striatal activity (26–28), FN is sensitive to outcome evaluation and is correlated with the magnitude of the reward prediction error (29, 30). Following sadness induction, individuals reporting a greater state of sadness exhibited less differentiation between non-rewards and rewards in behavioral and FN responses (31). In contrast, positive emotional contexts enhanced reward-related FN sensitivity to outcomes compared with neutral and negative emotional contexts (9). Moreover, the FN amplitude to gain feedback (but not loss) in MDD adults was related to anhedonia severity (32). In adolescents, depressive symptoms were associated with reduced FN (33, 34), but the opposite trend has also been observed (35). After sadness induction, the reduced FN was also observed in adolescents with high familial risk for MDD (26). Taken together, positive and negative contexts might modulate the temporal dynamics of reward anticipation and outcome evaluation differently in MDD adolescents.

The present study aimed to investigate how emotional contexts interact with reward processes in MDD adolescents. In each trial, a positive, neutral, or negative picture was presented before MDD and healthy adolescents accomplished a simple gamble task, and then they received gain or loss feedback. Based on the appraisal tendency framework and the previous results (19, 23), we expected that positive contexts would increase anticipation-related LPC amplitudes and gain-related FN compared with neutral and negative contexts while negative contexts would amplify loss-related FN compared with positive and neutral contexts. Moreover, if MDD adolescents have impaired capacity to reward processing and greater perceptual biases to avoidance-related cues (24, 32–34), MDD adolescents would exhibit smaller LPC amplitudes and smaller FN amplitudes in gain trials, while MDD adolescents would exhibit larger FN amplitudes in loss trials relative to healthy adolescents.



Methods


Participants

In total, we recruited 74 right-handed adolescent students (14–18 years old) from several secondary vocational schools in Dalian City, China. All participants had the normal or corrected vision and provided written informed consent under the approval of their parents. All adolescents completed clinical mini-interviews that were performed separately with adolescents and their parents. MDD adolescents were included if they had a primary MDD diagnosis based on DSM-IV criteria but no other mental disorders and had received no medication treatment for the past 3 months. Healthy adolescents were included if they had no current or past psychiatric diagnoses and serious head trauma. Two healthy adolescents were excluded due to poor EEG quality. Finally, the sample had 35 MDD adolescents (11 males; 15.26 ± 1.41years old) and 37 healthy adolescents (12 males; 15.53 ± 1.36 years old). This study was under the Declaration of Helsinki and was approved by the local ethics committee.



Stimuli

Two hundred and sixty-four pictures were selected from the Chinese Affective Picture System (36), including 88 positive, 88 neutral, and 88 negative pictures. There were no differences in arousal among positive, neutral, and negative pictures, but there were significant differences in valence among the three picture types (p < 0.001), as reported by another sample of 40 healthy adolescents from the same schools. E-prime 2.0 (Psychology Software Tools Inc., Pittsburgh) was used for stimulus presentation and response recording.



Measures

Beck Depression Inventory-II (BDI-II), a 21-item self-reporting inventory, measures symptoms of depression (past two weeks) (37). The version used for the present study has been validated in the Chinese population (32). Cronbach’s alpha in the current sample was 0.86.

The Temporal Experience of Pleasure Scale (TEPS) was used to assess distinct components of the long-term pleasure experience (including anticipatory and consummatory aspects) (38). This study applied a 20-item Chinese version that was revised from the original English version (38, 39). In the current sample, Cronbach’s alphas for the TEPS-ANT (anticipatory pleasure) and the TEPS-CON (consummatory pleasure) were 0.82 and 0.84, respectively.

The Snaith–Hamilton Pleasure Scale (SHAPS) was used to measure the hedonic tone over the past week (40). This scale contains 14 items and covers four aspects of hedonic experiences, i.e., interests/past times, sensory experience, social interaction, and food/drink. The Chinese version in the current study has good validity in Chinese samples (41). Cronbach’s alpha in our sample was 0.90.



Procedure

In the laboratory, participants were seated in a sound-attenuated, electrically shielded room where they were attached to the sensors. As Figure 1 shows, after receiving an understanding of the instructions, they conducted a simple gambling task. The task included 240 trials with 80 trials separately for positive, neutral, and negative pictures. At the beginning of each trial, participants were presented with a fixation for 1,000 ms and then a picture for 1,500 ms. Next, two doors appeared on the screen for 1,000 ms when participants were instructed to guess how to choose the door. They were told that they would win 1 or 5¥ in a winning trial or lose 1 or 5¥ in a loss trial. When the doors with the number of 1 or 5 appeared randomly on the left or right side for 1,000 ms, participants pressed the button to choose the door they guessed. The outcome was presented the next screen on which 1 or 5 appeared for a win or −1 or −5 appeared for a loss. During the task, 40 win and 40 loss trials for each picture type were presented in random order. Participants rested 15 s for every 40 trials.




Figure 1 | Schematic of the experimental procedure.





Data Collection and Statistical Analysis

Continuous scalp EEG was collected from the Active Two system (BioSemi, Netherlands) with a 64-electrode elastic cap arranged according to the 10/20 guidelines. Electrooculogram (EOG) was recorded using four electrodes placed above and below the left eye and at the outer edge of the right eye to monitor horizontal and vertical eye movements. The impedance was brought below 10 kΩ. The data were sampled at 500 Hz with a bandpass of 0.10–100 Hz and a 24-bit A/D converter referenced to the vertex electrode (Cz). EEG data were offline re-referenced to the mean of the two mastoids using Brain Vision Analyzer 2.0 (Brain Product, Munich, Germany). The signals were bandpass-filtered using a second-order digital Butterworth filter (24 dB) of 0.10–30 Hz and adjusted for DC offset. EEG data were visually inspected for artifacts or extreme offsets. Oculomotor artifacts were eliminated using built-in ICA blink templates. Epochs were generated from −200 ms to 1,000 ms following the presentation of the stimuli or feedback and were baseline-corrected using the 200 ms pre-stimulus/feedback interval. Trials with voltage amplitudes over ±50 µV were discarded by an automatic procedure.

The ERP analysis focused on the two stages of anticipation and feedback. During the anticipatory stage, we selected the mean LLP amplitudes of three composite electrodes separately from the frontal (Fz, F1, and F2), frontocentral (FCz, FC1, and FC2), and central (Cz, C1, and C2) electrodes within the 600–800 ms time window. Similarly, during the outcome feedback stage, we selected the mean FN amplitudes of the three composite electrodes separately from the prefrontal (FPz, FP1, and FP2), frontal (Fz, F1, and F2), and frontocentral (FCz, FC1, and FC2) electrodes between 270 and 370 ms.

Repeated-measures analysis of variance (ANOVA) with two groups (MDD and control) × three valences (positive, neutral, and negative pictures) × three regions were conducted separately for LPC, FN in the gain trials, and FN in the loss trials. Independent-sample tests were executed for depressive symptoms and anhedonia severity. The Greenhouse–Geisser correction was used when the variance sphericity assumption was violated. All post hoc tests were corrected by the Bonferroni method. Pearson’s correlation analysis was performed to investigate the association between behavioral and ERP data.




Results


Behavioral Data

As Table 1 shows, the independent-sample t-test indicated that MDD adolescents reported significantly higher symptoms of depression as measured by BDI-II than the healthy controls (t (71) = 17.41, p < 0.001). Moreover, MDD adolescents exhibited lower anticipatory pleasure experience as measured by TEPS-ANT (t (71) = 2.96, p < 0.01) and higher SHARP scores than the healthy controls (t (71) = 5.21, p < 0.001). However, there were no sex or age differences between the two groups (t (71) = 0.94, 0.61, p >0.05).


Table 1 | Demographic and sample characteristics.





ERP Data


LPC at the Anticipatory Stage

The three-way repeated-measures ANOVA yielded significant main effects of group (F(1, 70) = 4.52, p < 0.05, η2 = 0.16), valence (F(2, 140) = 29.41, p < 0.001, η2 = 0.30), and region (F(2, 140) = 8.85, p < 0.001, η2 = 0.11) (See Figure 2 and Table 2). The post hoc tests indicated that the LPC amplitudes in MDD adolescents were lower than those in healthy adolescents (padj = 0.0068); the LPC amplitudes for positive pictures were greater than those for negative pictures, which were larger than those neutral pictures (padj = 0.0008); the LPC amplitudes at the frontocentral sites were the greatest (padj = 0.0004). Furthermore, there was a significant interaction between valence and region (F(4, 280) = 2.97, p < 0.05, η2 = 0.10). The post hoc tests indicated that at the frontal sites, the LPC amplitudes for positive pictures were greater than those for negative and neutral pictures (padj = 0.0274); at the central sites, the LPC amplitudes for negative pictures were larger than those for positive and neutral pictures (padj = 0.0165); at the frontocentral sites, there were no differences in LPC amplitudes for the three type pictures (padj >0.05). No other significant effects were observed.




Figure 2 | Group waveforms of major depressive disorder (MDD) and healthy adolescents for positive, neutral, and negative pictures during the anticipatory stage at FCz. Late positive components are defined within 600–800 ms.




Table 2 | Results of the 3-factorial repeated-measures analysis of variance (ANOVA).





FN at the Feedback Stage

In the gain trials, the three-way repeated-measures ANOVA yielded significant main effects of group (F (1,70) = 8.51, p < 0.01, η2 = 0.31) and region (F (2,140) = 23.46, p < 0.001, η2 = 0.25; See Figure 3 and Table 2). The post hoc tests indicated that MDD adolescents exhibited lower FN amplitudes than healthy adolescents (padj = 0.0036); the FN amplitudes were greatest at frontocentral sites and smallest at the prefrontal sites (padj = 0.0048). Additionally, there was a significant interaction between group and region (F (2,140) = 10.32, p < 0.01, η2 = 0.21) (See Figure 4). The post hoc tests indicated that MDD adolescents exhibited lower FN amplitudes at the prefrontal sites (padj = 0.0036) while there were no differences in FN amplitudes at the frontal and frontocentral sites (padj >0.05).




Figure 3 | Group waveforms of major depressive disorder (MDD) and healthy adolescents for positive, neutral, and negative pictures during the gain feedback stage at FPz. Feedback negativity is defined between 270 and 370 ms after the presentation of feedback.






Figure 4 | Two-way interactions of feedback negativity (FN) in gain and loss trials. (A) Interaction between group and region in gain trials indicating that major depressive disorder (MDD) adolescents exhibited lower FN amplitudes than healthy adolescents at the prefrontal region while no group difference was found at the frontal and frontocentral regions. (B) Interaction between group and valences indicating that MDD adolescents exhibited larger FN amplitudes for positive and neutral pictures than healthy adolescents while no group difference was found for negative pictures. n.s., not significant. **p < 0.01.



In the loss trials, the three-way repeated-measures ANOVA revealed significant main effects of group (F (1,70) = 14.87, p < 0.01, η2 = 0.44), valence (F (2,140) =3.97, p < 0.05, η2 = 0.11), and region (F (2,140) = 8.91, p < 0.01, η2 = 0.11) (See Figure 5 and Table 2). The post hoc tests indicated that MDD adolescents exhibited greater FN amplitudes than healthy adolescents (padj = 0.0028); the FN amplitudes for negative pictures were more pronounced than those for positive and neutral pictures (padj = 0.0128); the FN amplitudes at the frontocentral sites were the highest (padj = 0.0051). Moreover, there was a significant interaction between group and valence (F (2,140) =8.47, p < 0.01, η2 = 0.21) (See Figure 4). The post hoc tests indicated that MDD adolescents exhibited more pronounced FN amplitudes for positive and neutral pictures than healthy adolescents (padj = 0.0027, 0.0045), while we detected no differences in FN amplitudes for negative pictures between the two groups (padj = 0.1827).




Figure 5 | Group waveforms of major depressive disorder (MDD) and healthy adolescents for positive, neutral, and negative pictures during the loss feedback stage at FPz.






Correlation Analysis

The correlation analyses indicated that the BDI scores were negatively correlated with LPC amplitudes for positive (r = −0.26, p < 0.05) and negative pictures (r = −0.25, p < 0.05) but not for neutral pictures (r = −0.06, p >0.05). In the gain trials, the TEPS-CON scores were positively correlated with the FN amplitudes for positive, negative, and neutral pictures (r = 0.31, 0.31, 0.34, p < 0.01). In the loss trials, the SHARP scores were positively correlated with the FN amplitudes for positive, negative, and neutral pictures (r = 0.24, 0.24, 0.25, p < 0.05).




Discussion

This study used LPC and FN as neural indices to examine how emotional contexts modulate reward anticipation and outcome evaluation in MDD adolescents. The behavioral results indicated that MDD adolescents had a lesser anticipatory pleasure experience (TEPS-ANT) and higher SHARP scores than healthy adolescents. The ERP results indicated that at the anticipatory stage MDD adolescents exhibited smaller LPC amplitudes than healthy adolescents; at the feedback stage, MDD adolescents exhibited smaller FN amplitudes for the gain trials than healthy adolescents while MDD adolescents exhibited greater FN amplitudes for the loss trials than healthy adolescents. Consistent with the previous fMRI and ERP results (32–34), these observations suggest that MDD adolescents exhibited impaired capacity toward reward processing (i.e., anhedonia) and greater perceptual biases toward negative outcomes. Moreover, the emotional contexts modulated LPC and FN in adolescents, discussed as follows, which is important implication for our understanding of the temporal dynamical organization and development of brain function during adolescence.

Many researchers have found that positive mood facilitates reward anticipation motivation, including increased corticostriatal circuit activation (9, 12–14) and anticipatory LPC amplitudes (24). In line with these results, our study found that the anticipation-related LPC amplitudes in positive picture contexts were larger than those in negative and neutral picture contexts at the frontal sites. In contrast, the negative picture contexts elicited larger LPC amplitudes than the positive and neutral picture contexts at the central sites. On the one hand, consistent with the appraisal tendency framework (8), positive mood further enhanced the value of reward motivation while negative mood increased avoidant motivation, which reduced the value of reward anticipation (16–18). On the other hand, Park et al. (19) found that reward trials by positive emotion did not enhance activity differently anywhere in the adult brain. Inconsistent with this, our results suggest that as LPCs seem to be modulated by anticipatory top-down signals from the frontoparietal neural network (42, 43), the adolescent brain is undergoing functional reorganization and exhibits cortical differences in top-down processing approach and avoidant motivation. For example, the previous adult study indicated that positive and negative stimuli activated different functional networks (44). Future research in adolescents should further verify the possibility of interaction between valences and cortical regions.

During reward receipt, the group × region interaction on FN amplitudes reached significance but independent of emotional contexts, indicating that MDD adolescents exhibited smaller FN amplitudes than healthy adolescents only at the prefrontal sites. Consistent with our results, the previous ERP and behavioral studies also found that emotional stimuli are processed independent of reward (45, 46). This might be attributed to the more pronounced gain-related FN amplitudes reflecting a phasic increase in dopaminergic activity in the reward pathways, which partly underpins the associations between gain-related FN and trait measures; for example, extraversion has higher scores on a dopaminergic function and is associated with enhanced FN waves compared with introversion (47). We also found that gain-related FN amplitudes were positively correlated with TEPS-CON scores (reflecting anhedonia trait). Another possibility is that emotional contexts are task-irrelevant and have a long internal with feedback presentation, which leads to the disappearance of the carryover effect. However, this did not explain why loss-related FN amplitudes are modulated by emotional contexts as discussed in the following.

Notably, we observed a significant group × valence interaction on loss-related FN amplitudes, indicating that MDD adolescents exhibited greater FN amplitudes in positive and neutral contexts than healthy adolescents while no FN difference was observed between the two groups in negative contexts. These results seemed to be consistent with the valence compatibility hypothesis (19). During loss feedback that leads to an aversive signal, positive contexts elicited conflict processes with loss feedback consumption, which makes frontal control engage with conflict regulation. The previous results indicated that MDD individuals have impaired corticostriatal connectivity (e.g., dorsolateral prefrontal cortex and striatum) following positive mood induction (12, 15). Thus, MDD adolescents seemed to be incapable of modulating potential conflicts, which further amplifies the aversive effects of losing money. In contrast, there was no valence mismatch between negative contexts and transient loss manipulation, so that MDD adolescents exhibited the same FN amplitudes as healthy adolescents. Moreover, the loss-related FN amplitudes were positively correlated with the SHARP scores, possibly reflecting anhedonia. Overall, these results suggest that emotional contexts did not appear to modulate gain-related FN, reflecting a lower dopamine function (trait anhedonia) in MDD adolescents, whereas emotional contexts might modulate loss-related FN, partly reflecting anhedonia from disrupted regulating function in corticostriatal circuits.

The limitations must be mentioned as follows. First, it should be acknowledged that this study had a small sample. Future studies should perform a power analysis to estimate the effect size and select a larger sample to verify the results. Second, although there were 40 trials for gain and 40 loss trials for loss, there were insufficient trials to separate ±1 or 5 Y trials. Therefore, future studies should add the number of gains and losses to separately analyze whether rewards of different sizes have an impact on FN amplitudes.

In summary, MDD adolescents exhibited dissociable deficits in reward anticipation and outcome processing that are modulated by emotional contexts. Anticipation-related LPC hypoactivation in MDD adolescents might reflect aberrant functional reorganization in top-down cortical networks that show different sensitivity to positive and negative contexts. Emotional contexts did not modulate reduced gain-related FN in MDD adolescents, which might reflect trait-like reward deficits in MDD adolescents. However, positive (but not negative) contexts seem to amplify loss-related FN, revealing impaired conflict-regulating function from the lateral and medial prefrontal cortex in MDD adolescents. These observations provide important evidence for our understanding of the temporal dynamic reorganization of the reward functions in MDD adolescents during distinct emotional contexts.
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Background

Depressive patients show less altruistic behavior. While, older adults present higher tendencies for altruism than younger adults. Depression and age are two of the influencing factors of altruism, kynurenine (KYN), and its metabolites. However, the characteristics of altruism in late-life depression (LLD) and its possible underlying mechanism have not been studied.



Objective

We aimed to explore the characteristics of altruism in LLD patients and its neurobiological mechanism and structural brain network. We investigated whether the levels of metabolites in kynurenine pathway (KP) and white matter (WM) network topological features would influence the altruistic behavior in LLD patients.



Methods

Thirty-four LLD patients and 36 heathy controls (HCs) were included. Altruism was evaluated by the Dictator Game (DG) paradigm. Serum concentrations of KP metabolites were detected by the liquid chromatography-tandem mass spectrometry method. The topological features of the WM network were calculated from diffusion tensor imaging data in conjunction with graph-theoretical analysis.



Results

The LLD participants exhibited a higher level of altruism and WM global network properties than the HCs. Kynurenic acid to kynurenine (KYNA/KYN) ratio was associated with the DG performance in LLD group. KYNA/KYN ratio was associated with the WM network properties in HC group.



Conclusions

KYN metabolism played an important role in altruistic behavior in LLD.





Keywords: altruism, kynurenine pathway, late-life depression, Dictator Game, diffusion tensor imaging, graph-theoretical analysis



Introduction

Depression is the most common mental disorder in the growing geriatric population (1). Late-life depression (LLD) is associated with physical and cognitive deficits and the poor treatment responses of these patients, which results in a heavy economic and emotion burden to their families (2–5). Moreover, deficits of social functioning commonly occur in patients with depression, which have an impact on their work performances and marriages (6). However, seldom investigations shed light on social impairments in LLD. Hence, we attempted to focus on the social functioning in LLD from the perspective of neural, biological, and behavioral factors.

Altruistic behavior is a kind of typical prosocial behavior in human societies, influencing the interactions and cooperations among individuals (7). Altruism is a characteristic in which people are willing to help others even when there is no expectation of receiving any help or reward in return. Altruism has been modeled using the Dictator Game (DG) (8). Based on previous studies, depression and age are two of the primary influencing factors of altruistic behavior. Depression patients at midlife would avoid altruistic behaviors (9). Furthermore, older adults show higher tendencies for altruism than younger adults (10). However, altruistic behavior in depression in old age and its possible underlying mechanism have not been studied.

There are many possible factors can influence altruistic behavior, such as social environment, economic condition and hormones (11). According to a literature review, 5-hydroxytryptamine (5-HT) plays an important role in altruism. Depletion of 5-HT is associated with decreased activity in the striatum by affecting dopaminergic terminal function (6). While, the level of dopamine in the ventral striatum is one of vital factors that influences altruism decision (8). Kynurenine pathway (KP) plays an important role in 5-HT synthesis. Kynurenine (KYN) and its metabolites can cross the blood-brain barrier and have effects on the central nervous system and several psychiatric disorders, such as depression and schizophrenia (12). Tryptophan (TRP) is considered as the beginning of KP. The shunt of TRP from 5-HT formation to KYN formation is a major etiological factor of depression (13, 14). We aimed to explore the relationship between several main metabolites in the upstream and downstream of KP and altruistic behavior in patients with LLD.

KP changes are associated with the development of LLD (15). There are two distinct routes in KYN metabolism. One such route is the kynurenic acid (KYNA) pathway. The other is the quinolinic acid (QUIN) pathway, which forms the N-methyl-D-aspartate receptor (NMDA-R) agonists that make the astrocyte-microglia-neuronal network vulnerable. KYNA exerts a neuroprotective role and is the only known endogenous antagonist to NMDA-R, which can inhibit the toxic effect of QUIN (16). However, the abnormal accumulation of KYNA beyond physiological levels could induce glutamatergic hypofunctioning and cause cognitive dysfunction, since KYNA is an antagonist for all of the ionotropic excitatory amino acid receptors (17). The severity of depression is associated with the level of KP imbalance (18). TRP metabolism has been related to depressive symptoms in old age (19). According to our consideration, if LLD patients display different altruism levels, KP alterations, especially the KYN metabolism changes, may represent one neurobiological explanation and associated with the level of altruism.

Previous studies mention that KP is associated with the disrupted white matter (WM) in bipolar disorders (20), schizophrenia (21), and multiple sclerosis (22). However, the study on the relationship between KP and changes of WM in LLD is not been found. Some scholars have found that LLD is characterized by WM lesions that affect the WM tract integrity and alter the rich-club organization, which disrupt cognition function and mental health in LLD patients (23, 24). In addition, we suspected that KP possibly has an impact on the WM connectivity in LLD, which may underlie the development of the cognitive and social functioning deficits of LLD. Furthermore, the neural pathway of altruistic behavior is not fully understood. According to the previous study of functional connectivity, the engagement of the medial prefrontal and temporo-parietal cortices is associated with prosocial behavior (25). While the changes of function is related with the changes of structure (26). Thus, we considered the changes of altruistic behavior in LLD might blame to some abnormal brain structural network connectivity.

Diffusion tensor imaging (DTI), a technique that is used to quantify water diffusion in tissue, is sensitive to tissue damage and can detect damage in the WM (23). The human brain serves as a highly complex and integrated network system. The graph-theoretical analysis of this complex network has resulted in a potent mathematical tool to quantify the collection of the comprehensive topological dynamics in these human structural connectomes (27). Considering the light of corresponding relationship between the function and structure of our brain (26), the structural foundation of the altruism changes that occur in older people is another question we want to investigate. DTI data in conjunction with graph-theoretical analysis makes it possible to quantitatively describe the brain's overall organization and communicative processes through a variety of physical topological properties.

In this study, we aimed to investigate the characteristics of altruistic behavior, KP metabolism, and WM network connectivity in LLD, and further explore whether KP metabolism and WM network topological features would influence altruistic behavior in LLD patients. We collected DG performance, serum sample, and DTI data from each participant. The DG task was conducted to assess altruistic behavior. Serum concentrations of TRP, KYN, and KYNA were determined by a high-performance liquid chromatography-tandem mass spectrometry (LC-MS/MS) method. A graph-theoretical analysis was utilized to calculate the global network properties that describe the WM topological features. We hypothesized that disruptions of KP metabolism and WM network topological features would occur in patients with LLD, and these disruptions would relate to altruism in LLD.



Materials and Methods


Participants

This study was approved by the ethics committee of the Affiliated Brain Hospital of Guangzhou Medical University (Guangzhou Huiai Hospital). We obtained written informed consent from each participant after a complete description of this study. All of the patients were recruited from the outpatient and inpatient departments of the Affiliated Brain Hospital of Guangzhou Medical University, Guangzhou, Guangdong, China, and the healthy controls (HCs) were recruited from the community.

All participants were interviewed by well-trained psychiatrists during a clinical interview that was structured to meet the inclusion and exclusion criteria. LLD was diagnosed based on Diagnostic and Statistical Manual of Mental Disorders, fourth edition. Cognition performance was evaluated by a Mini-Mental State Examination (MMSE). The presence of depressive symptoms was evaluated by the 17-item Hamilton Rating Scale for Depression (HAMD-17). Exclusion criteria were as follows: (1) serious suicidal behavior; (2) serious medical conditions or concomitant medications likely to influence the central nervous system or immunological function, including cardiovascular, respiratory, endocrine and neurological diseases; (3) a history of drug or alcohol abuse in the past 6 months or a history of drug or alcohol dependence within the past year; (4) < 55 years old. In addition, the gender- and age-matched HCs were required to have no first-degree relative with a psychiatric disorder (15, 28).

Finally, we recruited investigated 34 patients with a diagnosis of LLD and 36 healthy elderly subjects as HCs, and all of the participants were of Han Chinese ethnicity and were right-handed.



Experimental Procedures

Upon participants' arrival to the outpatient department, we collected peripheral blood samples and measured the body mass index (BMI) of every participant between 8:00 and 9:00 a.m. after an overnight fast. The blood samples were collected in vacutainers without additional additives. After 0.5 h of coagulation, the samples were centrifuged at 3,000 r/min for 10 min, and the supernatant was aliquoted into Eppendorf tubes (Eppendorf, Hamburg, Germany) and frozen at −80°C immediately until the time of the assay. Then, the DG task and neuropsychological tests were performed.

In DG procedures, we told participant that there were other participants who also took part in this game simultaneously but they did not know each another. The another old person played a passive recipient in DG task, and the participant played a proposer could choose how to allocate 1,000 monetary units (Yuan) between himself/herself and another old person. In the current study, DG task was anonymous paradigm in case of bias choice. Each participant played 30 rounds one-shot DG task against 30 anonymous players. With no material incentive to offer anything, a proposer who offers a nonzero amount is considered to be altruistic and the magnitude of their proposal reflects the degree of altruism from the proposer toward the passive recipient (8).



Laboratory Analyses

We used an LC-MS/MS method to detect the TRP, KYN, and KYNA serum concentrations. L-TRP, L-KYN, KYNA, and activated charcoal were purchased from Sigma-Aldrich, and Kyna-d5 was supplied by Toronto Research Chemicals, Inc. (Toronto, Canada). Methanol was obtained from Merck KGaA (Darmstadt, Germany) and ammonium formate was purchased from Sigma-Aldrich Corporation (Bangalore, India). Purified water was produced by a Milli-Q water purification system (Millipore Corporation, Billerica, MA, USA) (29).



MRI Acquisition

Participants were scanned by a 3.0-Tesla Philips Achieva scanner (Philips, Best, Netherlands). The T2-weighted image was applied to rule out cerebral infarction, tumors, and major WM lesions. Foam padding and earplugs were used to reduce head moving and scanner noise. The DTI scanning parameters were as follows: direction = 32, b0 = 1,000 s/mm2, repetition time (TR) = 10,015 ms, echo time (TE) = 92 ms, flip angle = 90°, matrix = 128 × 128 mm2, FOV = 256 × 256 mm2, 75 contiguous slices, voxel size = 2 × 2 × 2 mm3. High-resolution T1-weighted images were acquired from a 3D spoiled gradient echo sequence: TR = 8.2 ms, TE = 3.8 ms, matrix= 256 × 256 × 188, FOV = 256 × 256 mm2, voxel size = 1 × 1 × 1 mm3.



Data Preprocessing

Data preprocessing was performed using the FMRIB's Diffusion Toolbox (FMRIB's Software Library, FSL) for the following procedures. First, the eddy current correction was used to correct the distortions from stretches and shears in the DTI as well as correct for simple head motion. Second, b0 image extraction and brain extraction (fractional intensity threshold = 0.2) were performed. Third, a Bayesian Estimation of Diffusion Parameters Obtained using Sampling Techniques (Bedpostx) was used to set up the distribution of fiber orientation at each voxel. In the T1 images, BET was utilized for the brain extraction (fractional intensity threshold = 0.3).



Network Construction

The brain network contains nodes and edges. To determine the nodes in the network, we selected 90 gray matter regions of the cerebrum with Anatomical Automatic Labeling (AAL), which included 45 regions of cortical and subcortical structures in each hemisphere. Edge definition was accomplished using the connectivity probability between each pair of nodes in the network. Network construction was performed by PANDA (30). The details of network construction were as follows.


Node Definition

The procedure was completed following Gong's description (31). Briefly, T1 images were nonlinearly coregistered to the Montreal Neurological Institute (MNI) 152_T1_Template. The inverse warp was obtained from a previous step and the transformation matrixes from T1 to b0 were combined to warp the AAL regional mask from the MNI space to the individual T1 space and b0 space successively. In total, 90 AAL regions were executed using the procedures described above to establish the seed mask. For each of the seed masks, the remaining 89 regional masks were merged to form the terminal mask.



Edge Definition

As aforementioned, probabilistic tractography (FSL 5.09) was used to define the edge of the brain network. For each voxel in the seed mask, 5,000 streamlines were sampled. Each fiber was drawn depending on the distribution of the orientation set up by Bedpostx. The tract was established every 0.5 mm to the other 89 masks and terminated in a terminal mask to prevent tracking in the loop with parameters of 0.2 curvature threshold, 2,000 steps with length of 0.5 mm. Then, the connectivity probabilities from the seed mask to the remaining 89 target masks were established. The probability was defined as weight. After 90 seed masks were performed, the same procedure that was described above was performed, and a 90 × 90 connective matrix was constructed for each participant.

As it is impossible to determine the directionality between node A and node B by probabilistic tractography, we defined the unidirectional connective matrix using Schmidt's description (32), the probabilities of node A and node B were calculated by the average of weightAB and weightBA.




Network Analysis

To describe the topological features of the WM network at a global level, we calculated several global network properties: clustering coefficient (Cp), shortest path length (Lp), efficiency (E), connective strength (S), fault tolerant efficiency (Eloc), density of network (Density), small world properties, modularity (Q), hierarchy (β), and assortativity (r). All of the global network properties were calculated with the GRETNA toolkit (33) or our custom-made MATLAB program. To rule out spurious connections, a connection was excluded from the connective matrix before calculating the global network properties if it existed in fewer than 20% of the group subjects (24).


Global Clustering Coefficient (Global Cp)

The global clustering coefficient is defined as the average of the likelihood of a neighbor-to-neighbor connection. A greater value represented a larger extent of the local interconnectivity of a network. For a network G, the equation is:

	

kA is the degree of node A and ωAB is the weight between node A and node B. N = 90.



Global Shortest Path Length (Global Lp)

The global shortest path length is defined as the average of all of the shortest lengths between each pair of nodes in the network. A smaller value represented a faster transfer speed of information in the brain. For a network G, the equation is:

	

LAB is the shortest path length between node A and node B and N = 90.



Small World Properties

Before the calculation of the small-world property, 1,000 random networks that maintained the same nodes and edges as the original network but also maintained the differences in distribution were generated. The small-world properties consisted of the normalized global clustering coefficient Gamma (γ) and the normalized global shortest path length Lambda (λ), which represented the means of 1,000 random network global clustering coefficients and the global shortest path length respectively.

	

The small-world measurement sigma (σ), where σ = γ/λ, γ > 1, λ ≈ 1 and σ > 1, indicate the existence of small-world properties.



Network Connective Strength (Global S)

The connective strength of node A is defined as the sum of the connective weight, which is the weight that directly connects to node A. Network connective strength is the average of all of the nodal connective strengths in the network. For a network G, the equation is:

	

The variable ωAB represents the weight between node A and node B. A greater network connective strength is represented by a greater connection connective strength in the network.



Global Efficiency (Eglob)

The global efficiency is represented as the information transfer efficiency of the network. For a network G, the equation is:

	

where LAB is the shortest path length between node A and node B.



Global Fault Tolerant Efficiency (Eloc)

The Eloc of node A is defined as how much of the network is fault-tolerant when the first neighbors of node A are removed from the network. The global Eloc is the average of the nodal Eloc values in the network. A greater global Eloc represents a greater fault tolerance of the network. For a network G, the equation is:

	



Density of Network (Density)

The density of a network is the fraction of present connections to possible connections. In this study, the possible connections are equal to N(N-1)/2.



Hierarchy (β)

Many real networks, particularly brain networks, commonly share a natural topological property that is called a hierarchical organization. In a hierarchical network, the low-degree nodes in the graph typically exhibit a higher clustering coefficient compared with high-degree nodes and vice versa, yielding an efficient network communication. For reasons of the strict scaling law and scale-free properties, the hierarchical coefficient could be described by the distribution of the ratio, the equation is:

	

in which the C represents the clustering and k indicates the degree of a node in a network β; the coefficient of hierarchical organization was calculated by fitting a linear regression with the ratio of the log-transformed C to the log-transformed k.



Assortativity (r)

Assortativity is defined as the degree to which one node tends to connect with other similar nodes in the network. In this study, we calculated assortativity with the Pearson correlation coefficients of the connective strength between each pair of linked nodes in the network, as described by Leung and Chau (34). The equation is:

	

where the edge of the network is sorted by ascending values, H is the total weight of all the edges in the network, ω_φ is the weight of the φth edge and F(φ) is the pair of nodes that is connected by the φth edge. If M represents the total degree of the network, then φ = 1~M.



Modularity (Q)

To describe the patterns of integration within the module and the segregation between them, modularity was calculated. Modularity is also called Q, a larger Q indicates more connection than was expected within the chosen communities. The definition of the modularity pattern was determined by a method that was previously described by Reichardt and Bornholdt (35) that aims to maximize the number of within-group edges and minimize the number of between-group edges. The equation is:

	

where m refers to the total weight of the edges in the network, EAB is the connectivity between node A and node B; kA is the degree of node A; δAB is the Kronecker delta symbol; CA is the mode to which node A is assigned.




Statistical Analyses

The statistical analysis was performed with Statistical Package for Social Sciences software version 22.0 (SPSS IBM, Chicago, Illinois, USA). The demographic and clinical variables were analyzed using a Chi-square (χ2) test for the categorical variables and two-sample t-tests were used for the continuous variables. Further, we used a general linear model (GLM) with diagnosis as the independent factor and age, gender, and education years as covariates to determine the group differences in neuropsychological scores and WM global network properties. To determine the group differences in the serum levels of TRP, KYN, and KYNA, we used a GLM with diagnosis as the independent factor and age, gender and BMI (36) as covariates. The level of significance was set as a two-tailed P value of 0.05.

To determine the significant differences in the subnetwork connection between the LLD and the HC groups, network-based statistics (NBS) were utilized (37, 38). First, the t test statistical threshold was chosen by the primary threshold (P < 0.01). Second, a two-sample one-tail t test (LLD < HC and LLD > HC) was computed for difference in the edges between the LLD and HC groups. A set of suprathreshold links was constructed according to the statistical threshold. Third, a connected graph component was determined by breadth search and the component size M was established by the sum of the test statistical values across all connections in the component. A permutation test (5,000 permutations) was used to correct for multiple comparisons (P < 0.05 with a FWE rate approach). The size of the largest component was recorded in each permutation and generated a random component size distribution. Finally, the correct P value was determined from the position of M in the random component size distribution. A significantly different subnetwork between the LLD and HC groups was obtained. The connective strength of the NBS subnetwork was calculated.

Furthermore, Pearson correlation was applied to determine relationships between DG performance and clinical variates and KP metabolism, DG performance and WM network properties, and KP metabolites and WM network properties in LLD and HC groups respectively.




Results


Demographic and Clinical Characteristics

There is no significant difference in the gender, age, BMI, education years, or MMSE scores between the LLD and HC groups (all P > 0.05). The HAMD-17 scores and DG performance were significantly different between these two groups (both P < 0.05). Serum concentrations of TRP and the KYN/TRP ratio were significantly different between these two groups (both P < 0.05). The details are shown in Table 1. In the LLD group, 3 patients were medication-free, 2 patients received serotonin noradrenaline reuptake inhibitors, 15 patients received selective serotonin reuptake inhibitors, no patients received tricyclic antidepressants, 8 patients received noradrenergic and specific serotonergic antidepressants, and 20 patients received benzodiazepines as a combination treatment within the last 3 months.


Table 1 | Demographic and clinical characteristics, TRP, KYN, and KYNA) levels of MDD patients and HCs.





Global Network Properties

The global topologies of the WM network are shown in Table 2. Small-world organization (γ > 1, λ ≈ 1, σ > 1) was observed in both the LLD and HC groups' connectivity networks. Intergroup differences were found in the global Cp, global Lp, small-world properties, global S, Eglob, and density between the LLD and HC groups (all P < 0.05).


Table 2 | Global network properties of white matter network of LLD patients and HCs.





NBS Analysis

We found that the subnetwork strength detected by NBS of the LLD group was 0.307 ± 0.0248, the NBS subnetwork strength of HC group was 0.282 ± 0.0214. The difference of the NBS strength measurements between these two groups was significant (F = 24.625, df = 1, P < 0.001). We found a disrupted subnetwork composing of 14 nodes and 15 connections in LLD group (HC < LLD, P = 0.036). The involved nodes in this NBS-based subnetwork mainly included the frontal (Frontal_Inf_Oper_L), parietal (Rolandic_Oper_R, Supp_Motor_Area_R), paralimbic (Insula_L, Hippocampus_R, Calcarine_R, Lingual_L, Precuneus_R, Thalamus_R), and temporal (Temporal_Sup_R, Temporal_Pole_Sup_L, Temporal_Pole_Sup_R, Temporal_Mid_R, Temporal_Pole_Mid_R) gyrus. This NBS's subnetwork is shown in Figure 1.




Figure 1 | Network-based statistics (NBS) analysis showed a single subnetwork composing of 14 nodes and 15 edges in LLD patients compared with the HCs. Red lines represent the edges of the subnetwork connections. L, left; R, right; LLD, late-life depression; HCs, healthy controls. The nodes and connections were mapped using Brain Net Viewer software (http://www.nitrc.org/projects/bnv/).





Correlation Analysis

A partial correlation was conducted with the DG task, KYN/TRP ratio and KYNA/KYN ratio, gender, age, education, and BMI as covariates. We considered KYN/TRP ratio and the KYNA/KYN ratio could represent the changes of KP metabolism most. We found that, in the LLD group, the DG task was correlated with KYNA/KYN ratio (r = −0.371, P = 0.037). In addition, the HC participants who performed the DG task also showed a trend toward the KYNA/KYN ratio (r = −0.334, P = 0.053). Furthermore, a partial correlation was conducted with the MMSE, HAMD-17, KYN/TRP ratio, and KYNA/KYN ratio, gender, age, education and BMI as covariates. In LLD group, HAMD-17 was significantly correlated with KYNA/KYN ratio (r = 0.507, P = 0.003). In HC group, HAMD-17 was significantly correlated with KYN/TRP ratio (r = 0.362, P = 0.049). No significant relationships were observed among DG task, MMSE and HAMD-17 scores in LLD group and HC groups respectively.

A partial correlation was performed between the WM network properties and DG task, gender, age, and education years as covariates. In LLD group and HC group, no significant correlations were observed between WM network properties and DG task. Moreover, a partial correlation was performed between the WM network properties and KP metabolism, gender, age, education and BMI as covariates. KYNA/KYN ratio was significantly correlated with Density (r = −0.576, P < 0.001, q = 0.024), small world properties [γ (r = 0.467, P = 0.007, q = 0.028) and σ (r = 0.442, P = 0.011, q = 0.033)] and Q (r = 0.468, P = 0.007, q = 0.028) in HC group. No significant correlations were observed between KP metabolism and network properties in LLD group.

A partial correlation was performed between the DG task and the WM subnetwork strength detected by NBS, gender, age, and education as covariates. We did not observe any significant correlations between the DG task and the WM subnetwork strength in the LLD group and HC group respectively. In addition, a partial correlation was conducted with the KYN/TRP ratio, KYNA/KYN ratio, and the NBS subnetwork strength, gender, age, education, and BMI as covariates. We did not observe any significant correlations between the KYN/TRP ratio, KYNA/KYN ratio and the WM subnetwork strength in the LLD group and HC group, respectively.




Discussion

To the best of our knowledge, the current study is the first to explore the neurobiological mechanism and structural brain network that underlies altruism in older people with depression. We compared the altruistic behavior in the DG task, serum concentrations of TRP, KYN, and KYNA, and the WM network topological features between the LLD and HC participants. The preliminary findings of the current study were as follows: (1) LLD participants exhibited a higher altruism level than HC participants; (2) in LLD group, DG performance was negatively correlated with the KYNA/KYN ratio, while HAMD-17 was positively correlated with KYNA/KYN ratio; (3) in their global network properties, the LLD participants displayed decreased global Cp, global Lp, and small-world properties, increased global S and Eglob and density compared to the HCs; (4) KYNA/KYN ratio was correlated with density, small world properties (γ and σ) and Q in HC group.

In the current study, LLD participants demonstrated a higher level of altruism. If people are motivated by self-interest in response to the passive recipient in the DG, the proposer will offer the smallest amount, even zero, as this is the optimal, ‘smartest' decision they can make (8). Previous studies showed that MDD patients would not exhibit higher altruism due to the stress from the cost of helping others (9), reducing the use of task representations and hindering performance during exploratory decision-making (39) and undervaluation of actions leading to rewarding outcomes (40). However, the LLD patients shared more than their fair share in this study. The ability to make a ‘smart’ decision becomes vulnerable in patients with neuropsychiatric disorders and in the aftermath of chronic stress; this phenomenon has been observed in the prefronto-striatal circuit dynamics in rodents exposed to chronic stress (41). However, the level of dopamine in the ventral striatum is one of vital factors that influences altruism decision (8). Furthermore, we found that the breakdown of KYN was closely related to depression, had an effect on altruistic decision-making in the LLD patients of the current study.

The KYNA/KYN ratio had an impact on DG performance in the LLD participants. The KYNA/KYN ratio is closely related to cognition. In the presence of inflammation, the formation of QUIN is enhanced, which result in excitotoxic neurodegenerative changes and cognitive deficits. In addition, KYN/TRP ratio was increased inpatients with LLD, enhanced KYN synthesis might induce an abnormality in KYNA formation that is also harmful to cognition. If KYNA formation is beyond the physiological level, it can lead to glutamatergic hypofunctioning. KYNA is an antagonist of all ionotropic excitatory amino acid receptors; specifically, KYNA has a higher affinity for the alpha-7-nicotinic acetylcholine receptor than for the NMDA-R, this disrupts auditory sensory gating. Furthermore, the level of KYNA produces is associated with the extracellular dopamine concentrations, this influences dopaminergic neurotransmission (17, 42). However, the dopamine in the ventral striatum is involved in the reward process, by which people feel rewarded from helping others (7, 8, 43). Briefly, in the current study, we found that an imbalance of KYN metabolism would have a negative impact on altruistic behavior, which might be caused by cognitive deficits or abnormal dopamine level. Future study should aim at the role of cognitive function and the effects of the level of dopamine in the altruistic behavior of LLD.

In addition, we found that the serum level of TRP was lower in the LLD patients than in the HCs, reflecting the conversion of TRP to KYN and its insufficient quantity for 5-HT synthesis. These results are in line with the mechanism of depression. According to our partial correlation analysis, we found that HAMD-17 was positive associated with KYNA/KYN ratio in LLD. It is not consistent with our previous findings in late-onset depression, which showed negative correlated with depressive factor (15). In the current study, we did not divide HAMD-17 into serval factors, due to the limited sample size. This might be the reason of the opposite finding in the current study. However, the main topic of this study was to explore whether KP metabolism and WM deficits have an effect on altruistic behaviors in LLD. The association of KP metabolism and LLD had been fully discussed in our previous studies (15, 44), which was not our main concern in this study. Thus, we are confident with our current findings in altruistic behavior in LLD. However, a larger sample study is still needed in future study.

In the analysis of their global network properties, LLD participants displayed decreased Cp, Lp and small-world properties, increased strength, Eglob and density compared with the HC participants. We determined that LLD participants presented with an increased global network efficiency rather than a decreased regional efficiency, as suggested by the findings of the previous study (45). In addition, some network properties were associated with KYNA/KYN ratio in HCs. While, such relations were lacked in LLD and no difference was found between LLD and HC in KYNA/KYN ratio, indicated that the WM damage of LLD might be not relevant with the changes of KP. Notably, left superior temporal pole was the important node based on NBS analysis. According to the previous studies, superior temporal pole involved in process of depression (46), cognitive impairment (47), and decision-making (48). To some extent, LLD patients have a higher risk of cognitive deficits. The current study hinted that superior temporal pole played an important role in the abnormal altruistic behavior in LLD, but the specific mechanism is needed to be explored in further experiments.

Several limitations must be addressed here. First, we did not quantifiably detect the level of dopamine and calculate relationships among the altruistic, levels of dopamine and KP metabolites in this study. We will make our efforts in future studies. Then, the sample size was small, but it was still statistically significant. We will increase the sample size in future research.



Conclusion

Our exploratory findings showed that LLD participants exhibited a higher level of altruism than the HC participants. The LLD participants manifested profound shifts in KP that influenced their altruistic behavior. KYNA/KYN ratio influenced altruistic behavior and depressive severity in LLD patients, WM global network properties in HCs.
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Abnormal melatonin secretion has been demonstrated in patients with affective disorders such as major depressive disorder (MDD) and bipolar disorder (BD). However, magnetic resonance imaging (MRI) studies that previously investigated the volume of the pineal gland, which regulates circadian rhythms by secreting melatonin, in these patients reported inconsistent findings. The present study employed MRI to examine pineal gland volumes and pineal cyst prevalence in 56 MDD patients (29 currently depressed and 27 remitted patients), 26 BD patients, and matched controls (33 for MDD and 24 for BD). Pineal volumes and cyst prevalence in the current MDD, remitted MDD, and BD groups did not significantly differ from those of the healthy controls. However, pineal gland volumes were significantly smaller in the current MDD subgroup of non-melancholic depression than in the melancholic MDD subgroup. Interestingly, pineal volumes correlated negatively with the severity of loss of interest in the current MDD group. Medication and the number of affective episodes were not associated with pineal volumes in the MDD or BD group. While these results do not suggest that pineal volumes reflect abnormal melatonin secretion in affective disorders, they do point to the possibility that pineal abnormalities are associated with clinical subtypes of MDD and its symptomatology.
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Introduction

Hormonal evidence has suggested abnormal melatonin secretion in patients with affective disorders, such as major depressive disorder (MDD) and bipolar disorder (BD), which may contribute to the circadian rhythm dysfunctions commonly observed in these patients (1, 2). While low melatonin secretion irrespective of the mood status (i.e., manic, depressive, and euthymic) in BD appears to support its role as a trait marker (2, 3), previous findings on serum melatonin levels in MDD have been inconsistent (i.e., decreased, normal, or even increased) (1), which may be partly attributed to the heterogeneity of MDD (e.g., melancholic vs. atypical subtypes) (4). Previous studies also suggested different alterations in the timing of melatonin secretion that were dependent on the mood status in MDD and BD patients (1, 2). These findings suggest different roles for melatonin abnormalities in the diagnosis (MDD vs. BD), MDD subtypes, and mood status of affective disorders.

To date, only a few magnetic resonance imaging (MRI) studies have examined the pineal gland, a neuroendocrine organ involved in circadian regulation through melatonin secretion (5, 6), in affective disorders. Although not consistently replicated, current evidences generally support the notion that the pineal volume, especially its parenchymal (i.e., non-cystic) volume, likely reflects melatonin levels or melatonin secretion patterns for both healthy subjects (7, 8) and patients with affective disorders (9). A recent study demonstrated smaller pineal volumes and a higher prevalence of pineal cysts, which asymptomatically exist in 20%–40% of healthy adults (10, 11), in MDD patients than in healthy controls (12). However, normal pineal volumes have also been reported in MDD (13) and BD (13, 14) patients, in whom pineal volumes were not related to clinical symptoms (9). These inconsistent findings may be partly attributed to different imaging techniques and exclusion criteria for pineal cysts; previous studies (13, 14) estimated pineal volumes two-dimensionally and also excluded patients with pineal cysts. The heterogeneity of MDD cohorts and/or different mood status (e.g., depressive or euthymic) between studies also appear to have biased the findings obtained; however, this hypothesis warrants further study on a well-defined group of MDD patients with different subtypes and illness stages.

The present MRI study examined pineal volumes and pineal cyst prevalence in patients with MDD (currently depressed and euthymic subgroups) and BD and compared them with those in matched controls. The influence of clinical characteristics (e.g., medication, mood status, and symptom severity, and the melancholic vs. non-melancholic subtypes of MDD) on pineal volumes in the patient groups was also investigated. Based on previous hormonal and neuroimaging findings that support the heterogeneity of MDD and potential role of melatonin in the mood status, we predicted that MDD but not BD patients have smaller pineal glands and a higher prevalence of pineal cysts, at least in specific subtypes or mood status, which may be associated with symptom severity.



Materials and Methods


Participants

Fifty-six MDD patients, 26 BD patients, and 57 healthy matched subjects were included. The local Internal Review Boards (The Prince of Wales Hospital and University of New South Wales research ethics committees and Mental Health Research & Ethics Committee, Melbourne Health, Melbourne, Australia) approved the study protocol, and all study participants provided written informed consent in accordance with the Declaration of Helsinki. Sample characteristics (Tables 1 and 2) and inclusion/exclusion criteria were described previously for the MDD (15–17) and BD (18–20) cohorts, who were screened for head trauma, neurological illness, substance misuse, or other serious physical diseases.


Table 1 | Demographic/clinical characteristics and brain measurements of the major depression cohort.




Table 2 | Demographic/clinical characteristics and brain measurements of the bipolar disorder cohort.



Briefly, the MDD cohort was recruited through an advertisement in the local media and via outpatient psychiatric clinics in Melbourne, Australia, and comprised 29 patients currently under a depressive state (cMDD), 27 with a history of MDD but currently in remission (rMDD), and 33 healthy controls with no personal history of neuropsychiatric diseases. All participants underwent clinical and neuropsychological assessments by experienced research psychologists at ORYGEN Youth Health, Melbourne, with the Structured Clinical Interview for DSM-IV (SCID-IV-TR) (21), the Beck Depression Inventory (BDI) (22), Mood and Anxiety Symptom Questionnaire (MASQ) (23), and Positive Affect and Negative Affect Scale (PANAS) (24). The medication status, case history, and comorbid anxiety disorder were also examined. Depression subtype (melancholic vs. non-melancholic) was assessed only for the cMDD group; the melancholic depressed patients fulfilled the SCID criteria (21) based on the eight symptoms of the melancholic specifier (i.e., a loss of pleasure, lack of reactivity to usually pleasurable stimuli, distinct quality of depressed mood, mood regularly worse in the morning, insomnia, psychomotor retardation or agitation, significant anorexia or weight loss, and excessive or inappropriate guilt).

Twenty-six patients with bipolar I disorder under euthymic conditions were recruited from the Mood Disorders Unit at the Prince of Wales Hospital, Sydney, Australia, at which research psychiatrists made diagnoses using the SCID-IV patient version (25) supplemented by chart reviews. Twenty-four healthy subjects, screened using the SCID-IV non-patient version (25), were recruited through the advertisement. Ten BD patients had a family history of affective disorders, such as BD (N = 3), MDD (N = 5), and both (N = 2), whereas 12 did not and four had an unknown family illness history. Sixteen BD patients had experienced psychotic symptoms (hallucinations and/or delusions) during affective episodes.



MRI Acquisition and Data Processing

MR scans of MDD cohort were acquired using a 1.5T Siemens scanner (Magnetom Avanto) at Saint Vincent's Hospital Melbourne, Victoria (16, 17). Structural T1-weighted axial images were obtained using the following parameters: time to echo = 2.3 ms, time repetition = 2.1 ms, flip angle = 15°, matrix size = 256 × 256, voxel dimension = 1 × 1 × 1 mm.

T1-weighted images of BD cohort were acquired in the coronal orientation using a 1.5-T GE Signa scanner located at the Royal Prince Alfred Hospital, Sydney, Australia, with a fast-spoiled gradient echo sequence (time to echo = 5.3 ms, time repetition = 12.2 ms, flip angle = 25°, matrix size = 256 × 256, and voxel dimensions = 0.98 × 0.98 × 1.6 mm) (18, 19).

Brain images were realigned in three dimensions using Dr. View software (Infocom, Tokyo, Japan), and then reconstructed into 1.0-mm (MDD cohort)- or 0.98-mm (BD cohort)-thick entire contiguous coronal images. Voxels were segmented into brain tissue components and cerebrospinal fluid (CSF) based on the signal-intensity histogram distribution of each T1-weighted image (26, 27). The intracranial volume (ICV) was measured on a sagittal reformat of the original 3D data (28), and did not significantly differ among the groups examined (Tables 1 and 2).



Pineal Gland Measurements

As reported previously (26, 27), one rater (TT), who was blinded to subject identities, manually traced the pineal gland, a small pinecone-shaped endocrine gland surrounded by CSF, except at the connection to the habenulae (Figure 1), on consecutive coronal slices. The parenchyma (i.e., segmented brain tissue component) of the pineal gland and internal cystic changes (pineal cyst ≥ 2 mm or small cystic change < 2 mm in diameter), observed as circular areas of iso-intensity relative to CSF (10), were differentiated by the signal intensity of each image. Therefore, we obtained total (cyst included) and parenchymal (non-cystic) pineal volumes. Intra- (TT) and inter-rater (TT and DS) intraclass correlation coefficients in a subset of 12 randomly selected brains (7 from the MD cohort and 5 from the BD cohort) were all > 0.90.




Figure 1 | Sample T1 images of the pineal gland in a subject with a small cystic change. Dotted lines in (A) (axial), (B) (sagittal), and (C) (coronal) show pineal gland coordinates. The pineal gland (arrowhead) and neighboring anatomical landmarks are shown on consecutive 1-mm-thick coronal slices from an anterior (D) to posterior (K) direction. The pineal gland is located posterior to the habenular nucleus and may be readily delineated on voxels as a brain tissue component largely surrounded by cerebrospinal fluid, except at its attachment to the stalk. The pineal stalk was excluded from the measurement of pineal gland volumes. PC, posterior commissure.





Statistical Analysis

Demographic and clinical differences between groups (cMDD vs. rMDD vs. controls, BD vs. controls) were assessed using a one-way analysis of variance (ANOVA) or the chi-squared test.

An analysis of covariance (ANCOVA) was performed on pineal volumes (total and parenchymal volumes) using age and ICV as covariates and group (cMDD vs. rMDD vs. controls, BD vs. controls) and gender as between-subject factors. The same ANCOVA model was used for assessing the effect of MDD subgroups [i.e., melancholic features (information available only for cMDD patients), co-morbid anxiety disorder, medication status, and first-episode or recurrent cMDD group] on the pineal volumes. Scheffé's test was used to follow-up any significant main effects or interactions. Group differences in the prevalence of pineal cysts (≥ 2 mm) and small cystic changes (< 2 mm) were examined using the chi-squared test. Relationships between pineal volumes and clinical variables were investigated by Pearson's partial correlation coefficients, with adjustments for age and ICV. To reduce the rate of Type I errors due to multiple comparisons, only parenchymal (non-cystic) volumes, which more accurately reflect the levels of melatonin secreted than total pineal volumes (7, 8), were used in correlational analyses. Pineal volumes and clinical variables (number of episodes, medication, and symptom measures) were log-transformed for statistical analyses because of their skewed distribution (tested by the Kolmogorov– Smirnov test). A p-value of < 0.05 was considered to be significant.




Results


Demographic and Clinical Characteristics

The MDD (Table 1) and BD (Table 2) groups were matched for age, gender, and intelligence or education with healthy controls. The cMDD group was characterized by an earlier onset age, higher proportion of medicated patients, higher rate of comorbid anxiety disorder, and more severe depressive/anxiety symptoms than the rMDD group (Table 1).



Pineal Gland Volume

Total and parenchymal pineal volumes in the cMDD and rMDD groups did not differ significantly from those of the healthy controls without any significant effect involving gender. However, these MDD groups exhibited non-significant pineal atrophy to the same degree as compared with healthy controls (Cohen's d relative to controls = -0.36 to -0.40) (Table 1). Comparisons between cMDD patients with and without melancholic features showed a significant difference in total [F (1, 24) = 4.98, p = 0.035] and parenchymal [F (1, 24) = 4.74, p = 0.040] volumes; the non-melancholic group had a significantly smaller volume than the melancholic group (p = 0.014 for both total and parenchymal volumes) (Figure 2). Total and parenchymal pineal volumes did not significantly differ between MDD patients with and without co-morbid anxiety disorder, those with and without medication in the past 6 months, or first-episode and recurrent cMDD patients.




Figure 2 | Absolute pituitary parenchymal volume in currently depressed patients with melancholic (142.0 ± 40.7mm3, Cohen's d relative to controls = 0.05) and non-melancholic (101.9 ± 42.4 mm3, Cohen's d relative to controls = -0.63) subtypes. Scheffé's test: *p < 0.05.



No significant differences were observed in total (Cohen's d = -0.13) or parenchymal (Cohen's d = -0.10) pineal volumes between the BD group and healthy controls (Table 2). No significant effect involving gender was found. Furthermore, total and parenchymal pineal volumes did not significantly differ between the patient subgroups based on psychotic symptoms, family history, and medication status (lithium and valproate).



Pineal Cyst and Small Cystic Change

No significant differences were observed in the prevalence of pineal cysts and small cystic changes between the groups in the MDD (Table 1) and BD (Table 2) cohorts.



Correlational Analyses

Pineal parenchymal volumes in cMDD patients negatively correlated with the MASQ loss of interest score (r = -0.571, p = 0.002; Figure 3) even after the Bonferroni correction for multiple comparisons [10 clinical variables in two groups; p < 0.0025 (0.05/20)], but not with the number of episodes, total BDI score, and other MASQ and PANAS subscale scores. These clinical variables did not correlate with pineal parenchymal volumes in the rMDD group.




Figure 3 | Relationship between pineal parenchymal volumes and Mood and Anxiety Symptom Questionnaire (MASQ) loss of interest scores in currently depressed patients.



In the BD cohort, pineal parenchymal volumes did not correlate with illness duration, the number of manic/depressive episodes, or medication dose (lithium and valproate).




Discussion

In the present study, no significant differences were observed in pineal volumes or cyst prevalence between the currently depressed and remitted MDD subgroups, bipolar I disorder group, and their matched controls. However, pineal volumes were specifically reduced in non-melancholic MDD patients and also negatively correlated with the severity of loss of interest in MDD patients under an active depressive state, thereby supporting the role of pineal abnormalities in certain clinical aspects of MDD.

Consistent with previous findings reported by Fındıklı et al. (13), the pineal volumes of MDD patients in the present study did not significantly differ from those of control subjects. However, these findings and the present results suggest non-significant pineal atrophy in MDD with the degree of a small to medium effect size (Cohen's d relative to controls = approximately -0.4 for both studies; see Table 1), which was smaller than, but similar to a recent study by Zhao et al. (9) (Cohen's d = -0.57) that reported significantly decreased pineal volumes in MDD. While Fındıklı et al. (13) estimated pineal volumes using a two-dimensional approximation formula (29) in a relatively small sample of MDD patients who had no pineal cysts (N = 16), Zhao et al. (12) and the present study manually measured true parenchymal (non-cystic) volumes, which appear to reflect pineal function more accurately than total (cyst included) pineal volumes (7, 8), in larger MDD cohorts regardless of the presence or absence of pineal cysts (N ≥ 50). Thus, inconsistent pineal findings among studies (i.e., degree of volume reductions in MDD) cannot only be explained by differences in imaging techniques, approaches to pineal cysts, or sample sizes. However, the heterogeneity of MDD discussed below may be relevant.

The present results showing different pineal volumes between the melancholic and non-melancholic subtypes of depression support MDD being a heterogeneous disorder with different phenotypes caused by various neuropathological alterations (30, 31). Since the melancholic features of depression, such as diurnal variations in mood and insomnia (21), imply melatonin abnormalities and related circadian rhythm dysfunctions, the present results showing greater pineal atrophy in the non-melancholic MDD subtype were unexpected. On the other hand, we demonstrated that the severity of loss of interest, one of the core factors of melancholic depression (32), correlated with the degree of pineal reduction. While some neuroimaging [e.g., hippocampal atrophy (33) and hypofrontality (34)] and neuroendocrine [e.g., abnormal dexamethasone suppression pattern (35)] findings appear to be associated with the pathophysiology of melancholia, there have been no definitive biological markers of different subtypes of depression (35). However, the present results support pineal abnormalities potentially contributing to the clinical subtype and symptomatology of MDD.

In the present study, the illness stages (i.e., number of episodes, first-episode vs. multiple episodes) and mood status (currently depressed or remitted) of MDD patients did not affect pineal volumes, supporting its role as a stable trait marker. This appears to be consistent with previous clinical/hormonal findings showing that altered patterns of melatonin secretion (36) and circadian deregulation (37) were also present in the remission phases of depression, which may be relevant to residual symptoms or vulnerability to relapse. While this structural MRI study did not investigate the mechanisms underlying potential pineal volume changes, pineal dysfunctions in MDD are considered to be primarily caused by serotoninergic and norepinephrinergic deficits (36). However, the pineal pathology of depression has not yet been elucidated in detail; active structural/functional alterations in the pineal gland may occur around the first manifestation of depressive symptoms, while the genetic control of circadian rhythms in mood disorders (37) and animal findings of the significant contribution of intrauterine (maternal) melatonin deprivation to depressive symptoms in adult offspring (38) appear to support its neurodevelopmental aspects. Longitudinal studies on pineal volumes and melatonin secretion are required to clarify the nature of pineal abnormalities in MDD, particularly in the early course of the illness.

In contrast to a previous MRI study showing a higher prevalence of pineal cysts in MDD patients (62%) than in healthy subjects (40%) (12), our cohort had a prevalence of approximately 50% [combined rate of macroscopic cysts (≥ 2 mm in diameter) and small cystic changes (< 2 mm in diameter)] in the MDD and control groups (Table 1). Since macroscopic pineal cysts may affect melatonin (39) as well as cortisol (40) secretion profiles, the higher prevalence of pineal cysts may have induced neuroendocrine disturbances and consequent depressive symptomatology (41). However, Zhao et al. (12) did not differentiate pineal cysts and small cystic changes and we were unable to reliably evaluate exact cyst sizes in all cases using MR images due to the partial volume effect; therefore, future studies using higher-resolution images are needed to clarify the role of pineal cysts in the pathophysiology of major depression.

BD patients in the present study showed no abnormal morphological changes (i.e., total or parenchymal volumes and cyst prevalence) in the pineal gland, and the pineal morphology was not associated with clinical variables. Previous MRI studies reported a normal pineal volume in BD (13, 14), suggesting no significant role for pineal volume in the pathophysiology of BD. However, other hormonal studies have suggested that abnormal melatonin secretion is a heritable trait marker of BD (2, 42). Potential treatment effects of melatonin for mood symptoms and relapse prevention in BD (2) also support melatonin dysregulation in these patients. Thus, the normal relationship between the volume of the pineal gland and its secretion of melatonin (7, 8) may be disrupted under pathological conditions, such as BD.

The present study had several limitations. First, we did not assess melatonin levels or circadian rhythms in study participants. Therefore, it currently remains unclear whether the pineal results obtained reflect its function and disturbances in the circadian rhythms of MDD patients. Further, given the association between the pineal activation and physical/mental relaxation (43), potential role of its abnormality in affective disorders needs to be tested in future functional neuroimaging studies. Second, the sample size of the study participants was rather small, especially for each MDD subgroup [e.g., melancholic cMDD group (N = 10), first-episode cMDD group (N = 7)]. In addition, the information of melancholic/non-melancholic subtype was not available for the rMDD group in this study. It should be also noted that the MDD and BD cohorts were scanned using different scanners/parameters in the present study, which disabled direct comparisons of pineal volumes between the MDD and BD groups. Control matched groups for the MDD and BD groups showed markedly different pineal volumes (Tables 1 and 2), which may reflect the influence of the different imaging settings. Thus, our preliminary results need to be replicated in a larger sample of various affective disorders scanned using the same setting. Third, as discussed previously (26), T1-weighted MR images cannot reliably assess pineal calcification, which may be associated with melatonin secretion (44) and treatment responses in bipolar patients (45). Another technical issue is that the error caused by manual measurement cannot be avoided especially for a small structure such as the pineal gland. While the measurement in this study required only minimal manual editing (Figure 1) and the inter- and intra-rater reliabilities were rather high (> 0.90), future studies using non-manual automated measurement methods would increase the accuracy of the pineal gland assessment. Finally, while the present study found no effect of medication on pineal volumes in the MDD and BD cohorts, their complete medication data (e.g., lifetime medication) were not available. Since mood stabilizers (46, 47) and antidepressants (48) have been shown to affect melatonin secretion patterns or brain melatonin receptor expression, the potential effects of prolonged medication on pineal morphology/functions warrant further study.

In summary, the present study found that pineal gland volumes were not significantly altered in patients with MDD and BD. These results do not support the association of pineal volumes with abnormal melatonin secretion in affective disorders (1, 2). However, significant reductions were observed in pineal volumes in specific depression subtypes, and these changes correlated with specific symptoms of depression, suggesting an association between pineal abnormalities and clinical subtype and/or symptomatology of major depression.
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Although numerous neuroimaging studies have evaluated the characteristics of intermittent explosive disorder (IED), studies on the structural alterations and focal dysfunction in the brain in this condition are limited. This study aimed to identify gray matter deficits and functional alterations in individuals with IED using voxel-based morphometry (VBM) and functional magnetic resonance imaging (fMRI) analyses. Fifteen men with IED and 15 age- and sex-matched healthy controls participated in this study. Gray matter volume and brain activation while viewing the anger-inducing films were measured using 7T MRI. VBM results indicated that individuals with IED had significantly reduced gray matter volume in the insula, amygdala, and orbitofrontal area, relative to controls. Gray matter volume in the left insula was negatively correlated with composite aggression scores. fMRI results demonstrated that relative to healthy controls, individuals with IED showed greater activation in the insula, putamen, anterior cingulate cortex, and amygdala during anger processing. Left insular activity was positively correlated with composite aggression scores. Collectively, these findings suggest that structural and functional alterations in the left insula are linked to IED; this provides insight into the neural mechanisms underlying IED.
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Introduction

Self-protective aggression lies within the normal range of human behavior. However, impulsive and intentional aggression behaviors are viewed as pathological. Impulsive and intentional aggression behaviors are known to have significant physical and psychosocial effects on the aggressive individual, victims of the aggression, and society (1). Pathological impulsive aggression, despite its serious negative consequences, is defined as intermittent explosive disorder (IED) in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) (2). Previous research demonstrates that the lifetime prevalence of IED is 3%–5% (1) and that the average age of onset is 14 years (3). Studies on IED identified that individuals with IED display 65–70 acts of assault and property destruction on an average, and this frequency of aggressive acts is much higher than that among individuals without IED (3, 4). These studies also demonstrated that IEDs incur large costs including over $1,000 in damage, and lead to multiple hospitalizations (3, 4). Owing to the adverse personal and social problems arising from IED, research is needed into the behavioral and neurobiological underpinnings of IED to identify the theoretical and clinical implications of this disorder, and to discover effective treatments.

Neuroimaging studies demonstrate that IED is related to possible brain impairments (5–11). In a functional magnetic resonance imaging (fMRI) study on face processing, individuals with IED showed a stronger amygdala response to angry faces than did healthy controls (6, 8, 10), and amygdala activation to angry faces was correlated with a lifetime history of aggression (6) and the number of prior aggressive acts (10). Compared with controls, individuals with IED exhibit diminished functional connectivity between the amygdala and orbitofrontal cortex, suggesting reduced regulatory control of the prefrontal cortex (10). Other fMRI studies on regulation ability among patients with IED demonstrated that these individuals displayed more errors on the color-word Stroop task than did controls, and revealed that this inhibitory dysregulation was related to impairments in the dorsolateral prefrontal cortex (11).

Structural brain imaging has been used extensively in recent years to examine the morphology of brain tissues. In particular, structural brain imaging of individuals with mental disorders provides information regarding cortical atrophy, thinning, and deformation that occurs in response to psychiatric disorders. Mounting evidence from structural brain imaging studies has revealed that IED may be linked to possible anatomical changes within the brain (5, 9). Lee et al. (9) suggested that IED is associated with the degeneration of white matter tracts in long-range connections between frontal and temporoparietal regions. In addition, another structural study using voxel-based morphometry (VBM) revealed significantly reduced gray matter volume in patients with IED relative to controls in frontolimbic systems including the orbitofrontal cortex, ventral medial prefrontal cortex, anterior cingulate cortex, amygdala, insula, and uncus (5).

VBM analysis is used to investigate the focal differences in brain anatomy in vivo using structural MRI. This type of analysis is useful for detecting small-scale regional alterations across the volume of the whole brain or its subparts in individuals with neurological and psychiatric disorders (12). However, as VBM depends entirely on accurate registration and normalization, it is likely to increase false estimates (13, 14). Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) algorithms have been proposed to reduce false estimates by improving intersubject registration of brain images (15). DARTEL can consequently strengthen the robustness and reliability of VBM results (16, 17).

Although several neuroimaging studies have reported impaired brain function and structure in IED, few studies have used both, structural and functional analyses to focus on the functional and structural alterations in IED. Integrating measures of structural and functional brain imaging provides profound insights into the neurobiological underpinnings of IED and may lead to the detection of clinically useful biomarkers for IED. Therefore, in this study, we used 7T MRI to identify alterations in brain structure and function among individuals with IED, by measuring gray matter volume and brain function during anger processing from combined fMRI and automated whole-brain VBM DARTEL analyses. In particular, we focused on gray matter volume in the frontolimbic system, including the amygdala, prefrontal cortex, and insula, and investigated alterations in brain function in areas exhibiting reduced gray matter volume.



Materials and Methods


Participants

Fifteen right-handed men diagnosed with IED and 15 right-handed healthy controls with no history of any psychiatric or personality disorder participated in the study. All participants were 25–35 years old and were recruited from local psychiatric clinics and counseling centers, as well as through website postings. All participants in the IED group met DSM-5 criteria for current IED. Additional diagnoses were also used based on the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I) and Symptom Check List-90-Revised (SCL-90-R). To identify the specific characteristics for IED, the IED participants were excluded from the study if they reported any of the following: (1) on current psychopharmacological medication, (2) a history of bipolar or psychotic disorder, (3) a traumatic head injury, or (4) a current major depressive episode or substance dependence.

For the control group, 15 participants with matching demographic characteristics (age, gender, education level, and income level) were selected and none of the 15 control participants fulfilled the criteria for any psychiatric disorder. None of the participants had any history of brain injury or abuse of psychoactive drugs within the past year. The patients with IED were not on any medication related to IED at the time of the study. All participants provided written informed consent according to the Declaration of Helsinki (18) after being thoroughly informed about the details of the experiment. The experimental procedures were approved by the Chungnam National University Institutional Review Board (approval number: 201803-SB-041-01).



Psychological Assessments

To assess the severity of aggression, a composite aggression score was obtained by measuring the three aggression scales including the Life History of Aggression (19), Buss-Perry Aggression Questionnaire (20), and State-Trait Anger Expression Inventory-2 (21) in all participants. The Life History of Aggression assesses a lifetime history of actual aggressive behavior, and the Buss-Perry Aggression Questionnaire assesses aggressive tendency by measuring the four components of physical aggression, verbal aggression, anger, and hostility. The State-Trait Anger Expression Inventory-2 assessment evaluates the temporary condition of anger experience (state anger) and the more long-standing propensity of anger experience (trait anger).

As there are strong correlations between the three aggression scales (r > 0.8, p < 0.01), we created composite variables for aggression in a data-reduction step summing the z-scores on these three scales (22). The Beck Depression Inventory (23), Beck Anxiety Inventory (24), and Barratt Impulsiveness Scale II (25) were administered to identify other psychological characteristics among all the participants. Statistical analyses were conducted with SPSS 25 (SPSS Inc., Chicago, IL, USA). The independent t test and Mann-Whitney U test were used for between-group comparisons of demographic and clinical variables. Data on the demographic and clinical characteristics of all participants have been presented in Table 1 and Table S1.


Table 1 | Demographic and clinical characteristics of the IED and control groups.





Stimuli and Experimental Paradigm

Two types of film clips (anger and neutral) were presented to the participants. Each film clip was a scene selected from movies, dramas, news, and/or documentaries. Anger-inducing clips included stories of child abuse, mocking a person with disabilities, racism, unfair treatment, and bullying. Neutral clips showed nonaffective nature scenes and were similar in color and hue to those of anger-inducing clips. Seok and Cheong (26) have previously employed these stimuli (Figure 1) (26).




Figure 1 | Experimental paradigm for functional magnetic resonance imaging.



The fMRI task was divided into 10 blocks, with five neutral and five anger-inducing blocks. Each block included a film clip and an interstimulus interval, and each film clip presented for 30 s in random order to eliminate order effects. A 12-s interstimulus interval was presented between blocks to reduce possible carry over effects. The duration of the entire scanning session was approximately 7 min (Figure 1).

After the scanning procedure, participants were asked the following question to assess suitability, frequency and intensity of anger during viewing the film clips; “Does this film clip provoke the anger? Please answer yes or no,” “How often did you get angry during viewing this film clip? Please answer the number,” “How angry you were while watching this film clip? Please rate the intensity on below scale ranging from 0 (not angry at all) to 5 (extremely angry).”



Data Acquisition

A 7T Philips Achieva MRI scanner (Philips Medical Systems, Best, Netherlands) was used for image acquisition. High-resolution structural images were obtained using a three-dimensional T1-weighted sequence (repetition time = 5.5 ms, echo time = 2.6 ms, flip angle = 7, field of view = 234 × 234 mm2, voxel size = 0.7 × 0.7 × 0.7 mm3). During the fMRI experiment, blood oxygenation level dependent images were acquired using a T2*-weighted gradient echo-planar imaging sequence with the following parameters: repetition time = 2000 ms, echo time = 17 ms, flip angle = 70°, bandwidth = 1856 Hz/pixel, field of view = 192 × 192 mm2, voxel size = 2.0 × 2.0 × 3.5 mm3, and 32 interleaved slices with no slice gap.



VBM Analysis

VBM analysis was conducted using SPM12 (http://www.fil.ion.ucl.ac.uk/spm) implemented in Matlab R2017a (MathWorks, Natick, MA). First, T1-weighted images were segmented into gray and white matter using the standard unified segmentation model. Second, gray matter templates were made from the entire image dataset using the diffeomorphic nonlinear registration algorithm (DARTEL) technique to increase the accuracy of intersubject registration by estimating the nonlinear deformation method (13, 15). Third, each participant's gray matter image was normalized to Montreal Neurological Institute space (http://www.mni.mcgill.ca/) using an initial affine registration and nonlinear warping. Fourth, modulation was performed to ensure that relative volumes of gray matter were preserved after the spatial normalization procedure. Lastly, images were smoothed with an 8-mm, full-width-at-half-maximum Gaussian kernel to decrease spatial noise.

After data preprocessing, between-group comparisons were conducted using analysis of covariance (ANCOVA), with age, education, BDI score, BAI score, BIS scores, and intracranial volume (i.e., the sum of gray matter, white matter, and cerebrospinal fluid, as derived from the segmentation process) as nuisance variables. To estimate the relationship between the severity of aggression and structural abnormalities linked to depression, anxiety, and impulsivity, whole-brain analyses using multiple linear regression were performed between the gray matter volume and the composite aggression score. The exploratory lenient significance threshold was set at p < 0.001 (uncorrected at the voxel level) and p < 0.05 (corrected for spatial extent).

To confirm the validity of the results acquired using the whole-brain analysis, post hoc analysis was conducted with the extracted gray matter volume from each brain area using SPSS 25.



Functional MRI Analysis

We used SPM12 (http://www.fil.ion.ucl.ac.uk/spm) implemented in Matlab R2017a (MathWorks) for preprocessing and statistical analyses. The first three image volumes were discarded to prevent instability of the initial MRI signal. Correction of slice acquisition timing, realignment to the first functional image using an affine (six parameter) spatial transformation, correction of geometric distortion by the unwarp function, coregistration with the high-resolution anatomical image, and normalization to the standard brain of the Montreal Neurological Institute were executed after the origin coordinates were adjusted to the anterior commissure. Lastly, smoothing was performed with a 6-mm full-width-at-half-maximum Gaussian kernel.

A design matrix was constructed for the anger-evoking and neutral conditions using a box-car function convolved with the canonical hemodynamic response function and its temporal derivative. The six movement parameters of rigid body transformation applied by the realignment procedure were included as nuisance variables in the model. A high-pass filter was implemented using a discrete cosine transform set with a cutoff frequency of 1/128 Hz in the design matrix. Since 7T MRI data have several limitations including signal dropout, distortions, and susceptibility, we used the following methods to compensate for them: (1) applying second-order B0 shimming, (2) using barium titanate–based dielectric pads (27), and (3) eliminating data with over 20% signal dropout in the ventromedial prefrontal cortex.

T-contrasts were calculated for each participant to identify anger-specific neural substrates by comparing the anger-inducing and neutral conditions. To measure group-level activation of the blood oxygenation level-dependent response during anger processing, the contrast images of all participants in each group were subjected to a standard random-effects analysis. ANCOVA analysis was applied to control for potential confounding variables using BDI, BAI, and BIS scores as covariates. The threshold for statistical significance was set at p < 0.001 or p < 0.05 with false discovery rate (FDR) correction. Additionally, multiple linear regression was conducted to determine the regions of activation that correlated with the severity of aggression (i.e., composite aggression score) after adjusting for depression (i.e., BDI score), anxiety (i.e., BAI score), and impulsivity (i.e., BIS score) effects.

To confirm the validity of the results acquired using ANCOVA and multiple linear regression analyses, post hoc analysis was conducted with the percent signal change from regions of interest (ROIs) using SPSS 25. The percent signal change was extracted from the ROIs based on the results of the between-group and correlation analyses (i.e., bilateral putamen, bilateral insula, right amygdala, right anterior cingulate cortex). The ROIs were created by placing a 5-mm sphere around the described coordinates in Tables 2 and 3.


Table 2 | The result of anger induction.




Table 3 | Differences in gray matter volume between the IED and control groups and brain regions negatively correlated with the severity of aggression.






Results


Participant Characteristics and Psychological Assessments

Healthy controls and individuals with IED did not differ significantly in age (t = 0.05, p > 0.05, Cohen's d = 0.02) or Beck Anxiety Inventory score (Mann-Whitney U =153, p > 0.05, η2 = 0.09). Individuals with IED scored higher on the Barratt Impulsiveness Scale II (t = 2.50, p < 0.05, Cohen's d = 0.91), Beck Depression Inventory (Mann-Whitney U =162.5, p < 0.05, η2 = 0.14), Life History of Aggression (t = 5.34, p < 0.001, Cohen's d = 1. 95), state anger (t = 2.61, p < 0.05, Cohen's d = 0.95), trait anger (t = 4.48, p < 0.001, Cohen's d = 1.63), and Buss-Perry Aggression Questionnaire (t = 5.29, p < 0.001, Cohen's d = 1.93) than healthy controls (Table 1).



Anger Induction

All participants reported that they had been angry during the anger-inducing conditions and had not felt any emotion while viewing the neutral pictures. The result of the Mann-Whitney U test did not show group differences in the frequency of occurrence of angry feelings when viewing the five anger-inducing stimuli (Mann-Whitney U = 131, p > 0.05, η2 = 0.28). However, Independent t-tests of the intensity of angry feelings indicated that compared to healthy controls, individuals with IED exhibited anger that was more intense in response to anger-inducing stimuli (t = 2.29, p < 0.05, Cohen's d = 0.71) (Table 2).



VBM Analysis

VBM analysis was conducted to detect structural differences between individuals with IED and healthy controls. As shown in Table 3 and Figure 2A, individuals with IED had significantly reduced gray matter volume in the left amygdala, left orbitofrontal cortex, and left anterior insula when compared with healthy controls (p < 0.001, uncorrected). No areas were identified where healthy controls showed reduced gray matter volume relative to that of the IED group. A significant negative correlation was detected between the gray matter volume in the left insula and the severity of aggression (i.e., composite aggression scores) as shown in Figure 2B (p < 0.001, uncorrected). The results of post hoc analyses using multiple linear regression revealed that the gray matter volume in the left insula was negatively linked to the composite aggression score in IED group.




Figure 2 | Structural magnetic resonance imaging findings of individuals with intermittent explosive disorder (IED) and healthy controls. (A) Regions showing gray matter reduction in individuals with IED relative to controls [p < 0.05, false discovery rate (FDR) corrected]. (B) Brain region map and scatter plots of the correlation between the composite aggression score and the gray matter volume in the left insula (p < 0.001, uncorrected). Each orange and blue circle represents the data of an IED and control participant, respectively.





fMRI Analysis

In both groups, activation was observed in the bilateral middle/inferior frontal gyri (Brodmann area [BA] 9), cuneus/precuneus (BA 7, 18, 19), thalamus, cingulate gyri (BA 24, 32), anterior insula (BA 13), putamen, amygdala, and superior/middle temporal gyri in response to the anger-inducing vs. neutral condition (p < 0.05, FDR corrected). Between-group analyses revealed that compared to healthy controls, individuals with IED showed significantly more activation in the bilateral putamen, bilateral anterior insula (BA 13), right amygdala, and right anterior cingulate cortex (BA 24) during the anger-inducing vs. neutral condition. There was no brain region in which healthy controls exhibited greater activation than the IED group (Table 4, Figure 3A) (p < 0.05, FDR corrected). Figure 3A illustrates the percent signal changes in the selected ROIs based on the results of the between-group analyses in healthy controls and individuals with IED for each experimental condition (i.e., anger-inducing and neutral conditions).


Table 4 | Functional magnetic resonance imaging (fMRI) results from analysis of covariance.






Figure 3 | Functional magnetic resonance imaging findings of individuals with intermittent explosive disorder (IED) and healthy controls. (A) Brain areas showing increased activity in response to anger stimuli among individuals with IED compared to healthy controls [p < 0.05, false discovery rate (FDR) corrected]. (B) Scatter plots of the correlation between the composite aggression score and functional activity in the left insula (p < 0.001, uncorrected). Each orange and blue circle represents the data of an IED and control participant, respectively.



Multiple linear regression analysis was conducted to identify brain regions positively associated with the severity of aggression after adjusting for depression, anxiety, and impulsivity effects. The results were significant for the left anterior insula (BA 13) (p < 0.001, uncorrected) during anger-inducing conditions (Table 5). Post-hoc analyses using multiple linear regression revealed that only the composite aggression score was significantly positively correlated with the extracted percent signal change from the left insula during the anger-inducing condition, and the factors explained the variability of the left insula activation by 42.38%, as shown in Figure 3B and Figure S1.


Table 5 | Functional magnetic resonance imaging (fMRI) result of whole-brain multiple regression analysis. The composite aggression value was positively correlated with the left insula.






Discussion

To the best of our knowledge, this is the first study to apply combined structural and functional MRI to identify altered brain regions in individuals with IED. We demonstrated that individuals with IED had significantly diminished gray matter volume in the anterior insula, amygdala, and orbitofrontal area, after statistically controlling for age and years of education, relative to controls. Gray matter volume in the left insula was negatively correlated with the severity of IED, as measured by the composite aggression score. We also examined altered brain function during anger processing among individuals with IED. fMRI revealed that patients with IED showed greater activation in the anterior insula, putamen, anterior cingulate cortex, and amygdala in response to anger-inducing films than did healthy controls. In addition, activation in the left insula during anger processing was associated with IED severity.

The regions we identified as exhibiting significantly greater activation in the IED group are known to be related to emotion processing functions such as emotional perception, experience, regulation, and reactions to anger (28, 29). The putamen, one of the structures comprising the basal ganglia, is linked to motor control, cognition, emotion, and somatosensory functions (30). According to previous neuroimaging studies on emotion, the putamen is associated with the recognition of emotional facial expressions (31–33). A growing body of evidence from animal studies (34, 35), lesion studies (36), and neuroimaging studies (37, 38) has suggested that the amygdala is associated with the subliminal perception of emotional stimuli, which includes the decoding of emotional reactions according to their significance. Several studies have implicated the anterior cingulate cortex in emotional regulation. According to a meta-analysis study, the anterior cingulate cortex is activated when detecting emotional conflicts and emotion appraisal (39). Moreover, the extent of reappraisal-mediated changes in the anterior cingulate cortex predicts the extent of negative affect attenuation (40). Therefore, the greater activation of these regions in the IED group than controls in the present cohort may suggest that anger arousal was stronger in the IED group.

Previous fMRI studies on pathological aggression have suggested a cortico-limbic model that implicates hyperreactivity in brain areas related to emotional expression (e.g., amygdala and insula) and hyporeactivity in brain regions involved in emotional regulation (e.g., orbitofrontal cortex and anterior cingulate cortex) (7, 41, 42). Our fMRI results partially support the cortico-limbic model of pathological aggression with respect to the hyperresponsivity of subcortical regions. We found hyperreactivity in brain regions involved in both, emotional expression, and regulation. The activation of certain brain areas in our fMRI study may be related to task-related behavioral aggression rather than pathological aggression. Since these types of aggression may be confounded, we cannot be certain whether the present fMRI results are restricted to the neural correlates of pathological aggression in IED. KrKr K et al. (2007) demonstrated that individuals who reported greater anger during the task showed greater provocation-related activity in brain regions that support emotional expression (insula) and increased activity in emotional regulation regions (i.e., inferior frontal gyrus, anterior cingulate cortex) (43). In the current study, the IED group reported experiencing anger that was more intense relative to that reported by controls in response to anger-inducing stimuli. Therefore, to identify the areas specifically linked to pathological aggression rather than task-related behavioral aggression among these activated brain regions, we also examined whether IED severity was correlated with activity in these clusters. The finding suggested that the insula was positively correlated with pathological aggression in IED. The results of our correlation analysis provide supportive evidence regarding the important role played by the insula in IED.

VBM analysis in our cohort revealed reduced gray matter volumes in the left insula, amygdala, and orbitofrontal area among individuals with IED compared with controls. Similar to the fMRI results, alterations in the insula were associated with the severity of IED, as measured by the composite aggression score. These VBM results correspond to the findings of a previous VBM study on IED (5). In agreement with our VBM results, the findings from recent studies have provided new information on the role of the insula in impulsive aggression (5, 44–46). Tiihonen et al. (2008) observed reductions of focal gray matter volumes in the right insula among violent offenders when compared to healthy individuals (44). A study on substance use disorders reported that individuals with substance use disorders who exhibit violent behavior display smaller gray matter volumes in the left insula than those who do not (45). Other studies in aggressive individuals reported reductions in gray matter volume in the anterior insula and amygdala (46).

In our combined study, the core overlap of neural substrates was located in the anterior insula, suggesting anterior insula involvement in IED. The insula has afferent and efferent connections with the orbitofrontal cortices, anterior cingulate, and amygdala (47). Craig (2009) suggested that the anterior insula is a crucial node in the human awareness network (i.e., awareness of bodily sensations, interoception, and awareness of affective feelings), the main role of which is the subjective regulation of psychological and physiological responses to cognitively challenging conditions (48). More recently, Dambacher et al. (2014) and Dambacher, et al. (2015) suggested strong and constant involvement of the anterior insula in motor impulsivity and reactive aggression (49, 50). They found an overlap of activity in the anterior insula between failed motor response inhibition and reactive aggression in healthy men using functional imaging. By providing an overarching role of the anterior insula across different modalities of self-control, they suggested that the insula functions in a comprehensive model of impulsivity as an integrator of cognitive, social, and emotional factors (49, 50). Based on our findings and the known roles of the insula, we speculate that alterations in the insula, such as a reduction in gray matter volume and increased activity during anger processing, may be associated with the observed anger regulation deficits in individuals with IED. In particular, we found left lateralization for IED in the insula. The correlation results showed that the left insula was structurally and functionally impaired. This finding agrees with that of a recent meta-analysis, which demonstrated hemispheric asymmetry in the functional activation of the insula during emotional processing (30). This study showed left-lateralized insula activation during emotional perception and experience. Another study on emotional intelligence reported that its score was significantly correlated with the activity of the left insula during social judgment of fearful faces. These studies suggest that the alterations of the left insula may lead to psychiatric disorders by affecting changes in social and emotional functioning (51). Thus, it is possible that the left lateralized alteration of the insula in the IED group may link with a lower ability to process oneonetion of the insula in the IED group may link with a lowesocially inappropriate behavior characteristics.

This study has several limitations. First, we conducted a cross-sectional study; therefore, we could not identify any causal relationship between IED and alterations in the insula. Our study design prevented the evaluation of association between alterations in the insula and the development of IED, and insular changes consequent to impulsive and frequent aggression. Longitudinal studies will be necessary to identify causal relationships between alterations in the insula and development of IED. Second, we used 7T MRI to acquire anatomical data with high spatial resolution and functional data with high signal to noise. However, 7T MRI has certain limitations related to susceptibility, signal dropout, and distortion. We used several methods to compensate for these limitations; however, that did not ensure full compensation. Third, a relatively small number of individuals participated in the study. The small sample size and low statistical power may have affected the reliability of the findings. For this study, the sample size was calculated by evaluating in the study. The small sample size and low statistical power may 1, as determined by a previous 7T fMRI study (26). With G Power of 3.1.9.2 (52), the sample size 14 participants in each group was calculated to be appropriate. To allow for a 10% dropout rate per group, we enrolled 30 patients in total. However, to increase external validity and provide insights into IED that are more generalizable, larger sample sizes should be used in future studies. A hypothesis-generating study is necessary to gain an understanding of the population and determine the optimal sample size (53). Finally, to identify functional connections and interactions between the insula and other regions in the resting state, resting-state fMRI will be needed. Task-based fMRI studies may provide information on specific functional disturbances, while resting-state fMRI studies may elucidate different and potentially broader alterations, such as distributed circuit abnormalities in individuals with neuropsychiatric illnesses (54). Therefore, to validate the cortico-limbic model proposed by previous research on IED, resting-state functional connectivity analysis will be required.

Despite these limitations, the strength of our study lies in the combined use of fMRI and VBM to examine patients with IED, as such studies on brain changes in these patients using both approaches are scarce. By conducting this combined functional and structural brain imaging study, we were able to demonstrate that impulsive and frequent aggression are linked to changes in brain structure and function, thereby clarifying aspects of the underlying neurobiology of IED.

In summary, the present structural and functional study revealed gray matter deficits and altered functional activity in the insula among individuals with IED relative to healthy controls. In particular, the diminished structure and increased functional activity in the insula in response to anger stimuli were significantly associated with the severity of IED. These findings provide new insights into the underlying neural mechanisms of IED and suggest that alterations in the insula may act as neuroimaging markers of IED.
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Understanding the brain mechanisms of heroin dependence is invaluable for developing effective treatment. Measurement of regional cerebral blood flow (CBF) provides a method to visualize brain circuits that are functionally impaired by heroin dependence. This study examined regional CBF alterations and their clinical associations in unmedicated heroin-dependent individuals (HDIs) using a relatively large sample. Sixty-eight (42 males, 26 females; age: 40.9 ± 7.3 years) HDIs and forty-seven (34 males, 13 females; age: 39.3 ± 9.2 years) matched healthy controls (HCs) underwent high-resolution T1 and whole-brain arterial spin labeling (ASL) perfusion magnetic resonance imaging (MRI) scans. Additionally, clinical characteristics were collected for neurocognitive assessments. HDIs showed worse neuropsychological performance than HCs and had decreased relative CBF (rCBF) in the bilateral middle frontal gyrus (MFG), inferior temporal gyrus, precuneus, posterior cerebellar lobe, cerebellar vermis, and the midbrain adjacent to the ventral tegmental area; right posterior cingulate gyrus, thalamus, and calcarine. rCBF in the bilateral MFG was negatively correlated with Trail Making Test time in HDIs. HDIs had limbic, frontal, and parietal hypoperfusion areas. Low CBF in the MFG indicated cognitive impairment in HDIs. Together, these findings suggest the MFG as a critical region in HDIs and suggest ASL-derived CBF as a potential marker for use in heroin addiction studies.
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Introduction

Heroin addiction has been a large societal and health problem worldwide for many decades. Long-term use of heroin induces progressive spongiform leukodystrophy, or heroin encephalopathy, resulting in a range of mental symptoms and somatic activity disorders. It is also a major causal factor for the accelerated spread of AIDS, hepatitis C and other major infectious diseases due to the sharing of syringes among patients with addiction (1). While tremendous research advances in heroin addiction have been achieved over the past decades, heroin addiction treatment still has a high relapse rate. A total of 55.8–80% (2, 3) of patients relapsed to heroin use after being abstinent from drug use for 1–3 years at a 12-month follow-up. A major reason for the lack of an effective method for preventing relapse is the lack of a clear picture of heroin addiction-related brain mechanisms (4).

Neuroimaging has been a major tool used to examine brain alterations in heroin addiction/dependence. Brain function involves regional metabolism, which is tightly coupled with cerebral blood flow (CBF) (5). Therefore, measuring regional CBF can enable direct visualization of regional functional brain alterations (6) in heroin-dependent individuals (HDIs). A few studies (7–9) reported decreased CBF in the frontal and parietal lobes in HDIs. While these hypoperfusion patterns are consistent with the frontal and parietal functional impairments often observed in HDIs, relevant findings show large discrepancies across studies, which might be related to the sample sizes included. Some of the hypoperfusion patterns lacked explicit clinical associations. Another major issue is that early studies were based on [18F]-fluoro-deoxy-D-glucose (18F-FDG) positron emission tomography-computed tomography (PET-CT) or single-photon emission computed tomography (SPECT), which require injection of radioactive tracers and are not acceptable to all subjects.

Arterial spin labeling (ASL) perfusion magnetic resonance imaging (MRI) (10, 11) is an MR-based, entirely non-invasive technique for quantifying CBF. ASL uses magnetically labeled arterial blood as an endogenous tracer (12). The perfusion signal is extracted from MR images with labeled arterial blood compared to those without labeling (13). CBF was calculated using the one-compartment model (14) implemented in ASLtbx (15):



where f is the CBF in ml/100 g-min, α is the labeling efficiency (0.9), and TI1 and TI2 are the time of saturation and the time of imaging after applying the spin labeling pulse, respectively. Their values were given above. T1b is the T1 of blood (1.67 s) (16). M0b is the equilibrium magnetization of blood. Because we did not acquire separate M0 images, M0b was approximated by the control image intensity in this study.

CBF measured with ASL MRI has been shown to closely resemble that measured by PET or dynamic susceptibility contrast (DSC) and has high test-retest stability (17, 18). Over time, ASL MRI has been increasingly used in neuropsychiatric studies (19, 20) including drug addiction (9). However, the technique has rarely been used to study heroin addiction.

The purpose of this work was to examine baseline CBF alterations in heroin addiction using ASL perfusion MRI as well as associations of ASL-derived CBF with functional impairments observed in HDIs. Because functional deficits in the prefrontal cortex and the limbic dopamine systems are common in heroin addiction, we hypothesized that HDIs have reduced CBF in those regions, which would be correlated with the behavioral measures of their functional impairments.



Materials and Methods


Participant Characteristics

All human studies were approved by the local Institutional Review Board (IRB) of the Second Xiang-Ya Hospital of Central South University. All subjects provided signed written consent forms before participating in any experiments. A total of 72 unmedicated HDIs and 52 demographically matched healthy controls (HCs) were recruited. HDIs were recruited from drug rehabilitation centers in Changsha, Zhuzhou, and Yue Yang (three different cities in Hunan Province), following a positive urine test for heroin, the HDIs underwent compulsory abstinence for no more than 6 months. The HDIs were not taking medications before or during the current study. In total, four HDIs and five HCs were excluded due to poor MR image quality caused by severe head motion and image artifacts. All participants were right-handed Han people. Most participants were smokers, and some also reported alcohol use. The inclusion criteria for the heroin group were as follows: (1) a positive urine test for heroin; (2) a diagnosis of dependence based on criteria outlined in the fourth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV); (3) a negative urine test for methamphetamine and ketamine; (4) no history of structural brain disease, epilepsy, or head trauma; (5) no contraindications to MRI; and (6) no history of mental or psychiatric illness.

Demographically matched control subjects were recruited through WeChat, flyers, etc., and subjects had to meet the aforementioned inclusion criteria (4), (5), and (6) and have a negative urine test for heroin, methamphetamine, and ketamine. Table 1 provides the demographic data of the enrolled HDIs and HCs.


Table 1 | Participant characteristics.





Acquisition/Analysis of ASL Data

MRI data acquisitions were conducted in a 3T MRI scanner (MAGNETOM Skyra, Siemens) equipped with a 32-channel receiver coil. Foam padding and a forehead restraining strap were utilized to limit head movement during the scanning procedure. To obtain high-quality ASL data, participants were instructed to remain still with their eyes open during the MRI scan. All participants were allowed a moment to relax and move their hands/feet prior to scanning to ensure the quality of MR images.

T1-weighted high-resolution MRI was acquired using a three-dimensional fast gradient echo sequence with the following parameters: repetition time (TR) = 1450 ms, echo time (TE) = 2.0 ms, inversion time (TI) = 900 ms, field-of-view (FOV) = 256 × 256 mm, slice thickness = 1 mm, and flip angle = 12°. A 5-min 3D ASL scan was performed using a pulsed-ASL sequence from a Siemens device with the following parameters: TR/TE/TI1/TI2 = 2290/16/700/1990 ms, and voxel size = 4 × 4 × 5 mm3. Background suppression was applied.

ASL images were preprocessed by ASLtbx (15) using the following steps: motion correction (MoCo) (20, 21), temporal denoising, spatial smoothing, CBF quantification, outlier cleaning, partial volume correction (PVC), spatial registration to the Montreal Neurology Institute (MNI) standard brain space, and CBF extraction for regions of interest (ROIs). Temporal filtering used a high-pass Butterworth filter (cutoff frequency = 0.01 Hz) and temporal nuisance cleaning. Temporal nuisance variables, including the time courses of head motion (three translations and three rotations), the global signal, and the mean CSF signal, were regressed out from the ASL image series at each voxel. The CSF mask was defined during the T1-weighted structural image segmentation. Spatial smoothing was performed with an isotropic Gaussian kernel with a full-width-at-half-maximum (FWHM) of 4 mm. The preprocessed ASL label and control image pairs were then successively subtracted to obtain the perfusion map. The detailed model parameters can be found in previous publications (15, 16). The mean ASL image was registered to the high-resolution structural image. Structural images were segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using the segmentation tool provided in Statistical Parametric Mapping (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/), projected into the ASL image space based on the registration transform between the mean ASL control image and the structural image and subsequently used to extract the CBF signals for temporal denoising and PVC. The relative CBF (rCBF) map (22, 23) was calculated by dividing the perfusion maps by the global mean perfusion value from the GM and WM.

Voxel-wise CBF diﬀerences between the two groups were computed using two-sample t-tests, the result was showed in Figure 1, age, gender, education, smoking, and drinking as covariates. Diﬀerences in the rCBF from group comparisons were corrected for multiple comparisons to a signiﬁcance level of p < 0.05 by false discovery rate (FDR) correction. The ROIs from whole-brain voxel-wise comparisons (Figure 1) mainly include nine cerebral regions according to the automated anatomical labeling (AAL) template: the bilateral middle frontal gyrus (MFG), inferior temporal gyrus (ITG), and precuneus (PCUN); the right posterior cingulate gyrus (PCG), calcarine area (CAL), and thalamus. Then, nine sub-ROIs were generated from the intersection of voxel-wise ROIs and each regional AAL template, and each sub-ROI of rCBF values was calculated for the two groups. The rCBF values extracted by each sub-ROI between the two groups were compared using two-sample t-tests (Table 3) and evaluated for possible associations with neuropsychological characteristics.




Figure 1 | HDIs show significantly reduced rCBF in the bilateral inferior temporal gyrus (ITG), middle frontal gyrus (MFG), cerebellar vermis, and posterior cerebellar lobe, precuneus; the right posterior cingulate gyrus (PCG) and thalamus; and the midbrain adjacent to the ventral tegmental area (VTA) (FDR correction, q = 0.05, p = 0.00158, t = 3.012).





Clinical Characteristics and Neurocognitive Measures

The duration of heroin use, the dose consumed, and other clinical characteristics was also collected from the HDIs. Cognitive function tests, including the Wechsler Adult Intelligence Scale Third Edition (WAIS-3) Digit Symbol Test (including the first and second minutes), forward and backward digit memory span tasks, and Trail Making Test (TMT) were completed by all patients following MRI examination. The Digit Symbol Test score is a part of the WAIS and an indicator of the executive function of the frontal lobe based on visual, spatial and motor processing speed. Participants were asked to write as many numbers as possible that were paired with symbols within 2 min (24–26). The forward and backward digit memory span tasks have been widely used for simple clinical measurements of working memory. The digit span task required the subjects to remember the numbers on an answer sheet in both forward and backward order. This test involves working memory, which can reflect particular aspects of the cognitive function of the brain (27–29). The TMT (30) required the subjects to connect scattered numbers in the correct sequence on a sheet of paper quickly and accurately. They could not skip numbers. The TMT was used to evaluate psychomotor performance (31).



Statistical Analysis

Statistical analyses were performed using SPSS 18.0. The HDI and HC groups were compared using a two-sample t-test for age, the chi-square test for smoking and drinking and rank sum tests for education levels, and the signiﬁcance level was set to p < 0.05. The data distributions were tested for normality using the Kolmogorov-Smirnov test. Normally distributed data were analyzed using independent-samples t-tests, while non-normally distributed data were analyzed using rank sum tests.

Voxel-wise CBF diﬀerences between the two groups were computed using two-sample t-tests. Diﬀerences in rCBF from group comparisons were corrected for multiple comparisons to a signiﬁcance level of p < 0.05 by FDR correction [q = 0.05, p = 0.00158, t (113) = −3.012] and a cluster size threshold of 100. Correlations between rCBF levels and clinical characteristics were evaluated using Pearson’s correlation coefficients. The level of statistical significance was set at p < 0.05.




Results


ASL Results

Figure 1 and Table 2 show the whole-brain cross-sectional rCBF comparison results. The statistical threshold of p = 0.00158 was corrected for multiple comparisons with False FDR correction. Compared to HCs, HDIs showed significant rCBF decreases in the bilateral cortical and subcortical ITG, MFG, cerebellar vermis, posterior cerebellar lobe, and PCUN; the right PCG and thalamus; and the midbrain adjacent to the ventral tegmental area (VTA) (Figure 1, Table 2). Many significant differences were shown in the rCBF values extracted from overlapping ROI masks, and 3 rCBF values were excluded due to negative values (1 in the bilateral PCUN and 1 in the right thalamus) (Table 3). No increased regional rCBF areas were detected in HDIs compared with the control group (FDR correction).


Table 2 | Brain areas with significantly lower rCBF in HDIs.




Table 3 | rCBF of ROI mask.





Neuropsychological Tests

Compared to HCs, HDIs showed significant differences in the WAIS-R Digit Symbol Test 2nd-minute scores [t (73) = −2.663, p = 0.011], backward digit memory span [t (70) = −2.557, p = 0.013], and TMT times [t (76) = 3.556, p = 0.001]. No significant differences were observed between forward digit memory span [t (70) = −1.730, p = 0.086] and Digit Symbol Test 1st-minute scores [t (73) = −1.689, p = 0.095].



Correlations Between CBF and Neuropsychological Test Performance

Data from the neuropsychological tests completed by 36 patients and 42 HCs were used to assess the significance of correlations between test performance and rCBF. rCBF in the left MFG and right MFG was negatively correlated with the TMT times (left: r = −0.413, p < 0.001; right: r = −0.466, p < 0.001) (Figures 2 and 3). No significant correlation was observed between rCBF in the bilateral MFG/ITG and the other neuropsychological test results.




Figure 2 | rCBF value in MFG.L was negatively correlated with Trail Making Test completion time (s) (r = −0.413, p < 0.001; N=36 HDIs + 42 HCs); MFG. L, left middle frontal gyrus.






Figure 3 | rCBF value in MFG.R was negatively correlatedwith Trail Making Test Time completion time (r = −0.466, p < 0.001; N=36 HDIs + 42 HCs); MFG.R, right middle frontal gyrus.






Discussion

Using ASL perfusion MRI, we identified hypoperfusion in frontal, temporal, and parietal areas in HDIs, which was correlated with neuropsychological impairments in the patients.

Hypoperfusion in HDIs has been reported in several studies. Denier et al. (9) found hypoperfusion in frontal and temporal areas following acute administration of heroin to HDIs. Using SPECT, Gilberto et al. (7) demonstrated reduced CBF in the right frontal and left temporal lobes in opioid-dependent subjects with comorbid depression. Lukas et al. (8) investigated opioid-dependent subjects with SPECT and reported decreased CBF in the bilateral cortical prefrontal lobe, right thalamus and hippocampus in opioid-dependent patients. While our hypoperfusion findings in HDIs were partially consistent with those of previous studies, we used ASL MRI, which is non-invasive and does not require radioactive materials. Another merit of our study was the relatively large sample size.

Mesolimbic system dysfunction is a hallmark change in drug addiction (32, 33), including heroin addiction (34–36). By binding to the µ-opioid receptors on GABA neurons in the midbrain, heroin suppresses the inhibitory effects of GABA on dopamine neurons, which subsequently promotes the release of dopamine, leading to elevated reward effects (37). Reduced rCBF in mesolimbic areas in HDIs may be a result of that hallmark change and is consistent with various dysfunctions (such as increased impulsivity and altered reward processing) involving those regions as identified by previous neuroimaging and neurobiological studies (33).

Frontal brain alterations represent a second hallmark symptom of drug addiction, which is often characterized by a loss of executive function, especially inhibition (38). Our frontal hypoperfusion findings in HDIs align with that symptom, which also establishes ASL MRI as a useful tool for measuring such frontal brain dysfunction in drug addiction. The clinical relevance of the frontal hypoperfusion patterns was further demonstrated by the rCBF vs TMT correlations. The TMT reflects the capabilities of mental flexibility, working memory, and executive function (38, 39). The negative frontal rCBF vs TMT processing time in HDIs indicates that patients with lower rCBF in the frontal cortex have more-impaired executive functions.

We found significantly reduced rCBF in the precuneus and ITG in HDIs. The precuneus and ITG are part of the default mode network (DMN). Hypoperfusion in the ITG and precuneus might be a result of altered facilitation function of the DMN, which has been shown to be affected by many neuropsychiatric diseases (40, 41). Reduced rCBF in the precuneus is consistent with the reduced structural and functional connectivity of the precuneus in HDIs, as reported in (42–44), and may reflect functional alterations regarding memory consolidation and information processing, especially in relation to drug cues (45–47). The ITG plays an important role in the connection of visual, linguistic and multisensory processing (47, 48). However, the role of the ITG in heroin addiction remains unclear. Our finding of reduced ITG rCBF is consistent with the hypoperfusion in the bilateral temporal gyrus as measured with SPECT (single photon emission computed tomography) (49).

Decreased CBF was detected in the cerebellar vermis and cerebellar posterior lobe. Studies have shown that the vermis is involved in the regulation of both emotional and cognitive processes (49–52). Thus, further research is needed to clarify the relationship between alterations in CBF and cognitive function in HDIs.

Using ASL, we demonstrated that frontal cognitive impairment is a major element of dysfunction in abstinent HDIs. The limitation of this study is that it had a cross-sectional design. Further studies are required to confirm the relationship between alterations in brain CBF and impaired cognitive function after abstinence.



Conclusions

In summary, using a relatively large sample, we identified hypoperfusion patterns in mesolimbic, frontal, parietal, and temporal regions in HDIs. Hypoperfusion in frontal brain regions might be a primary marker for heroin addiction as supported by the cross-sectional differences and correlations with cognitive impairment identified.
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Emotional abnormality in major depressive disorder (MDD) is generally regarded to be associated with functional dysregulation in the affective network (AN). The present study examined the changes in characteristics of AN connectivity of MDD patients before and after repetitive transcranial magnetic stimulation (rTMS) treatment over the left dorsolateral prefrontal cortex, and to further assess how these connectivity changes are linked to clinical characteristics of patients. Functional connectivity (FC) in the AN defined by placing seeds in the bilateral amygdale was calculated in 20 patients with MDD before and after rTMS, and in 20 healthy controls (CN). Furthermore, a linear regression model was used to obtain correlations between FC changes and Hamilton depression scale (HAMD) changes in MDD before and after rTMS. Before rTMS, compared with CN, MDD exhibited significantly lower FC between left insula (INS.L), right superior and inferior frontal gyrus (SFG.R and IFG.R), right inferior parietal lobule (IPL.R), and amygdala, and showed an increment of FC between the bilateral precuneus and amygdala in AN. After rTMS, MDD exhibited a significant increase in FC in the INS.L, IFG.R, SFG.R, IPL.R, and a significant reduction in FC in the precuneus. Interestingly, change in FC between INS.L and left amygdala was positively correlated with change in HAMD scores before and after rTMS treatment. rTMS can enhance affective network connectivity in MDD patients, which is linked to emotional improvement. This study further suggests that the insula may be a potential target region of clinical efficacy for MDD to design rationale strategies for therapeutic trials.




Keywords: major depressive disorder, affective network, repetitive transcranial magnetic stimulation, fMRI, amygdala



Introduction

Emotional abnormality is a crucial feature of major depressive disorder (MDD) and is also associated with functional dysregulation in the amygdala affective network (AN) (1–3). Furthermore, numerous studies have indicated that brain circuits and network dysfunction can cause depressive symptoms and disability (4, 5). Magnetic resonance imaging (MRI) has been considered to be a non-invasive imaging technology that can help establish relationships between brain circuit and human behavior (5). Therefore, it is essential to understand the relationship between depressive symptom and imaging feature for amelioration in the clinic in the course of MDD.

In resting-state functional connectivity (FC) MRI of MDD, the AN have attracted a great deal of interest. The AN is a frontolimbic circuit comprising brain areas in the amygdala, the subgenual anterior cingulate cortex, the hippocampus, the hypothalamus, orbitofrontal cortex (6, 7), the fusiform gyrus, and the medial frontal gyrus (3). The role of the AN is considered to be the processing emotions and mediating motivated behaviors (6, 7). Recently, numerous MRI studies have reported that MDD patients present dysfunctional AN, including lower FC between the bilateral precuneus and the left amygdala (3), lower FC between the orbitofrontal cortex and the amygdala that are negatively associated with depression scores (8), lower FC between amygdala and posterior insula that are negatively related to increasing severity of behavioral and emotional dysregulation (9), and reduced connectivity between the amygdala and the “positive network” (10). These studies suggest that some crucial brain areas are specifically related to processing and regulating emotions. Indeed, a recently published article has identified symptom-specific targets for MDD, and they thought that different depression symptom had different specific brain circuits (11). However, little is known about the consensus circuit, or the relationship between depressive symptom and AN circuits for amelioration in the clinic.

Transcranial magnetic stimulation (TMS) has been widely used in recent years. Previous studies have widely applied TMS to promote the improvement of cognition, enhancement of neural activity, restoration of network connectivity, and amelioration of negative symptom in neuropsychiatric disorders (4, 12–15), but the mechanism of TMS action is still mostly unclear. Furthermore, some studies have begun to investigate causal relationships between network markers and clinical phenomena in schizophrenia (4). Repetitive transcranial magnetic stimulation (rTMS) is considered as a non-invasive brain stimulation method to modulate cortical excitability (12). Furthermore, rTMS has been approved by the food and drug administration (FDA) to treat the symptoms of MDD. However, it is mostly unknown if AN network target pathology is causally linked to psychiatric symptoms and if the TMS manipulation of network target can reflect the symptom modification of patients with MDD.

The present study examined the changes in the patterns of AN connectivity of patients with MDD before and after rTMS treatment, and further assessed how these connectivity changes are linked to clinical characteristics of patients. We hypothesized that MDD patients would exhibit lower affective network connectivity (for example, lower FC between the amygdala and the insula). We also hypothesized that high-frequency excitatory rTMS could enhance the emotional network connectivity (for example, increase the FC the amygdala and the insula) in MDD patients. Furthermore, it was further hypothesized that changes in AN induced by rTMS are linked to modifications of depressive symptoms of MDD.



Materials and Methods


Subjects

Forty MDD patients (who met DSM-5 criteria, right-handed) and 20 healthy controls (CN, right-handed) were recruited from inpatients at the Medical Imaging Department of Jining Psychiatric Hospital (Table 1). The inclusion and exclusion criteria of subjects can be seen in the published studies (3, 16, 17). The depressed group consisted of consecutively recruited subjects who met the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5) criteria for major depression without psychotic features and had a score of 20 or higher on the 17-item Chinese Hamilton Depression Scale (HAMD) (18). The healthy controls (CN) were recruited through advertisement and were required to have no history or presence of any psychiatric disorder. The subjects signed written informed consent was taken from all subjects. This study was approved by the Human Participants Ethics Committee at the Medical Imaging Department of Jining Psychiatric Hospital. All patients were randomly assigned to the rTMS group (N = 20) and the sham group (N = 20). The rTMS (or sham) was applied daily on weekdays between Monday and Friday, at the same time of the day, in a course comprising of 25 sessions. Participants received treatment of rTMS or sham over four weeks. Note: the CN subjects were only used to identify brain regions affected by MDD by comparing the network connectivity between CN and MDD and didn’t receive rTMS.


Table 1 | Demographics and clinical measures of CN, bef-MDD and aft-MDD.



Neuropsychological and MRI assessments were performed on Monday 1 morning at baseline and after 4-week treatment (rTMS or sham). All researchers performing patients’ evaluations were blind to their experimental arm belonging.

Individuals were excluded if they had severe suicide risk, a history of stroke, impaired thyroid function, multiple sclerosis, or degenerative diseases; metastatic cancer, brain tumors, unstable cardiac, hepatic, or renal disease, myocardial infarction, or stroke within the three months preceding the study; metal implants. MDD subjects with history of comorbid Axis I diagnosis were excluded.



MRI Data Acquisition

MRI images were acquired using a 1.5T Avanto Siemens scanner (Siemens, Erlangen, Germany) with a 12-channel head coil. Resting-state functional images including 240 volumes were obtained by gradient-recalled echo-planar imaging (GRE-EPI) sequence (EPI: TR = 2,000 ms, TE = 25 ms, FA = 90°, matrix = 64 × 64, FOV = 240 mm × 240 mm, thickness = 4.0 mm, no gap, number of slices = 36, voxel size = 3.75 × 3.75 × 4 mm3). High-resolution T1-weighted axial images covering the whole brain were acquired by 3D magnetization prepared rapid gradient echo (MPRAGE) sequence (TR = 1,900 ms, TE = 2.48 ms; FA = 9°, matrix = 256 × 256, FOV = 250 × 250 mm, thickness = 1.0 mm, no gap, number of slices = 176, voxel size = 1 × 1 × 1 mm3).



rTMS Protocol

rTMS was delivered using a Magstim Rapid2 magnetic stimulator with a 70-mm figure-8-shaped coil. In all participants, rTMS was applied over the left dorsolateral prefrontal cortex (DLPFC). For stimulation of the DLPFC, the tip of the intersection of the two coil loops was lined up with the F3 sites of the 10–20 electroencephalogram system (19).

The rTMS was applied, using trains of 1,000 stimuli at 10 Hertz (Hz) frequency and an intensity of 90% of the motor threshold (MT). The MT was defined as the lowest intensity (as assessed with single-pulse TMS) producing motor evoked potentials of greater than 50 μV in at least five out of 10 trials in the relaxed first dorsal interosseous (FDI) muscle of the contralateral (right) hand (20). No significant differences were found in MT values between CNs (61 ± 6.3%) and MDD patients (60 ± 7.0%) (CN only perform an MT to compare to MDD and didn’t receive rTMS treatment). Participants received 25 sessions of either rTMS or sham stimulation over the left DLPFC. Each daily stimulation session consisted of 40 trains of 4 s duration with an interval of 56 s. The entire session lasted approximately 25 min twice each day (once at 8 o’clock morning and once at 4 o’clock afternoon), and the interval between daily sessions is 8 h. The total sessions are 1,000 (25 sessions/time * 2 times /day * 5 days/week * 4 weeks), and The total trains are 40000 (40 trains/session * 25 sessions/time * 2 times /day * 5 days/week * 4 weeks). The sham rTMS blocks were conducted, with the coil held close to the DLPFC, but angled away. We chose 90% of MT, although the FDA approved protocol suggests 120% of MT. This reason specified regarding this choice as follows: our subjects were made up of people with 17-item HAMD scores greater than 20, that is, all subjects are major depressive disorder. In the early stages, the use of 120% of MT in some of the patients was attempted, but these subjects felt uncomfortable or emotionally disturbed. Furthermore, some studies have also shown that 90% of MT can improve HAMD scores significantly (21, 22). Finally, to meet safety recommendations, 90% of MT was found most suitable for use.

The sham rTMS group were conducted, with the coil held close to the left DLPFC but angled away (13).



Image Preprocessing

Data analyses of groups were conducted with Matlab (Math Works Inc., Natick, MA, USA), and Data Processing & Analysis for Brain Imaging (DPABI) (23) based on SPM8. To eliminate T1 equilibration effects, the first ten volumes were discarded. Images were then time-shifted and motion-corrected (24, 25). Participants with head motion more than 2 mm maximum displacement in any direction of x, y, and z or 2◦ of any angular motion throughout the course of scan were excluded from the present study. The resulting images were linearly normalized into Montreal Neurological Institute (MNI) space using a 12-parameter affine approach and an EPI template image. Functional images were resampled to 2 × 2 × 2 mm3 voxels and spatially smoothed (6 mm full-width half-maximum Gaussian kernel). Linear detrending and temporal band-pass filtering (0.01–0.08 Hz) were applied to reduce the effect of low-frequency drifts and high-frequency physiological noise. Finally, several nuisance variables, including six head motion parameters, global mean signal (26), CSF signal, and WM signal were removed by multiple linear regression analysis. There were no significant differences between groups in head motion parameters (t = 0.12, p >0.05 for CN vs. MDD; t = 1.16, p >0.05 for pre-rTMS group vs. post- rTMS group; t = 1.34, p >0.05 for pre-sham group vs. post-sham group)) (24, 25).



Functional Connectivity Analysis

The seed region of interest (ROI) located in the left and right amygdala (Figures 1A and 2A) was determined by using automated anatomic labelling template (27) implemented with wfu_PickAtlas software and functional connectivity analysis was referred to the previously published study (3). We extracted the individual time courses for each seed as the reference time course, and then performed a voxelwise cross-correlation analysis between the seed region and the whole brain within the grey matter (GM) mask.




Figure 1 | Comparisons of functional connectivity of the left affective network between MDD patients before and after treatment and CN subjects. (A) indicating left amygdala ROI. (B) brain different regions of the left amygdala functional connectivity between CN and MDD, and pre-rTMS-MDD and post-rTMS-MDD. (C) The bar chart shows quantitative differences in left amygdala functional connectivity of these differential brain regions. The statistical maps were managed by False Discovery Rate (FDR) for multiple comparisons to a significant level of p <0.01, with cluster size over 160 mm3. CN, controls; MDD, major depressive disorder; pre-rTMS-MDD, MDD before rTMS treatment; post-rTMS-MDD, MDD after rTMS treatment; PCUN.L/R, left/right Precuneus; INS.L, left Insula; IFG.R, right Inferior Frontal Gyrus; IPL.R,right Inferior Parietal Lobule; SFG.R, right Superior Frontal Gyrus. **p <0.01 with FDR for multiple comparisons.






Figure 2 | Comparisons of functional connectivity of the right affective network between MDD patients before and after treatment and CN subjects. (A) indicating the right amygdala ROI. (B) brain different regions of the right amygdala functional connectivity between CN and MDD, and pre-rTMS-MDD and post-rTMS-MDD. (C) The bar chart shows quantitative differences in right amygdala functional connectivity of these differential brain regions. The statistical maps were managed by FDR for multiple comparisons to a significant level of p <0.01, with cluster size over 160 mm3. CN, controls; MDD, major depressive disorder; pre-rTMS-MDD, MDD before rTMS treatment; post-rTMS-MDD, MDD after rTMS treatment; PCUN.L, left Precuneus; INS.L, left Insula; INS.R, right Insula; IPL.R, right Inferior Parietal Lobul. **p <0.01 with FDR for multiple comparisons.





Statistical Analysis


Demographic and Neuropsychological Data

The demographic data and clinical variables were compared using two-tailed analysis of variance, Two-samples t-test and chi-square test between MDD and CN.



Comparisons of Affective Network Connectivities Between CN and all MDD Subjects

To explain the changes that are related to MDD during rTMS treatment, we performed a voxel-wise analysis. Using a voxel-wise analysis, we compare CN to all 40 MDD (both the rTMS group and the sham group before rTMS) to identify brain regions affected by MDD. Using general mixed linear model analysis, we assessed the differences of the affective network connectivities between all MDD subjects and CN with age, gender, education level and voxel-wise GM volume map treated as covariates. Then a mask was made based on these different brain regions related to MDD. The statistical maps were managed by False Discovery Rate (FDR) for multiple comparisons to a significant level of p <0.01, with cluster size over 160 mm3.



Comparisons of Affective Network Connectivities Between Pre-rTMS (or Sham) Group and Post- rTMS (or Sham) Group

Using general linear mixed model analysis, we assessed the differences of the affective network connectivities between pre-rTMS group and post- rTMS group (or pre-sham group v.s. post-sham group) within the above-referenced mask with age, gender, education level and voxel-wise GM volume map treated as covariates. The statistical maps were managed by FDR for multiple comparisons to a significant level of p <0.01, with cluster size over 160 mm3.



Correlations Between Changes of Connectivity and HAMD Scores Pre- Versus Post-rTMS

For each participant, the change in affective network connectivity was calculated to examine the correlations between FC changes post- versus pre-rTMS and HAMD scores pre- versus post-rTMS. The relationships between FC changes and HAMD changes in MDD before and after rTMS was also investigated using a linear regression model (independent variable: FC changes, dependent variable: HAMD changes).





Results


Demographic and Neuropsychological Characteristics

No significant differences were observed in age, gender, or education level between the MDD patients and CN groups (all p >0.05, Table 1).



Comparison of Affective Network Connectivities Between CN and All MDD Subjects

In the left affective network, compared with CN, MDD subjects showed significantly lower FC between left insula (INS.L), right inferior frontal gyrus (IFG.R), right superior frontal gyrus (SFG.R), right inferior parietal lobule (IPL.R), right middle frontal gyrus (MFG.R) and left amygdala, and showed significantly higher FC between bilateral PreCUN and left amygdala (Figures 1A, B and Table 2).


Table 2 | Functional connectivity of the affective network between MDD and CN, and bef-MDD and aft-MDD.



In the right affective network, compared with CN, MDD subjects exhibited significantly lower FC between INS.L, IFG.R/INS.R, IPL.R, MFG.R and right amygdala, and exhibited a significantly higher FC between left precuneus (PCUN.L) and right amygdala (Figure 2B and Table 2).



Comparison of Affective Network Connectivities Between Pre-rTMS (or Sham) and Post-rTMS (or Sham) in MDD Patients

In the left affective network, compared with pre-rTMS-MDD, post-rTMS-MDD exhibited a significant increase of FC between INS.L, IFG.R/ right insula (INS.R), IPL.R and left amygdala (Figures 1A, C and Table 2). Compared with post-sham-rTMS-MDD, post-rTMS-MDD exhibited a significant rise in FC between INS.L, IFG.R/ right insula (INS.R), IPL.R and left amygdale.

In the right affective network, compared with pre-rTMS-MDD, post-rTMS-MDD exhibited a significant increase of FC between INS.L and right amygdala (Figures 2A, C and Table 2). Compared with post-sham-rTMS-MDD, post-rTMS-MDD exhibited a significant increase of FC between INS.L and right amygdala.

Furthermore, there were no changes for AN functional connectivity between pre-sham group vs. post-sham group.



Correlations Between Changes of Connectivity and HAMD Scores Pre- Versus Post-rTMS or Pre-Sham Versus Post-Sham-rTMS

As shown in Figure 3, the change in FC between INS.L and left amygdala was positively correlated with the changes in HAMD scores before and after TMS treatment (p <0.001). Furthermore, there were no correlations between changed FC and the changes in HAMD scores (25.50 v.s. 24.95) before and after sham TMS treatment (p >0.05).




Figure 3 | Relationships between change value of HAMD scores and change value of affective network connectivity between MDD patients before and after treatment. MDD, major depressive disorder; FC, functional connectivity; bef-MDD, MDD before treatment; aft-MDD, MDD after treatment; INS.L, left Insula; Amy.L, left Amygdala; HAMD, Hamilton depression scale.






Discussion

This study investigated the changing patterns of amygdala connectivity of MDD patients before and after rTMS treatment, and illuminated brain circuit or the relationship between the network and human behaviour in MDD. Firstly, compared to CN, MDD subjects showed significantly lower FC between INS.L, IPL.R, IFG.R, MFG.R, SFG.R and amygdala, and exhibited significantly higher FC between the bilateral precuneus and the left amygdala before rTMS. Secondly, after rTMS, MDD showed a significant increased FC in the INS.L, IFG.R/INS.R, and IPL.R. Finally, changes in FC between INS.L and left amygdala were positively correlated with changes in HAMD scores before and after rTMS treatment. Altogether, this study promotes our further understanding of the possible anatomical basis of MDD associated with emotional dysregulation.

Before rTMS treatment, this study exhibited lower FC between the left insula and amygdala in MDD patients, which are in substantial agreement with previous studies (9). It has been indicated that emotional dysregulation in MDD patients is related to FC between amygdala and insula supporting emotion regulation (28). Some anatomical studies have reported that anterior insula is connected with the amygdala by subgenual ACC, which plays a crucial role in generating negative mood states (29). Functional neuroimaging studies in the resting brain have also demonstrated that the anterior insular cortex subserves the emotional functions (30, 31). Furthermore, the present study also exhibited lower FC between the right superior and inferior frontal gyrus, right inferior parietal lobule and amygdala. Our findings also suggest that MDD patients show an impairment of salience and emotion perception, and impairment of emotional controlling and goal-directed behavior, which is in concordance with previous studies (30, 32, 33). Indeed, some recent studies have also reported the therapeutic effects in AN (34) and frontostriatal network (35) in patients with MDD. However, our findings are inconsistent with a recent study (34), who investigated the effect of rTMS on neural connections in depressed patients. Although they also showed changes in amygdala connectivity, their findings showed the more subgenual anterior cingulate cortex role while our study mainly found reduced connectivities of the left insula, right superior and inferior frontal gyrus, right inferior parietal lobule in AN. This reason for the differences may be as follows. The disease severity of our subjects (mean HAMD-17 score: 26.95 for active rTMS, and 25.5 for sham rTMS) were more severe than those of their study (mean HRSD-17 score: 16 for active rTMS, and 13.1 for sham rTMS). Indeed, a series of studies have shown different emotional processing between minor depression and major depression and different mechanisms of electrophysiological damage (36).

Interestingly, our study showed increased FC between the bilateral precuneus and amygdala in MDD patients, which indicates increased connectivity could be associated with the persistently negative mood state and rumination (3). The precuneus is consistently considered to participate in the processing of episodic memory (37) and to be implicated in the encoding of self-relevant information (38, 39). A large number of studies have indicated that the precuneus is a crucial node of the so-called default mode network (DMN) (40, 41). Accumulating evidence has indicated that the DMN is involved in self-referential processing, including self-prospecting and internal monitoring, autobiographical memory retrieval, future planning, and theory of mind (40, 42, 43). Therefore, our findings further suggest that patients with MDD may fail to restrain negative self-thoughts (44). This finding is inconsistent with our earlier results done at another research centre, which showed reduced FC between the left amygdala and the bilateral precuneus in MDD patients (3). It could be due to the difference in the mean age of subjects in the current study (46.75 years) v.s. the previous studies (32.11 years). Indeed, previous studies have reported that MDD presented age-related abnormalities of grey and white matter (45), and age-related changes in physiological functioning (46). Furthermore, the mean duration of illness in this study (25.00 months) was longer than those of previous studies (mean = 0.7 years). Previous studies have also indicated that duration of illness can affect adverse consequences in terms of outcome for individuals with MDD (47). Therefore, it is reasonable to assume that these inconsistencies in results are due to differences in age of subjects and the duration of their illness.

After rTMS treatment, our study showed significantly increased FC in these above-mentioned brain regions (INS.L, IFG.R, SFG.R, and IPL.R) showing altered connectivity in the affective network. Furthermore, these frontoparietal structures are classified as domain-general control regions, that is so-called cognitive control network (48, 49). Our findings suggest that rTMS can improve functional connectivities of brain regions in interaction hubs between the affective network and executive function network in MDD patients, which provides a potentially reproducible model of TMS-based rescue of a breakdown of connectivity. Some studies have reported that insula is connected with prefrontal cortices, which plays a role in emotional controlling and goal-directed behaviour (33). AN is considered to participate in emotional processing and mediating motivated behaviors (7, 50), emotional controlling and goal-directed behaviour (33). Meanwhile, orbital fronto-insular cortices are part of both the salience network and the AN (51). A recently published article has identified symptom-specific targets for MDD, and they thought that different depression symptom had different specific brain circuits (11). It is reasonable to speculate that the AN might be partially connected with the salience network in MDD patients. The excitatory rTMS plays a therapeutic improvement role in through stimulation of the DLPFC, which is connected with the salience network and the AN. Altogether, our findings suggest that non-invasive treatment of AN network dysfunction by stimulating the DLPFC is an effective strategy to improve depressive symptoms in MDD patients.

Interestingly, this study also found that changes in FC between INS.L and left amygdala was positively correlated with changes in HAMD scores before and after rTMS treatment, which indicates the existence of at least one network circuit linked directly to depressive symptoms. Indeed, it has been hypothesized that emotional dysregulation is considered to contribute to altered FC between the amygdala and insula (28), and it is reported that an insula-centered neural network is considered to support salience and emotion perception (30, 32). The insula is also believed to be connected with prefrontal cortices, which plays a role in emotional controling and goal-directed behavior (33). Therefore, it is reasonable to speculate that the rTMS-induced improvement of depressive symptoms supports the standpoint that DLPFC is directly implicated in the onset of depressive symptom in MDD patients. According to a neurobiological view, rTMS may induce relevant modulations to activate the changes in synaptic plasticity over a DLPFC–amygdala–insula circuit, which leads to clinical improvement. Therefore, the precise localiZation of a DLPFC–amygdala–insula circuit is critical in identifying the underlying neural substrates of the disabling depressive symptoms in patients with MDD. Our results provide experimental evidence in support of such a circuit, which, when directly modulated, rescues these deficits.

However, this has some limitations. Firstly, the longitudinal data was not available for the controls. In future studies, the longitudinal data of controls should be designed to ensure that the network changes observed pre/post-treatment are due to rTMS and not merely within the range of normal variation in FC, although FC is not expected to change within a short period. Secondly, this sham stimulation may affect our findings. The current sham rTMS studies are conducted using coils specially designed to deliver sham stimulation. However, tilting the coil away from DLPFC still provides low-intensity stimulation due to the magnetic field at the edge of the coil. Therefore, this limitation should be kept in mind. Finally, amygdala network connectivity is not the same as AN connectivity. The amygdala is associated with multiple functional networks, including the so-called salience network, which is involved in attentional and cognitive control in domains beyond affect. Although we have explained that TMS can improve functional connectivities of brain regions in interaction hubs between amygdala affective network and other networks (i.e. executive function network, DMN, and salience network and so on) in MDD patients, our interpretation of the results needs to be cautious.

The present study provides novel evidence that rTMS may be an effective strategy for improving the depressive symptom of patients with MDD, which may be useful in further characterizing network–symptom relationship in MDD. While our results demonstrate a target biological substrate for the treatment of depressive symptoms, we do not suggest that DLPFC–amygdala–insula-targeted TMS is the sole intervention that can do so. Our results raise the possibility that functional connectivity may be a useful marker of efficacy for other therapeutic interventions in the treatment of depressive symptoms. It further suggests that the amygdala–insula circuit may be a potential interventional target circuit of clinical efficacy for MDD to design rationale strategies for therapeutic trials.
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Background: Geriatric depression with subjective memory complaints increases the risk for Alzheimer's Disease. Memantine, a neuroprotective drug, can improve depression and help prevent cognitive decline. In our 6-months clinical trial, escitalopram/memantine (ESC/MEM) improved mood and cognition compared to escitalopram/placebo treatment (ESC/PBO; NCT01902004). In this report, we investigated whether baseline brain white matter integrity in fronto-limbic-striatal tracts can predict clinical outcomes using fractional anisotropy (FA).

Methods: Thirty-eight older depressed adults (mean age = 70.6, SD = 7.2) were randomized to ESC/MEM or ESC/PBO and underwent diffusion-weighted imaging (DWI) at 3 Tesla at baseline. Mood was assessed using the Hamilton Depression Rating Scale (HAMD), apathy using the Apathy Evaluation Scale (AES) and anxiety using the Hamilton Anxiety Scale (HAMA) at baseline and 6-months follow-up. FA was extracted from seven tracts of interest (six in each hemisphere and one commissural tract) associated with geriatric depression. Non-parametric General Linear Models were used to examine group differences in the association between FA and symptom improvement, controlling for age, sex, baseline symptom scores and scanner model, correcting for false discovery rate (FDR). Post-hoc tests further investigated group differences in axial, mean and radial diffusivity (AD, MD, and RD, respectively). Lastly, we performed an exploratory whole-brain model to test whether FA might be related to treatment response with memantine.

Results: There were no differences in remission rates or HAMD change between groups. In bilateral anterior and posterior internal capsule tracts and bilateral inferior and right superior fronto-occipital (IFO and SFO) fasciculus, higher FA was associated with larger improvements in depressive symptoms for ESC/MEM, but not ESC/PBO, correcting for FDR. Lower MD in the left IFO and RD in the right anterior internal capsule were associated with improved treatment responses. We found no significant associations in the whole-brain analysis.

Limitations: Included small sample size and high dropout.

Conclusions: Higher baseline FA and lower RD and MD in hypothesized fronto-limbic-striatal tracts predicted greater improvement in mood and anxiety with ESC/MEM compared to ESC/PBO in geriatric depression. FA as a biomarker for white matter integrity may serve as a predictor of treatment response but requires confirmation in larger future studies.

Keywords: geriatric depression, cognitive decline, memantine, magnetic resonance imaging, diffusion weighted imaging, white matter integrity, fractional anisotropy, treatment response


INTRODUCTION

Depression is among the most common and disabling conditions in older adults (1–4). While 70% of depressed older adults successfully respond to the first-line antidepressant therapy with selective serotonin reuptake inhibitors (SSRIs) after 8–12 weeks of treatment (5), only 30–40% achieve remission (6). Geriatric depression is associated with reduced remission rates compared to younger depressed adults, which may be due to comorbid cognitive impairments with subjective memory decline and diminished executive functions (7–10). Comorbid cognitive impairments can worsen disease prognosis and increase the risk of developing Alzheimer's disease (11–13). Other frequent comorbid symptoms are anxiety and apathy, which can also moderate the antidepressant response (14, 15). Thus, it is important to develop new therapeutic approaches that target mood, anxiety, and cognitive symptoms, taking into consideration the symptom profile of geriatric depression.

Memantine is a fast-acting, well-tolerated, uncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist and is FDA-approved for the treatment of Alzheimer's disease. NMDA receptors are ionotropic and bind glutamate, the major excitatory neurotransmitter in the nervous system. Increased glutamate concentrations have been detected in younger adults with major depressive disorder (MDD), and prefrontal cortex glutamate was found increased in geriatric depression (16, 17). Excessive glutamate can lead to excitotoxicity, leading to both acute neural injury and chronic neuronal degeneration (18). Therefore, memantine can be promising as an adjunct treatment for late-life depression, and potentially for the prevention of Alzheimer's disease in this high-risk population. While memantine has previously been tested for the treatment of depression, a systematic review reported contradictory findings, and a more recent meta-analysis was unable to confirm beneficial effects of memantine on mood in depression in younger populations (19–21).

In the parent double-blind randomized placebo-controlled trial (RCT) of geriatric depression with subjective memory complaints [(22), [NCT01902004]], we compared treatment response to escitalopram combined with memantine (ESC/MEM) to escitalopram combined with placebo (ESC/PBO). We did not find group differences in changes in mood at 6 or 12 months, but found improved cognition at 12-months follow-up in the ESC/MEM group. The use of brain biomarkers can address variability in treatment response and potentially identify subgroups that are more likely to respond to the targeted treatment, thus providing a more personalized approach to treatment selection. For example, we have found that higher baseline amyloid and tau markers in the frontal lobe, assessed with (2-(1-{6-[(2-[fluorine-18]fluoroethyl)(methyl)amino]-2-naphthyl}-ethylidene)) [18F]FDDNP positron emission tomography (PET), was associated with greater improvement in executive functions at 6 months in both treatment group, thus identifying a potential biomarker of cognitive improvement with antidepressant use (23).

Prior studies demonstrated that both gray and white matter atrophy observed in geriatric depression mostly affected fronto-limbic-striatal regions and their structural connections (24–28). This included longitudinal volume reductions in frontal and association regions in geriatric depression compared to healthy controls, as well as white matter decreases within the superior frontal gyrus, posterior thalamic radiation, corpus callosum, and the superior longitudinal fasciculus over a 2-years period (29). A systematic review from 15 existing studies supports that fractional anisotropy (FA), a marker for white matter integrity, is consistently reduced in geriatric depression compared to healthy controls in frontal and fronto-limbic tracts (30, 31). One prior study comparing FA at baseline between remitted and non-remitted older adults with depression treated with escitalopram for 12 weeks demonstrated reduced FA in fronto-limbic tracts including sub-regions of the anterior cingulate gyrus (ACC) and the posterior cingulate (PCC), the dorsolateral prefrontal cortex, the genu of the corpus callosum, and in white matter regions adjacent to the hippocampus and the insula in non-remitters compared to those that achieved remission (32). To summarize, reductions in the diffusion tensor imaging measure FA have been reported in fronto-limbic fiber pathways in geriatric depression with some consistency. However, the majority of published studies in this field have only examined cross-sectional differences in diffusion imaging measures between geriatric depression and healthy controls. Although one prior report suggests that pre-treatment FA may serve as an indicator of successful therapeutic outcome (32), associations between FA and treatment-related changes in symptoms in geriatric depression remain unaddressed. Further, how escitalopram combined with memantine interacts with white matter integrity in association with symptom improvement remains unknown.

In this exploratory study, we tested whether FA can be used prospectively as a biomarker of treatment response in geriatric depression. Specifically, we investigated whether baseline FA, a biomarker of white matter integrity measured with diffusion-weighted imaging (DWI), could predict treatment response to combined escitalopram and memantine (ESC/MEM) compared to escitalopram and placebo (ESC/PBO). To further identify the underlying structural mechanisms of the observed relationships between FA and symptom improvement, we investigated axial diffusivity (AD; reflecting axonal density), radial diffusivity (RD; myelination) and mean diffusivity (MD; magnitude of overall diffusion associated with tissue atrophy) in a post-hoc analysis.



MATERIALS AND METHODS


Participants

Participants included a sub-sample of 38 older adults (mean age = 70.6, SD = 7.2; 14 men/24 women) diagnosed with MDD (mean age = 70.6, SD = 7.2; 14 male/24 female) who participated in a larger clinical randomized placebo-controlled trial [RCT-NCT01902004, (22)] comparing the efficacy of ESC/MEM compared to ESC/PBO in treating geriatric depression with subjective memory complaints. Only 38 out of 95 were eligible for magnetic resonance imaging (MRI) scanning due to exclusion criteria of claustrophobia, or metallic implants that were deemed unsafe for scanning at 3 Tesla. These participants underwent diffusion-weighted imaging (DWI) at baseline (for patient characteristics, see Table 1) and based on the randomization of the parent clinical trial, 22 participants were randomized to receive ESC/MEM, while 16 received ESC/PBO (Figure 1). Only 26 participants completed MRI at follow-up and were included in this analysis. Inclusion criteria were: age ≥ 60 years; a DSM-5 (Diagnostic and Statistical Manual) diagnosis of MDD (33), and a Hamilton Rating Scale for Depression score of 16 or greater [HAMD-24; (34)], a Mini-Mental State Examination score of 23 or greater [MMSE; (35)] and a subjective report of memory impairment. Subjective memory complaints were assessed during the phone screening as an affirmative response to the question “Have you experienced memory problems over the past 6 months?” Exclusion criteria were a history of psychiatric disorders, including substance abuse disorder, suicidal behavior or suicide attempts within the past year; acute or severe current or recent medical illness; a history of allergies or intolerance to either escitalopram or memantine. The study was approved by the Institutional Review Board at the University of California Los Angeles (UCLA). Participants signed written informed consent prior to the beginning study procedures.


Table 1. Participant demographics and baseline clinical scores of the subsample of 38 participants used in the current study.
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FIGURE 1. Consort diagram.




Clinical and Cognitive Assessment

Remission was defined as a HAMD score of six or lower at follow-up (36). Participants completed the Clinical Dementia Rating Scale [CDR; (37)], and the MMSE (35) at baseline to exclude those with dementia. Mild cognitive impairment (MCI) was defined as the stage between normal cognition and dementia (CDR = 0.5), subjective reports of cognitive decline as experienced by the participant or a collateral, objective neurocognitive impairment, but the absence of significant functional impairment (38). The Wechsler Memory Scale Third Edition, WMS-III, including the verbal paired associates subtest [Total or Delayed scores; (39)] and the Hopkins Verbal Learning Test [HVLT; (40)] were additionally administered. Objective neurocognitive impairment was defined as a score below at least one standard deviation (SD) of age- and education-specific norms on two or more screening memory tests: HVLT Total or Delayed memory, and Wechsler Memory Scale Third Edition, WMS-III, verbal paired associates [Total or Delayed scores; (41, 42)]. In addition, we administered the Hamilton Anxiety Scale [HAMA, (43)] and the Apathy Evaluation Scale [AES, (44)].



Medication Administration and Adherence

During the first 4 weeks of treatment, the daily dose of escitalopram was 10 mg, while daily memantine or matched placebo doses were titrated up from 5 to 20 mg over the course of the first 4 weeks. The Clinical Global Impression Scale [CGI; (45)] was administered at baseline and follow-up to track the severity and improvement of depressive symptoms. If the CGI score was ≥3 after week four, escitalopram was increased to 20 mg. Memantine was adjusted to a minimum of 5 mg and escitalopram to 10 mg based on tolerability.



Neuroimaging Protocol

DWI images were collected using either a 3T Siemens TIM Trio or Prisma system (Siemens, Erlangen, Germany) due to a hardware upgrade mid-study with a 32-channel head coil at the UCLA Ahmanson & Lovelace Brain Mapping Center. Consequently, 4/15 participants in the ESC/MEM and 4/11 participants in the ESC/PBO group were scanned on the Trio. For co-registration, a T1-weighted image was acquired with parameters matched across scanners: a multi-echo magnetization-prepared rapid acquisition gradient echo (MPRAGE) scan: 1 mm3 with isotropic voxel dimensions, 176 slices, repetition time = 2,150 ms, echo time = 1.74, 3.6, 5.46, and 7.32 ms, inversion time = 1,260, field of view (FOV) = 256 mm, matrix size = 256 × 256 mm, and a flip angle of 7 degrees. DWI parameters were: Trio: multi-band factor = 3; 72 slices; 144 gradient directions; 1.8 mm3 isotropic voxel size; field of view = 190 mm; repetition time = 3.245 ms; echo time = 84 ms; 12 b0's; 90-degree flip angle; b-factor = 1,000 s/mm2. Prisma: multi-band factor = 4; 98 gradient directions; 92 slices; 1.5 mm3 isotropic voxel size; field of view = 210 mm; repetition time = 3.23; echo time = 89.2 ms; 7 b0's; flip angle = 78 degrees; and b-factor = 1,500 s/mm2.



DWI Data Processing

DWI images were processed using FSL software (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) after visual inspection of gradient direction images for artifacts or excessive movement. DWI data underwent anatomical distortion correction (46), eddy-current and movement artifact correction. Further processing steps were equal for both scanner acquisition protocols: eddy-current and movement artifact correction. The gradient direction vectors (b-vectors) were adjusted accordingly. Subsequently, we separated the brain from its surrounding tissues, including cerebrospinal fluid, bone, fat and skin, and the non-brain tissue was removed from the images using the brain-extraction tool (47). A diffusion tensor model was fitted to the resulting data. Using FSL's Tract-based Spatial Statistics workflow [TBSS; (48)] individual FA maps were warped into 1 mm Montreal Neurological Institute (MNI) space and a study-specific white matter skeleton was created from all participants' images with a FA threshold of 0.2. Individual subjects' FA values were then projected onto the group white matter skeleton. This skeletonized data was used to extract mean FA values for each participant for seven tract regions-of-interest (ROIs). ROIs were derived from the ICBM-DTI-81 probabilistic white matter label atlas (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) and comprised the cross-hemisphere genu of the corpus callosum (GCC), and the left and right anterior and posterior limb of the internal capsule (ALIC, PLIC, respectively), cingulum bundle of the cingulate gyrus (CGC), the fornix (FX, left, right and the commissural body), inferior and superior fronto-occipital (IFO, SFO) and superior longitudinal fasciculi (SLF). The same procedure was applied to extract AD, MD, and RD metrics from each tract ROI, respectively.



Statistics

Due to the small sample size, non-parametric methods were used for all analyses (49). We used Kruskal-Wallis test to test baseline group differences in mean FA for all ROIs (six for each hemisphere plus one commissural) between Siemens Trio and Prisma scanners. For the following analyses, as recommended by Conover and Iman (50) and Conover (51), we used a rank transformation on all of the variables and then estimated standard general linear models (GLMs). Between-group differences in HAMD changes were examined with a rank-based GLM, with treatment group (ESC/MEM vs. ESC/PBO) as the predictor, controlling for the baseline score, age and sex. Similar rank-based GLMs were estimated to examine group differences in associations of HAMD change and mean FA in the ROIs of interest (L and R of ALIC, PLIC, CGC, IFO, FX, SFO, and SLF as well as FX body GCC), by including the mean FA and their interaction with treatment group as additional predictors, as well as scanner model (Trio vs. Prisma). We used the Benjamini-Hochberg procedure (with a false discovery rate of 10%) to correct for multiple comparisons. We also report Spearman rank correlation coefficients for all significant associations. As follow-up analyses, we estimated similar models on AD, MD, and RD for those tracts showing significant FA effects. While the tracts of interest comprised our main analysis, we additionally performed a GLM (group × change in HAMD on FA) exploratory voxel-wise whole skeleton analysis using 10,000 permutations and threshold-free cluster correction (TFCE) correction at an alpha level of 0.05.




RESULTS


Baseline

Baseline demographics, as well as clinical scores and symptoms are detailed in Table 1 for the subset of 38 participants included in this study (also see Supplementary Table 1). The parent clinical trial included 95 participants, described in the primary article (22). The groups in this subsample also did not differ in demographic and clinical scores at baseline (Table 1). No images were excluded for motion or other artifacts and there was no difference in baseline FA averaged across ROIs between Trio and Prisma scanners [left FA: x2(1) = 0.03, p = 0.87; right FA: x2(1) = 3.09, p = 0.15].



Treatment Effects

Of the 38 participants who underwent an MRI at baseline, 26 (15 in the ESC/MEM group and 11 in the ESC/PBO group) completed the study. The groups of completers (ESC/MEM vs. ESC/PBO) did not differ in demographic and clinical data at baseline [sex: Fisher's exact p = 0.7; age: Kruskal-Wallis x2(1) = 0.02, p = 0.9; education: x2(1) = .<0.01, p = 1.0; MMSE: x2(1) = 0.1.73, p = 0.2; HAMD: x2(1) = 0.3, p = 0.6]. Remission was achieved by 11/15 completers (73%) in the ESC/MEM group, and 6/11 completers (55%) in the ESC/PBO group. There was no significant difference in remission rates between treatment groups at 6 months (Fisher's exact p = 0.42). There was also no significant difference between groups for 6-months change in HAMD [F(1, 21) = 0.92, p = 0.3; Table 2, Supplementary Table 2].


Table 2. HAMD scores at baseline and 6 months by treatment group for the 26 completers of the trial.
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Neuroimaging Results

Correcting for multiple comparisons, significant group x FA interactions were obtained for baseline FA and change in HAMD in the left and right ALIC, PLIC, and IFO, as well as in the right SFO (Table 3). For all of these significant interactions, follow-up analyses revealed that higher baseline FA was associated with a larger improvement in depressive symptoms in the ESC/MEM group (Figure 2). In the right PLIC, the effect within the ESC/MEM group did not reach significance (t = −1.84, p = 0.08). None of the associations between baseline FA and HAMD change were significant for the ESC/PBO group. The follow-up exploratory analyses on AD and RD revealed no significant interactions in the ALIC, PLIC, IFO, and right SFO, while RD showed a similar group x RD interaction in the right ALIC (F(1, 18) = 5.07, p = 0.04) which did not reach significance in the left ALIC [F(1, 18) = 3.97, p = 0.06; see Supplementary Table 3]. This was due to a negative association of RD with HAMD change in the ESC/MEM (t = −3.27, p = 0.004) but not the ESC/PBO group (t = 0.31, p = 0.76). For MD, there were trends in bilateral ALIC and PLIC, the right SFO (Table 3) and a significant interaction in the left [F(1, 18) = 0.66, p = 0.43], but not the right IFO [F(1, 18) = 1.06, p = 0.32]. Contrary to the results for FA, higher left IFO MD was associated with a poorer improvement in depressive symptoms in the ESC/MEM (t = 2.23, p = 0.04), but not the ESC/PBO group (t = −1.17, p = 0.26). There were no significant clusters for FA, AD, MD or RD in the voxel-wise whole-brain analysis of group differences. Supplementary Table 4 and Supplementary Figure 1 show FA × ROI interactions for anxiety (HAMA) and apathy (AES).


Table 3. Relationship between change in HAMD and baseline FA in ESC/MEM and ESC/PBO.
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FIGURE 2. Higher baseline FA in ROIs was associated with larger clinical improvements with memantine but not placebo treatment. Higher baseline FA in regions associated with geriatric depression was associated with greater improvement in depressive symptoms in bilateral ALIC, PLIC, and IFO and the right SFO in ESC/MEM treated participants. There was no relationship between FA and clinical improvement in the placebo group. While partial Spearman correlation coefficients (controlling for age, sex, baseline HAMD score, and scanner) were used, the plots depict (non-ranked) original values for better interpretability. HAMD, Hamilton Depression Scale.





DISCUSSION

This pilot study is the first to demonstrate that higher baseline measures of brain white matter integrity may predict changes in symptoms of depression in a 6-months trial of escitalopram combined with memantine compared Toto placebo. Similar to results from the parent trial, in the current subset of participants who underwent MRI scanning, mood symptoms improved in both treatment groups (22). In bilateral ALIC, PLIC, and IFO, as well as the right SFO, components of the fronto-limbic-striatal network, baseline FA was associated with improvements in mood in the memantine, but not the placebo group. RD showed trends in the same direction in bilateral PLIC and the left ALIC, though only changes in RD in the right ALIC reached significance. This suggests that the mechanism underlying poorer treatment response to memantine in patients with higher RD may be attributed to demyelination processes (52). We did not observe any trends or effects in AD. MD, reflecting tissue atrophy rather than integrity, showed the opposite directionality of FA in the left IFO, but no effect in the right hemisphere. This further implicates that those with reduced white matter integrity in this region may respond less well to treatment with memantine. In contrast to the effects for improvement in depressive symptoms in bilateral ALIC, PLIC, IFO, and right SFO, larger improvements in anxiety were linked to higher FA in the left ALIC and SLF, as well as in bilateral CGC and IFO in the ESC/MEM but not the ESC/PBO group (Supplementary Table 4). For apathy, higher FA in the right SFO was associated with better treatment outcomes in the ESC/MEM group. While the limited sample size does not allow for broader generalizations, it appears from our results that white matter prediction effects might be symptom-, tract- and treatment-specific.

The use of non-invasive neuroimaging markers for prediction of treatment response has been previously recommended (53), further supporting the usefulness of FA in predicting the effects of combined antidepressant treatment with memantine in geriatric depression. For instance, it has been suggested that abnormalities in fronto-limbic white matter connectivity in geriatric depression plays a role in the reduced antidepressant response based on genetic factors for neuroprotective mechanisms (54). Another study on 12 weeks of escitalopram treatment found that remitters could be distinguished from non-remitters at baseline based on FA in fronto-limbic tracts including some of our selected ROIs (32). Furthermore, escitalopram effects on apathy have been found to be independent of its effects on mood in geriatric depression and could be predicted by baseline FA in the left uncinate fasciculus, a tract we did not examine in the current study (55). White matter integrity declines with aging and can affect treatment response in geriatric depression. It should be investigated whether the neuroprotective drug memantine can increase white matter connectivity in impaired circuits.

There are several limitations to the current study. First, the small sample size limited our statistical power. This study was intended as a hypothesis-generating pilot study and findings presented here must be replicated in larger longitudinal studies. Nonetheless, we demonstrated the feasibility of using MRI markers for fronto-limbic-striatal tract integrity as a possible predictor of antidepressant and cognitive enhancement treatment response in geriatric depression. The limited sample size was mainly due to contraindications to MRI scanning, such as implanted devices deemed unsafe for MRI scanning at 3 Tesla, as well as high dropout rates that might limit the generalizability of our findings. Third, we did not investigate change in FA from baseline to the 6-montha follow-up, such that we were unable to test the association between treatment-related change in clinical improvements and FA changes. Fourth, this was a secondary analysis of the primary RCT and used only a subset of the sample who completed the RCT and also had neuroimaging data. Fifth, our selection of tracts of interest was not inclusive of all major white matter pathways in the brain, but instead focused on those pathways previously implicated in geriatric depression. As reflected in the absence of results from our whole-brain analysis, we likely lack the power to detect effects at the voxel-wise level and larger studies using whole-brain models can investigate whether clusters appear to indicate more regional specificity. Lastly, it is important to note that FA has limited value as a proxy for white matter integrity, as it is highly sensitive to changes at the microstructural level (56).

In summary, in our pilot study of geriatric depression, we demonstrated the ability of baseline regional white matter tract integrity to predict treatment outcomes in a randomized placebo-controlled trial of escitalopram and memantine or placebo. While we were unable to detect significant differences in clinical response to memantine, we demonstrated that white matter health in fronto-limbic-striatal tracts was associated with symptom improvement favoring memantine. Our results suggest that even in the absence of clinical effects, FA in components of fronto-limbic-striatal tracts might be a biomarker of treatment response with memantine in older populations with depression, whereby higher indicators of white matter integrity were associated with improved treatment responses. Future studies might focus on treatment-related changes in structural and functional connectivity in larger prospective samples.
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Supplementary Figure 1. Higher baseline FA was associated with larger clinical improvements with memantine but not placebo treatment on anxiety and apathy symptoms. Higher baseline FA in regions associated with geriatric depression was associated with greater improvement in anxiety symptoms in the left ALIC and SLF and bilateral CGC and IFO in ESC/MEM treated participants. In the right SFO, there was a similar effect for apathy (note that higher scores reflect weaker symptoms). There was no relationship between FA and clinical improvement in the placebo group. While partial Spearman correlation coefficients (controlling for age, sex, baseline HAMD score and scanner) were used, the plots depict (non-ranked) original values for better interpretability. HAMA = Hamilton Anxiety Scale; AES = Apathy Evaluation Scale.



REFERENCES

 1. Charney DS, Reynolds CF III, Lewis L, Lebowitz BD, Sunderland T, Alexopoulos GS, et al. Depression and Bipolar Support Alliance consensus statement on the unmet needs in diagnosis and treatment of mood disorders in late life. Arch Gen Psychiatry. (2003) 60:664–72. doi: 10.1001/archpsyc.60.7.664

 2. Li Y, Lu J. Childhood adversity and depression among older adults: results from a longitudinal survey in China. Glob Clin Transl Res. (2019) 1:53–7. doi: 10.36316/gcatr.01.0007

 3. Unutzer J. Clinical practice. Late-life depression. N Engl J Med. (2007) 357:2269–76. doi: 10.1056/NEJMcp073754

 4. Gonzalez HM, Haan MN, Hinton L. Acculturation and the prevalence of depression in older Mexican Americans: baseline results of the Sacramento area latino study on aging. J Am Geriatr Soc. (2001) 49:948–53. doi: 10.1046/j.1532-5415.2001.49186.x

 5. Chen YM, Huang XM, Thompson R, Zhao YB. Clinical features and efficacy of escitalopram treatment for geriatric depression. J Int Med Res. (2011) 39:1946–53. doi: 10.1177/147323001103900540

 6. Nelson JC, Delucchi K, Schneider LS. Efficacy of second generation antidepressants in late-life depression: a meta-analysis of the evidence. Am J Geriatr Psychiatry. (2008) 16:558–67. doi: 10.1097/01.JGP.0000308883.64832.ed

 7. Diniz BS, Butters MA, Albert SM, Dew MA, Reynolds CFIII. Late-life depression and risk of vascular dementia and Alzheimer's disease: systematic review and meta-analysis of community-based cohort studies. Br J Psychiatry. (2013) 202:329–35. doi: 10.1192/bjp.bp.112.118307

 8. Mitchell AJ, Subramaniam H. Prognosis of depression in old age compared to middle age: a systematic review of comparative studies. Am J Psychiatry. (2005) 162:1588–601. doi: 10.1176/appi.ajp.162.9.1588

 9. Singh-Manoux A, Dugravot A, Fournier A, Abell J, Ebmeier K, Kivimaki M, et al. Trajectories of depressive symptoms before diagnosis of dementia: a 28-year follow-up study. JAMA Psychiatry. (2017) 74:712–8. doi: 10.1001/jamapsychiatry.2017.0660

 10. Wilkins CH, Mathews J, Sheline YI. Late life depression with cognitive impairment: evaluation and treatment. Clin Interv Aging. (2009) 4:51–7. doi: 10.2147/CIA.S3154

 11. Carpenter CR, Avidan MS, Wildes T, Stark S, Fowler SA, Lo AX. Predicting geriatric falls following an episode of emergency department care: a systematic review. Acad Emerg Med. (2014) 21:1069–82. doi: 10.1111/acem.12488

 12. Mansbach WE, Mace RA. Predicting functional dependence in mild cognitive impairment: differential contributions of memory and executive functions. Gerontologist. (2019) 59:925–35. doi: 10.1093/geront/gny097

 13. Tunvirachaisakul C, Gould RL, Coulson MC, Ward EV, Reynolds G, Gathercole RL, et al. Predictors of treatment outcome in depression in later life: a systematic review and meta-analysis. J Affect Disord. (2018) 227:164–82. doi: 10.1016/j.jad.2017.10.008

 14. Saade YM, Nicol G, Lenze EJ, Miller JP, Yingling M, Wetherell JL, et al. Comorbid anxiety in late-life depression: relationship with remission and suicidal ideation on venlafaxine treatment. Depress Anxiety. (2019) 36:1125–34. doi: 10.1002/da.22964

 15. Lavretsky H, Reinlieb M, St Cyr N, Siddarth P, Ercoli LM, Senturk D. Citalopram, methylphenidate, or their combination in geriatric depression: a randomized, double-blind, placebo-controlled trial. Am J Psychiatry. (2015) 172:561–9. doi: 10.1176/appi.ajp.2014.14070889

 16. Binesh N, Kumar A, Hwang S, Mintz J, Thomas MA. Neurochemistry of late-life major depression: a pilot two-dimensional MR spectroscopic study. J Magn Reson Imaging. (2004) 20:1039–45. doi: 10.1002/jmri.20214

 17. Hashimoto K. Emerging role of glutamate in the pathophysiology of major depressive disorder. Brain Res Rev. (2009) 61:105–23. doi: 10.1016/j.brainresrev.2009.05.005

 18. Choi DW. Glutamate neurotoxicity and diseases of the nervous system. Neuron. (1988) 1:623–34. doi: 10.1016/0896-6273(88)90162-6

 19. Amidfar M, Reus GZ, Quevedo J, Kim YK. The role of memantine in the treatment of major depressive disorder: clinical efficacy and mechanisms of action. Eur J Pharmacol. (2018) 827:103–11. doi: 10.1016/j.ejphar.2018.03.023

 20. Kishi T, Matsunaga S, Iwata N. A meta-analysis of memantine for depression. J Alzheimers Dis. (2017) 57:113–21. doi: 10.3233/JAD-161251

 21. McShane R, Areosa Sastre A, Minakaran N. Memantine for dementia. Cochrane Database Syst Rev. (2006) CD003154. doi: 10.1002/14651858.CD003154.pub5

 22. Lavretsky H, Laird KT, Krause-Sorio B, Heimberg BF, Yeargin J, Grzenda A, et al. A randomized double-blind placebo-controlled trial of combined escitalopram and memantine for older adults with major depression and subjective memory complaints. Am J Geriatr Psychiatry. (2019) 28:178–90. doi: 10.1016/j.jagp.2019.08.011

 23. Krause-Sorio B, Siddarth P, Laird K, Ercoli L, Narr K, Barrio J, et al. [18F]FDDNP PET binding predicts change in executive function in a pilot clinical trial of geriatric depression. Int Psychogeriatr. (2020) 1–8. doi: 10.1017/S1041610219002047

 24. Ballmaier M, Kumar A, Elderkin-Thompson V, Narr KL, Luders E, Thompson PM, et al. Mapping callosal morphology in early- and late-onset elderly depression: an index of distinct changes in cortical connectivity. Neuropsychopharmacology. (2008) 33:1528–36. doi: 10.1038/sj.npp.1301538

 25. Ballmaier M, Kumar A, Thompson PM, Narr KL, Lavretsky H, Estanol L, et al. Localizing gray matter deficits in late-onset depression using computational cortical pattern matching methods. Am J Psychiatry. (2004) 161:2091–9. doi: 10.1176/appi.ajp.161.11.2091

 26. Du M, Liu J, Chen Z, Huang X, Li J, Kuang W, et al. Brain grey matter volume alterations in late-life depression. J Psychiatry Neurosci. (2014) 39:397–406. doi: 10.1503/jpn.130275

 27. Lavretsky H, Ballmaier M, Pham D, Toga A, Kumar A. Neuroanatomical characteristics of geriatric apathy and depression: a magnetic resonance imaging study. Am J Geriatr Psychiatry. (2007) 15:386–94. doi: 10.1097/JGP.0b013e3180325a16

 28. Sexton CE, Mackay CE, Ebmeier KP. A systematic review and meta-analysis of magnetic resonance imaging studies in late-life depression. Am J Geriatr Psychiatry. (2013) 21:184–95. doi: 10.1016/j.jagp.2012.10.019

 29. Reppermund S, Zhuang L, Wen W, Slavin MJ, Trollor JN, Brodaty H, et al. White matter integrity and late-life depression in community-dwelling individuals: diffusion tensor imaging study using tract-based spatial statistics. Br J Psychiatry. (2014) 205:315–20. doi: 10.1192/bjp.bp.113.142109

 30. Guo W, Liu F, Xun G, Hu M, Guo X, Xiao C, et al. Disrupted white matter integrity in first-episode, drug-naive, late-onset depression. J Affect Disord. (2014) 163:70–5. doi: 10.1016/j.jad.2014.03.044

 31. Wen MC, Steffens DC, Chen MK, Zainal NH. Diffusion tensor imaging studies in late-life depression: systematic review and meta-analysis. Int J Geriatr Psychiatry. (2014) 29:1173–84. doi: 10.1002/gps.4129

 32. Alexopoulos GS, Murphy CF, Gunning-Dixon FM, Latoussakis V, Kanellopoulos D, Klimstra S, et al. Microstructural white matter abnormalities and remission of geriatric depression. Am J Psychiatry. (2008) 165:238–44. doi: 10.1176/appi.ajp.2007.07050744

 33. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders. Washington, DC (2013).

 34. Hamilton M. Development of a rating scale for primary depressive illness. British J Soc Clin Psychol. (1967) 6:278–96. doi: 10.1111/j.2044-8260.1967.tb00530.x

 35. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for grading the cognitive state of patients for the clinician. J Psychiatr Res. (1975) 12:189–98. doi: 10.1016/0022-3956(75)90026-6

 36. Nierenberg AA, DeCecco LM. Definitions of antidepressant treatment response, remission, nonresponse, partial response, and other relevant outcomes: a focus on treatment-resistant depression. J Clin Psychiatry. (2001) 62 (Suppl. 16):5–9. 

 37. Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL. A new clinical scale for the staging of dementia. Br J Psychiatry. (1982) 140:566–72. doi: 10.1192/bjp.140.6.566

 38. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The diagnosis of mild cognitive impairment due to Alzheimer's disease: recommendations from the National institute on aging-Alzheimer's association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement. (2011) 7:270–9. doi: 10.1016/j.jalz.2011.03.008

 39. Wechsler D. The Wechsler Adult Intelligence Scale, III Manual. San Antonio: The Psychological Corporation (1997). doi: 10.1037/t49755-000

 40. Brandt J. The hopkins verbal learning test: development of a new memory test with six equivalent forms. Clin Neuropsychol. (1991) 5:125–42. doi: 10.1080/13854049108403297

 41. Jak AJ, Bondi MW, Delano-Wood L, Wierenga C, Corey-Bloom J, Salmon DP, et al. Quantification of five neuropsychological approaches to defining mild cognitive impairment. Am J Geriatr Psychiatry. (2009) 17:368–75. doi: 10.1097/JGP.0b013e31819431d5

 42. Jak AJ, Preis SR, Beiser AS, Seshadri S, Wolf PA, Bondi MW, et al. Neuropsychological criteria for mild cognitive impairment and dementia risk in the framingham heart study. J Int Neuropsychol Soc. (2016) 22:937–43. doi: 10.1017/S1355617716000199

 43. Hamilton M. The assessment of anxiety states by rating. Br J Med Psychol. (1959) 32:50–5. doi: 10.1111/j.2044-8341.1959.tb00467.x

 44. Marin RS, Biedrzycki RC, Firinciogullari S. Reliability and validity of the apathy evaluation scale. Psychiatry Res. (1991) 38:143–62. doi: 10.1016/0165-1781(91)90040-V

 45. Guy W. Clinical global impressions (CGI) scale, modified. In: Rush JA, editor. Task Force for the Handbook of Psychiatric Measures. Handbook of Psychiatric Measures. 1st ed. Washington, DC: American Psychiatric Association (2000).

 46. Andersson JL, Skare S, Ashburner J. How to correct susceptibility distortions in spin-echo echo-planar images: application to diffusion tensor imaging. Neuroimage. (2003) 20:870–88. doi: 10.1016/S1053-8119(03)00336-7

 47. Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. (2002) 17:143–55. doi: 10.1002/hbm.10062

 48. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, et al. Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data. Neuroimage. (2006) 31:1487–505. doi: 10.1016/j.neuroimage.2006.02.024

 49. Altman DG, Gore SM, Gardner MJ, Pocock SJ. Statistical guidelines for contributors to medical journals. Br Med J. (1983) 286:1489–93. doi: 10.1136/bmj.286.6376.1489

 50. Conover WJ, Iman RL. Rank transformations as a bridge between parametric and nonparametric statistics. Am Stat. (1981) 35:124–9. doi: 10.1080/00031305.1981.10479327

 51. Conover WJ. The rank transformation—an easy and intuitive way to connect many nonparametric methods to their parametric counterparts for seamless teaching introductory statistics courses. WIREs Comput Stat. (2012) 4:432–8. doi: 10.1002/wics.1216

 52. Song S-K, Yoshino J, Le TQ, Lin S-J, Sun S-W, Cross AH, et al. Demyelination increases radial diffusivity in corpus callosum of mouse brain. NeuroImage. (2005) 26:132–40. doi: 10.1016/j.neuroimage.2005.01.028

 53. Walter M, Lord A. How can we predict treatment outcome for depression? EBioMedicine. (2015) 2:9–10. doi: 10.1016/j.ebiom.2014.12.008

 54. Alexopoulos GS, Glatt CE, Hoptman MJ, Kanellopoulos D, Murphy CF, Kelly RE Jr, et al. BDNF val66met polymorphism, white matter abnormalities and remission of geriatric depression. J Affect Disord. (2010) 125:262–8. doi: 10.1016/j.jad.2010.02.115

 55. Yuen GS, Gunning FM, Woods E, Klimstra SA, Hoptman MJ, Alexopoulos GS. Neuroanatomical correlates of apathy in late-life depression and antidepressant treatment response. J Affect Disord. (2014) 166:179–86. doi: 10.1016/j.jad.2014.05.008

 56. Alexander AL, Lee JE, Lazar M, Field AS. Diffusion tensor imaging of the brain. Neurotherapeutics. (2007) 4:316–29. doi: 10.1016/j.nurt.2007.05.011

Conflict of Interest: HL has received research grants from Allergan, NIMH, NCCIH, PCORI, and the Alzheimer's Research & Prevention Foundation.

The remaining 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 Krause-Sorio, Siddarth, Milillo, Vlasova, Ercoli, Narr and Lavretsky. 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.





[image: image]


OPS/images/fpsyt.2020.00732/fpsyt-11-00732-g001.jpg
Left Amygdala






OPS/images/fpsyt.2020.00732/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2020.00643/table3.jpg
Brain areas

MFGL
MFGR
GL
TGR
PCUN.L
POUNR
THAR
PCGR
CALR

Pationts
(mean = SD)

128040
1.35 2041
1152039
1222036
1602044
1782048
1412047
1002032
1742084

Controls.
(mean = SD)

169027
172025
1512032
158028
196031
2152007
168033
127 £031
2182040

(119 = -665
(19 =611
(119 = 537
(119 = -5.92
t(112)= 527
t(112)= -4.42
(119 = -368
1(112)= 305
t(119)= -4.48

000
000
000
000
000
000
000
003
000

MEGL, lot mictto rortal gy (47 HCS + 68 HOS; MFGR, it mikdo fontal yus (47
HOS + 68 HDIS: ITG.L. ot nferr temporal s (47 HCS + 68 HOIS: (TG, riht e
temporaIgyus (47 HCs + 68HOIS: POUNL et precuncus 6 HCs + 68HDS: POUNR, it
procunes (46 HCS + 68 HOIS; THAR, rht thaamus (47 HCS + 68 HOS}; PCGR, gt
posterior chaulate Gyrus (46 HCs + 68 HOIs): CALR, rioht calcarine (47 HCS + 68 HOIS).





OPS/images/fpsyt.2020.00643/table2.jpg
Brain areas (AAL) RIL NI Voxels  Peak

coordinates intensity
x oy oz

M frontal gyrus R 25 12 46 200 51791
jmedial fontal gyrus/OMFC

Ml frontal gyrus L 54 18 46 6u 55855
imeca rotal GruS/OMFC

nfecor temporal yus R 50 22 26 2081 57475
infror temporal gyrus L 56 -2 24 1047 55997
fostorm gyrus

Posterr cinguate cortexicaarne R 16 66 12 161 -3.9249
Cerebelar postrior lobe L -6 76 28 262 -42807
fcerbetar decive

Thalarus R 6 2 -4 20 -3918
Cerebelar posterorlobe R 25 68 0 150 -a7962
fcerbetar decive

Precuneus R 28 62 98 220 43007
Precunsus L <10 50 40 414 -daea7
Midbran VTAVight thaamus ~ BR O -28 -8 118 30221

The statistica treshold of p = 0.00158 was corrcted for muliple comparisons with o
ciscovery rate (FOR) comection, and tho custer st = 100; coordnates ar bcated
Montrea Newrobgical Instite (MN) space; OMEC, orbital medal fronal cotex; VTA,
caniial Saamenial area: B DINERE AN Sulimele snaloasial o Smolils





OPS/images/fpsyt.2020.00643/table1.jpg
Age (years)
Gender

Male

Femae
Education
Primary school
Jurior high school
Senior high school
Age of first use
years)

Duration of drug
use (years)
Nicotine use

Handedness

HDIs (n = 68)
(mean = D)

409273

a2
26

3
50
15
27692936

1419708
62
6
27

4
68

HCs (n=47)
(mean = SD)

93292

]
13

2
3
1

a7
10

2
2
am

S0 hercis-casant Il HOX Aealie oonbol:

vz p

value

064 0290

w=1387 239

2--0857 391

£ =0573 0450





OPS/images/fpsyt.2020.00643/M1.jpg
[0





OPS/images/fpsyt.2020.00643/fpsyt-11-00643-g003.jpg
o
=3

0
«

2 v o ®
& = =

awiy 1591 Bue et

rCBF MFG.R





OPS/images/fpsyt.2020.00643/fpsyt-11-00643-g002.jpg
3
>

W o W o W
& & - ¥

awiy 1591 Buie et

rCBF MFG.L





OPS/images/fpsyt.2020.00643/fpsyt-11-00643-g001.jpg
@%





OPS/images/fpsyt.2020.00643/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2020.00358/fpsyt-11-00358-g002.jpg





OPS/images/fpsyt.2020.00358/fpsyt-11-00358-g003.jpg





OPS/images/fpsyt.2020.00358/fpsyt-11-00358-g004.jpg
AN ——

Gain trals

= Healthy adolescents
= MDD adolescents i

i

Loss trials






OPS/images/fpsyt.2020.00358/fpsyt-11-00358-g005.jpg





OPS/images/fpsyt.2020.00236/fpsyt-11-00236-g003.jpg





OPS/images/fpsyt.2020.00236/table1.jpg
LR Region cluster  Peak MNI  peakZ Peak
coordinate  score  intensity

x oy oz
L UmbiLobe 6
L Anteror Cingulate 54 0 9 2 86 430
L Brodmamarea2s EY
R LmbicLobe 25
R Cereben 450 (aa) 20
R Coeboum6L(@) 20 15 57 O 880  -430
R Calcarine L (aal) 1
R Posterior Cinguiate 14

Tuwo sampio ttest, Alphasim comected, p < 0,01, closter 5o = 19(ef), Clster 520 = 11
ftight).





OPS/images/fpsyt.2020.00358/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2020.00358/fpsyt-11-00358-g001.jpg





OPS/images/fpsyt.2020.00236/fpsyt-11-00236-g001.jpg
Gefloaef s
cfaefs
e —






OPS/images/fpsyt.2020.00236/fpsyt-11-00236-g002.jpg





OPS/images/fpsyt.2020.00439/table5.jpg
in rogion MNI coordinates. fnex  Cluster size
(voxels)

Loftinsula A -2 4 488 E3

M, Montreal Neurological sttute.
MII coorcinates of the maximu t5coros are shown for a cster.
Eaiiki o Menovisd al b G401 (iooaeied! for S whils vah SnEbal





OPS/images/fpsyt.2020.00439/table4.jpg
Brain region MNI coordinates
x v z

ED > HC

Left putamen 2% 8 8

Rght putamen 24 10 6

Left insula (BA 13) a8 2 8

Rgh insula (BA 1) M 12 10

Right amygdala (BA 24) 22
RN ACC 2

-2
u

22
2

(.

670
847
583
543
a1
483

Clustor size
(voxels)

650
809
248
168
£
139

ACC, anteior cinguate cortex; BA, Brodmann area; HC, healhy contol, D, itermitent
explosie disorcr; MN, Montreal Neurological nstut.
The regons extited the greater actaty i the IED group campared 0 hoalty contros
curing the anger-inducing conditon compared (o the neutral conditon. There was no
tvain rogon in which heathy controls exhibited greater actiaton than 1 IED group.

MNI Coorcinates of the maximum tsc0ros are shown fo cach Cbster

Results are reported al p < 0.05, fise discovery rate-corrected for the whole:

bk nriabals:





OPS/images/fpsyt.2020.00439/table3.jpg
Brain region MNI coordinates
x v

€D <HC'

Left OFC. -5 6

Left insuia (BA 13) 28 2

Rghtinsua BA13) 33 Ed

Loft amygala 21 ®

Correation with the severty of aggression

Loftinsula Y

o
0
-5
-9

-2

o

404
429
391
385

361

Cluster size
(voxels)

m
204
102
EY

a3

84, Brodmam area; HC, heallhy contot IED, inermittnt explosie cisorcer; MN,

Monteal Neueologica Instiute; OFC, ortofronta cortex.
M1 coorcinates of the maximum t5cores are shown for cach OUster

"R aro reported atp < 0.001, uncomected for the whole-brain anaysis. The regions
cxtibited he greater actity in the IED group compared (0 healthy conirls durig the
anger-inducing conditon compared o the neuta condiion. There was no brainregion

which heathy controls exhited greater activaton than the [ED roup.

iy are sactried! o 1 < (0T, Enomeciact v 5 ol us aibbials





OPS/images/fpsyt.2020.00439/table2.jpg
Variables (mean = SD) 1ED HC »

Frequency of anger induction ()" 40,00 000 04
[40.00.5000] 30,00, 5000]
Intensity of anger” 18532331 14672540 003

HC, heathy conros; IED, interitent expiosive dsorder.
‘Fopresanted as percentage of anger nducig stimul that evoked anger among fve
anger-incucing clps. The variatio s nonnormal dfstnbuted and is descrbed as median
arc iterquarto range. The Mann-Whiney U test was used 0 comparo bewoen oups
or the variabie.

N aee o arcer HODSNZ By 26 SAoNIARERD Gt On & Dokt LIS





OPS/images/fpsyt.2020.00439/table1.jpg
Variables (mean + SD)

Ago (year)

Onset age of FAA
Cigarottes por day.
(Last 3 months)

Num. of alcohol use day" (Last 3 months)
Num. of AO por wook"
(Last 3 month)

B0

Sk

Bis-1

LHA

sA

A

A

=3

26531236
13931 179
5531256

2000100300
400300, 5.00)

900350, 16.50]
800400, 1200]
67002677
11,672 364
21982413
23001458
70072534

He

2860440
NA.
4532285

200(1.00,300)
000000, 050

200050,9.00)
300(1.00, 450
6007 835
4732341
1513290
1600+ 395
479811631

3

095
NA
oz

o9t
00

004
000
00
000
oot
000
000

Effect Size

oo
NA
037

0001
o7

o1
009
091
195
085
188
198

A0, agrosso outtsts; AQ, aggresson questonnase; BAL Bock Aty Isenor, B0, Bock Dopresson ventey; S, Bara's Impulsieness S FAR,Fist Arger Allock HC,
ety contols; 1D, tomitont xplosie disorcer; LHA, it Historyof Ageyession Questonno; Num, Nambr; SA, slto anger TA, ad ange.
T b e adoasil Eiibetal e 0 et de i i IS Arin. T ik AMIe 1 Roit st a0 Cosvm Dot rviise B i iaiioe:





OPS/images/fpsyt.2020.00439/fpsyt-11-00439-g003.jpg
A) Functional braim differences between ILl) and control groups

Puamen ace
; O
.

manger mneutal

[ ——





OPS/images/fpsyt.2020.00439/fpsyt-11-00439-g002.jpg
) Structural brain differences between IED and controi groups

Q Q @ D
95 L, Amygdala R Tnsula o
b s -
o s

Ml BN B BN BRI

Contrte ) Controts 1w

b) Gray matter volume correlated with composite aggression values.
08
<@) '@' BE 01
P

O SRRl e

gray matter volume






OPS/images/fpsyt.2020.00439/fpsyt-11-00439-g001.jpg
Angerinducing stimull | Tnte-stimulus interval
e e

Inter-stimulus nterval
0sec






OPS/images/fpsyt.2020.00439/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2020.00450/table2.jpg
Controls Bipolar disorder ‘Group comparisons
W=2) =2

Ago years) 872111 3842109 F(1,48)=001,p=0928
MaloTomalo e e Onisquared = 002, p = 0.902
NART-ostimatod 0° 1151296 138271 F(1,47)=028,p = 0507
Eaucaton (ears) 146221 147228 F(1,48)=002.p = 0899
s duration fears) - 1352101 B

Number of mani episodes - 881102 -

Number of depressive pisodes - 112108 -

Lt dosage (g, N = 12) - 0751213 -

Valrosto dosage (mg, N = 12] - 1437 2 504 =

Total pincal vokumo [ma” (Cohen's f relate 10 contos)] 12082620 121£790(0.1 F(1,442064,p=0430
Pial paronchyrmal volume [ (Cohon's d ate to contos)] 12642576 11962 768(0.10) 1,44 =060.p = 0442
Oyst (> 2 men) (M36) s@sw) 5(192% Onisquared = 024, p = 0623
Sl cystic change (< 2 mm) (V%) ss%) 11@23% Onisquared = 167, p = 0.107
intracranial vokeme cm’) 1461 + 148 1476 2 126 F(1,47)= 013, p = 071"

Voo roposont means = 80,
NART, Natosl AcuR Reocig Test.
‘Dot mising for oo bpokr patert.
BANCOU s 800 6 5 couadam #id orocs ae & Sessesn-sublect frcioe:





OPS/images/fpsyt.2019.01010/table1.jpg
Characteritics. Age of 13-21 years old

pgo at scan years) 1790 219)
Gencer (male/emale) 1425
Handedness (RIUMX) 812
Frstepisode resino) 25714
Age of onset(yexs) 156(208)
Stato (stabe/depressamanc) 169
Meccaton (yes/no) 216
Duraton (montrs) 2242017
RS -39
7871029
HAMD-17. =38
17021
HAMA n=36
8427.0)

Hep =
Mean (D)

1785 222)
1623
7100

165(1.78)
n=30
057 (107

501 stencend ceviaton: B0, Diootr cisordier: HC: esklty contols: YMIS, Yourng Aenls fistho Scale: HAMD, Hamiton Deoression Fiothg Sool: FAMA, Haniion Armdety Scals.

uie

01030918
0217082
29630227

473720001
6584<0001

6371<0001

Age of 22-30 years old
BO(=47  HC(=47)
Mean (5D) Moan (SD)
w8779 2572056

2423 2126

600 a0z

2021 -
23688 -

131910 -

3116 =

©s2e0m -
5 n-a
sz:mow 0120039
n=a3
wasiioy sz
n=ds n=30
078(1075) 047110,

uie

02720788
03840506
20440183

528920001
7.438<0001

5779 <0001





OPS/images/fpsyt.2019.01024/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2019.01024/fpsyt-10-01024-g001.jpg





OPS/images/fpsyt.2019.01010/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2019.01010/fpsyt-10-01010-g001.jpg
bt = 1321BD

0.6
a = 13-21HC
E] *okk
s —
> 04
<
iy
§
3 0.2
=

0.0

ILF-L SCC and Ptr





OPS/images/fpsyt.2019.01010/fpsyt-10-01010-g002.jpg
[

4
2
0

5 8 8

= 22-30BD
=1 22-30HC

Hokk
[}

Hokk

[
[

*okk

2 -
S S

sanjep v4 ueay






OPS/images/fpsyt.2019.01010/fpsyt-10-01010-g003.jpg
MOALEA Ve

13-218D
13:21HC
22.308D
22.30HC





OPS/images/fpsyt.2020.00338/M4.jpg
|/N) X [Zrca(Zacc®ag))





OPS/images/fpsyt.2019.00784/table4.jpg
Bacteria

Logiy
Fascalibacterium
prausnitzi

Logis
Enterococcus
faocalis

Logis
Bacteroides-
Provtela group
Log,sLactic acid
bacteria

Log,
Bifidobacteria
Logis
Clostridium
Clusters |

Log,y
Eubacterium
rectale
LogioAtopobium
Cluster

Log,y
Enterobacter
spp

Logio(B/E)

Clostridium
Cluster IV count

B0

7012
103

417
1265

8702
o768

4122
1029
a71s
1.187
518+
1068

607+
1196

574+
0758
607+
0943

139+
1,157
8541007

11421008 1249'10°

Hos

6112
0892

455+
1877

665+
1139

4182
1239
49+
1182
489+
o0s21

552+
0804

496+
0907
503+
0748

008+
1,005
16210

2545

14372

a4

2080

1378

1374

5655

6137

4381

»
0001

0262

<0001

0850
0437

0265

0045

<0001

<0001

<0001

<0001A

P
0030

0688

<0001

0867
0070

0241

o241

<0001

<0001

0001

“ncicates acfusted p using anayss of corariance (ANCOVA),with adjustments made
or age, gender,education, smoking, and body mass indx (BM). Alndicates Mann-
Whitvey U tost for data that were not normal distrbuted. BD, bipokar doprossion;
HCs, healthy controls: B/E. Bifidobacteria to Enterobacteniaceae ratio.





OPS/images/fpsyt.2020.00338/M5.jpg
Ego = [I/NN=1)} x 2, 1/Las





OPS/images/fpsyt.2019.00784/table5.jpg
Log,, Fascalibacterium
prausnitzi

Log,, Enterococcus fascalis
Log.s Bacteroides-Prevotella
group.

Log,,Lactic acid basteria
Log,,Bifidobacteria
Log,,Clostridium Clustors |
Log., Eubacterium rectale
Log,, Atopobium Cluster
Logis Enterobacter spp

LogisClostridium Cluster
W count
MADRS

€03 Tcollp ()
03640.158)

05180.113)
0.48800.121)

06650076)
0.743:0057)
0.126(0264)
0320173
06190087
0.004(477)
0048
0.185(0229)

0501(0.118)

©D4+ T coll
08480034

0651 (0079
05380.108)

0478(0.120)
057 (0.1)
0536 (0.108)
0458 (0.13)
02210212)
0364(0.158)

03090.147)
0849.0.0%9)

C0g" T coll
0164 (0241)

0.127 (0269
0001 (029)

0516(0.113)
0.798(0045)
0369(0.157)
0033 (-.362)
032(0.179)
0027 (374
(X
0045(.341)
0547\
06580077

NK coll
0551 (0.109

0.408(0.144)
053 (0.108)

0770051
02530.198
09750005
0576(:0.0%8)
0077 (0306)
0356 (0.161)

066700075

0.15600245)

MADRS
041014y

067 (0074)
0343¢0.169

07240061
00890288
07540054
05652 (0078
06830071
04330118

08190009,

i

Tha it ofmaasura . 1. Wo used Spaaman comlatonsfo LaClosum CsorV cout,and o fhers usad Paarson comolations. pvaues < .05 aro n bold. p <0.05.
v < 0.01. A Comected b, refers to Bornfemoni comected p. B0, bivolar depression: MADRS, the Montaomery-Asbery depression raling scale: NK cell natural kiler coll.





OPS/images/fpsyt.2020.00338/M6.jpg
Bioe = (1/N) X 2, Egob(Ga)





OPS/images/fpsyt.2019.00784/table6.jpg
Bacteria

Faccalibacterium
prausnitz

Enterococcus
faccalis

Bacteroides-
Prevotella group

Lactic acid bacteria

Clostridium Cluster
v

Clusters |

Eubacterium
rectale.

Atopobium Cluster

Enterobacter spp

Group.

S
Hos
B
Hos
B
Hos
o
Hos
B
Hos
B
Hos
B
Hos
ES
Hes
BN
Hos
BN
Hos

80

Hes

Male (mean
=s0)

3201077 =
32131007
626'10'6 +
11341077
7131006 +
1.976'10%6
1321006 &
4546'10'6
1751080 5
18011070
5381087 &
9.105'1007
2201006
5211106
202106 +
7.631°10°6
5431076 =
11181076
1821076 =
3.366'10°6
1111078 5
13511078
179°10%6 +
1.354'10%6.
1351006 +
2465106
950°10%6 +
1.742'1076
12471007 =
27821007
2411006+
6.161°106
1481076 =
1.686'1076
8411075 =
11631076
55471076 &
1.035'1077
3981075 +
5201105
0563+
9231

6623+
108462

Fomalo
(mean = SD)
2991007 2
33801007
047'10%6 2
26871007
414100 2
9.049'100
176107
60591047
6561078 2
8213108
23610°7 2
56491007
531100 =
1.130°10%
5391076 =
18641087
186105
2506105
1511006
17601086
4.9010M7 2
64101047
142106
1.12810%
58710/ 2
1387°10°6
678100 =
7.702'100
6931076 2
17201087
1311006 +
2904106
1611006
2366106
1065106
1389°10%
6681076 2
1179107
22310/ 2
3.369'105
0,006+
0.1467

2006+
30012

P

0619

0961

0008

0420

0026

0306

028

0922

0531

0435

0.061

0661

0132

0,157

0136

0770

0553

0088

0748

0770

0344

020

'p < 0.05 (two-taia). B/E, Bifdobacteria o Entorobacteriaceae rato. SO,

ity ittriboming





OPS/images/fpsyt.2020.00338/fpsyt-11-00338-g001.jpg
P oper .

6 (o

e ron st

SRy [, ) R P, s
e Gl Tomporn e
gt
ors Pkt

T pon s L oo po it





OPS/images/fpsyt.2020.00338/M1.jpg
Global Cp = (1/N) x { 3 [2/ka(ky = 1) Z(0xn0p0xa)']}
. A6 Bx





OPS/images/fpsyt.2020.00338/M2.jpg
ccat Sl ULt SR





OPS/images/fpsyt.2020.00338/M3.jpg
Global C' /Global C*™ ... & = Global L{*/Global L™






OPS/images/fpsyt.2020.00358/table1.jpg
Characteristic: moD HeL

Ago (ears) 16262 141 15532136
Sex OMF) 20m 25712 2000221
E0L1 33322571 6262172

AR 28452721 2892578

Age of frst episods onset (ears) 12621 170

Ousaton (monihs) 25822649

M0, Ity R eoeb e e HEL: Tal COTYOR. SO Back Dassaln et VIR, he Snalt-Hodion Foeas Soals.

prvalue

ot
094

<0001

<0001





OPS/images/fpsyt.2020.00358/table2.jpg
Dependent variables Variablos.

pipatoy PG Grow

Vaenco

Region

Group x valonce

Group x region

Valence x region

Group x valence x region
FNin gaintrals Gowp

Vaence

Region

Group x valence

Group x region

Vaenos x regon

Group x valonce x region
PN inloss tials Growp

Vaence

Regon

Group x valence

Group x regon

Vaence x regon

Group x valonce x region

o Fualue p-value

1.70
2,140
2,140
2,140
2,140
4,280
4,280

1,70
2,140
2,140
2,140
2,140
4,280
4,280

1,70
2,140
2,140
2,140
2,140
4,280
4,280

LPC. late positive component: FIN, feedback negativty. ‘0 < 0.05,

452
2941
885
251
221
297
208
851
168
246
231
1032
210
168
1487
397
891
847
197
212
149

0 <001,

00132"
0.0005""
00042
02964
0872
012"
0.1245
00076
05843
00006
03745
00052
0.1205
05026
00026
0.0281°
0.0030"
0.0061"
05167
0.1201
06781

e < 0.001.





OPS/images/fpsyt.2020.00338/crossmark.jpg
©

2

i

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		EMOTIONAL DISTURBANCE AND BRAIN IMAGING IN NEUROPSYCHIATRIC DISORDERS



		Editorial: Emotional Disturbance and Brain Imaging in Neuropsychiatric Disorders



		Introduction



		Major Depressive Disorder



		Adolescent



		Adult



		Late-Life Depression









		Bipolar Depression



		Comparison Between MDD and BD



		Schizophrenia



		Substance Abuse



		Other Psychiatric Disorders



		Conclusions and Future Perspectives



		Author Contributions



		Funding



		References









		Gut Microbiota in Bipolar Depression and Its Relationship to Brain Function: An Advanced Exploration



		Introduction 



		Materials and Methods



		Study Design and Subjects



		Rating Scale Assessment for Mood Symptoms



		Measurements of T Lymphocyte Subsets



		Fecal Bacterial Population Determination



		NIRS Measurement



		Statistical Analysis









		Results



		Socio-Demographic and Clinical Characteristics



		Comparing Gut Microbiota Between the BD Patients and HCs



		The New Conception of the Brain-Gut Coefficient of Balance and Related Results



		Correlations Among Baseline Parameters Within the BD Group



		Therapeutic Effect of Quetiapine



		Gender Difference in the Gut Microbiota









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Abbreviations



		References









		Age-Related Alterations of White Matter Integrity in Adolescents and Young Adults With Bipolar Disorder



		Background



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Participants



		DTI Acquisition and Processing



		Statistical Analysis









		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References









		Abnormal Voxel-Wise Degree Centrality in Patients With Late-Life Depression: A Resting-State Functional Magnetic Resonance Imaging Study



		Objectives



		Methods



		Results



		Conclusions



		Introduction



		Methods



		Participants



		Demographics and Clinical Assessment



		Image Acquisition



		Imaging Data Preprocessing



		Voxel-Wise Degree Centrality









		Results



		Demographics and Clinical Assessment of Participants



		DC Difference Between LLD Patients and HCs



		DC Difference Between LOD Patients and EOD Patients



		Relationship of DC With Clinical Assessment









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		Supplementary Material



		References









		Abnormal Functional and Structural Connectivity of Amygdala-Prefrontal Circuit in First-Episode Adolescent Depression: A Combined fMRI and DTI Study



		Background



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Participants



		Mri Data Acquisition



		Rs-fMRI Data Processing



		DTI Data Processing



		Statistical Analysis









		Results



		Demographic and Clinical Scales



		Between-Group Differences in rsFC and DTI



		Correlation Between FA and the Strength of Functional Connectivity









		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References









		Mapping Theme Trends and Knowledge Structure of Magnetic Resonance Imaging Studies of Schizophrenia: A Bibliometric Analysis From 2004 to 2018



		Background



		Aim



		Methods



		Results



		Conclusions



		Introduction



		Methods



		Data Collection, Data Extraction, and Bibliographic Matrix Setup



		Bi-Clustering Analysis of High-Frequency Mesh Terms



		Strategic Diagram Analysis



		Social Network Analysis









		Results



		Distribution Characteristics of Related Publications



		Research Hotspots Identified and Theme Clusters Summarized Based on MeSH Term Clusters



		Theme Trends of MRI Studies on Schizophrenia



		Knowledge Structure of MRI Studies on Schizophrenia









		Discussion



		Conclusion



		Limitation



		Author Contributions



		Funding



		References









		Dynamic Functional Connectivity Strength Within Different Frequency-Band in Schizophrenia



		Introduction



		Materials and Methods



		Participants



		Data Acquisition



		Data Preprocessing



		Dynamic Functional Connectivity Strength Analysis



		Correlation Analysis



		Validation Analysis









		Results



		Demographic Characteristics and Clinical Symptoms



		The Difference of Dynamic Functional Connectivity Strength Across Frequency Bands in Schizophrenia



		Main Effect of Frequency Factor in Slow-5 and Slow-4



		Frequency and Group Interaction Effects



		Correlation Between the Dynamic Functional Connectivity Strength With Clinical Symptoms









		Discussion



		Altered Dynamic Functional Connectivity Strength Across Four Frequency Bands in Schizophrenia



		Frequency Specific Changes in Dynamic Functional Connectivity Strength Schizophrenia (Slow-5, Slow-4)









		Limitations



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		CACNA1C Gene rs11832738 Polymorphism Influences Depression Severity by Modulating Spontaneous Activity in the Right Middle Frontal Gyrus in Patients With Major Depressive Disorder



		Objectives



		Methods



		Results



		Conclusions



		Introduction



		Methods



		Participants



		Inclusion and Exclusion Criteria



		Clinical Evaluation



		Genotyping



		MRI Data Acquisition



		MRI Image Preprocessing



		ALFF Analysis









		Statistical Analyses



		Demographic and Clinical Data



		Analysis of Covariance and Correlation Analyses



		Mediation Analyses









		Results



		Demographic and Clinical Data



		ANCOVA Analysis



		Correlation Analysis



		Mediation Analysis









		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Acute and Chronic Effects of Betel Quid Chewing on Brain Functional Connectivity



		Background



		Methods



		Results



		Conclusion



		Introduction



		Materials and Methods



		Aim, Design, and Setting of the Study



		Characteristics of Participants



		Image Acquisition and Preprocessing



		Whole-Brain Functional Network Construction



		Acute Impact of BQ



		Differences of Functional Connectivity in Chronic BQ Users and Controls



		Network-Based Statistics



		Support Vector Machine (SVM) Classifier









		Results



		Acute Impact of BQ



		Differences of Functional Connectivity in Chronic BQ Users and Controls



		Network-Based Classification









		Discussion



		Effects of Acute BQ Chewing on Brain Functional Connectivity



		Differences of Functional Connectivity in Chronic BQ Users and Controls









		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Anatomical Connectivity-Based Strategy for Targeting Transcranial Magnetic Stimulation as Antidepressant Therapy



		Objectives



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Participants and Clinical Diagnosis



		Data Acquisition



		Data Preprocessing and Analysis of Data Set 1



		Data Preprocessing and Analysis of Data Set 2









		Results



		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Emotional Contexts Modulate Anticipatory Late Positive Component and Reward Feedback Negativity in Adolescents With Major Depressive Disorder



		Background



		Methods



		Results



		Conclusions



		Introduction



		Methods



		Participants



		Stimuli



		Measures



		Procedure



		Data Collection and Statistical Analysis









		Results



		Behavioral Data



		ERP Data



		LPC at the Anticipatory Stage



		FN at the Feedback Stage









		Correlation Analysis









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Changes of Altruistic Behavior and Kynurenine Pathway in Late-Life Depression



		Background



		Objective



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Participants



		Experimental Procedures



		Laboratory Analyses



		MRI Acquisition



		Data Preprocessing



		Network Construction



		Node Definition



		Edge Definition









		Network Analysis



		Global Clustering Coefficient (Global Cp)



		Global Shortest Path Length (Global Lp)



		Small World Properties



		Network Connective Strength (Global S)



		Global Efficiency (Eglob)



		Global Fault Tolerant Efficiency (Eloc)



		Density of Network (Density)



		Hierarchy (β)



		Assortativity (r)



		Modularity (Q)









		Statistical Analyses









		Results



		Demographic and Clinical Characteristics



		Global Network Properties



		NBS Analysis



		Correlation Analysis









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Pineal Gland Volume in Major Depressive and Bipolar Disorders



		Introduction



		Materials and Methods



		Participants



		MRI Acquisition and Data Processing



		Pineal Gland Measurements



		Statistical Analysis









		Results



		Demographic and Clinical Characteristics



		Pineal Gland Volume



		Pineal Cyst and Small Cystic Change



		Correlational Analyses









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Gray Matter Deficits and Dysfunction in the Insula Among Individuals With Intermittent Explosive Disorder



		Introduction



		Materials and Methods



		Participants



		Psychological Assessments



		Stimuli and Experimental Paradigm



		Data Acquisition



		VBM Analysis



		Functional MRI Analysis









		Results



		Participant Characteristics and Psychological Assessments



		Anger Induction



		VBM Analysis



		fMRI Analysis









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References









		Decreased Relative Cerebral Blood Flow in Unmedicated Heroin-Dependent Individuals



		Introduction



		Materials and Methods



		Participant Characteristics



		Acquisition/Analysis of ASL Data



		Clinical Characteristics and Neurocognitive Measures



		Statistical Analysis









		Results



		ASL Results



		Neuropsychological Tests



		Correlations Between CBF and Neuropsychological Test Performance









		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Repetitive Transcranial Magnetic Stimulation Improves Amygdale Functional Connectivity in Major Depressive Disorder



		Introduction



		Materials and Methods



		Subjects



		MRI Data Acquisition



		rTMS Protocol



		Image Preprocessing



		Functional Connectivity Analysis



		Statistical Analysis



		Demographic and Neuropsychological Data



		Comparisons of Affective Network Connectivities Between CN and all MDD Subjects



		Comparisons of Affective Network Connectivities Between Pre-rTMS (or Sham) Group and Post- rTMS (or Sham) Group



		Correlations Between Changes of Connectivity and HAMD Scores Pre- Versus Post-rTMS















		Results



		Demographic and Neuropsychological Characteristics



		Comparison of Affective Network Connectivities Between CN and All MDD Subjects



		Comparison of Affective Network Connectivities Between Pre-rTMS (or Sham) and Post-rTMS (or Sham) in MDD Patients



		Correlations Between Changes of Connectivity and HAMD Scores Pre- Versus Post-rTMS or Pre-Sham Versus Post-Sham-rTMS









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		References









		Regional White Matter Integrity Predicts Treatment Response to Escitalopram and Memantine in Geriatric Depression: A Pilot Study



		Introduction



		Materials and Methods



		Participants



		Clinical and Cognitive Assessment



		Medication Administration and Adherence



		Neuroimaging Protocol



		DWI Data Processing



		Statistics









		Results



		Baseline



		Treatment Effects



		Neuroimaging Results









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References























OPS/images/fpsyt.2019.00784/Figure_2.jpg
°
> o
-3

o

2
uoiuod

o o o
~ © o

oud 199 1_€AD

log4oB-Gegr





OPS/images/fpsyt.2020.00073/fpsyt-11-00073-g002.jpg
o e\ |






OPS/images/fpsyt.2019.00784/Figure_3.jpg
4x0 pio
—
€ se10m o =
—
: o
e ERCA
£ e
8 1x10% 10
: 23
£ : % © 2x10";
]
S
“1x100%. ; :
p: - 24107
& * d '
5 3
(o3 ’ i
s p=0.023 P
“ p<0.001
| — |
2
e
w
. g 40
u H
2
. =}
EES
-1
p o
‘oéo ‘be’é E
g
o8 &





OPS/images/fpsyt.2020.00073/fpsyt-11-00073-g003.jpg





OPS/images/fpsyt.2019.00784/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2019.00784/Figure_1.png





OPS/images/fpsyt.2019.00784/table2.jpg
Age 326410640
5838
6111
s
o722

221623631

BMI > 25 25.00%

foverweight)

Onsetage 2600+ 12485

Duration 74027659

ofliness

(oar)

Numborof 55 +4563

episodes.

N1 "

N2 "

N 19

N 1

4444

81.48

100

2184+
3002
18.52%

worF.

1847
0049
1725

10364

0043

0135

0.1798

08250

01892

0002

0836

07148

'p < 0,05 (wo-taied). Ancopondnt-samplos ttost N1, number o patints who.
fishod ono-month folow up; N2, pumbor of BD pationts who was drug nave; N3,
pumber of pationts whoso medications had boen stoppod for moro than 3 months,
N, rumber of patonts who fivsh tho basalino NIRS measuromen; B0, bipoar
doprossion. BO: type | bipolar dopression. BD-I: ypo I bipoar dopression; B,
body mass index: HCs, healthy controls. SO, standard deviation.





OPS/images/fpsyt.2019.00995/table2.jpg
Brain regions.
L)

Stow5<Slon-4
Calcare R
Calcarne L
Precuneus_ UR
Aoguer UR
Cccpital Mid_ UR
Cunous. UR

Lngua LR
Caroboken_ Crust_UR
Ocopial Sup_UR
Gareboien Crus2_ LR
paseal_In_L

Fronta Md_R
Fronta_Sup_R
FrontaIn_Th_R
Frontal_Md_L
FrontaInt_Ti_L
Stow5>Slon-4
Temparal I R
Temporal Inf L
Putamen_UR
Caroboen 8 UR
Pasabippocampal UR
Frontal_Sup_Orb_ LR
Hipocampus LR
FrontalIn_Orb_UR
Caudiato UR
Tempcral_Poe_Sup. UR
Ciguum_AnL
Supp_Motor_Area_L
Paracentral Looue_L
Frontal_Sup.L
Frontal_Sup_R
Supp_otor_Avea_R
Precentral R

M, Montel Nexsologca st Lt R, .

The Custer 30 AROesnts T8 oumber of vosls withh the chister:

2809

248

18

121

2

st

15

18

Peak coordinates (MNI)

¥y

e

2

2

-

15

o

o

Fovalue

103670

20600

18.460





OPS/images/fpsyt.2019.00784/table3.jpg
ttems. Mean = SD
Age 3359+ 8:860
BMI 230823757
Onset age 262429045
Duration of 73216915
iness (year)

Number of 44722200
episodes.

Total number 7

tems.

Gender, Male.
Marriage,
Married.
BMI>25

(overweight)
Education
(>12years)

Right-handed.

BM. body mass index: SD, standard deviation.

Percentage (%)

5294
7059

20.41%
4706

100





OPS/images/fpsyt.2019.00995/table3.jpg
Brain regions  Cluster size (voxels) Peak coordinates (MNI) F value0
AAL)

x oy oz
Cakcarine L 28 o 91 10 1530
Frontal_inf Orb_L el -9 46 -4 14200
Frontal_inf_Or>_R 40 ® 48 -1 16180
Cinguum_Ant 31 3 29 W 14440

ML Montreal Newrological Institute: L. left: R, right.





OPS/images/fpsyt.2019.00784/Figure_4.png
Bacteroides-Prevotella

8x10°°.

6x10°°

4x10°°

group count

2x10%°

P

0.026






OPS/images/fpsyt.2020.00073/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2019.00784/table1.jpg
Target group
Faecalibacterium prausnitzi

Enterococcus faocalis

Bactoroidos-Provot

la group
Lactic acid bacteria
Bifidobacterium gerus
Clostridium custor IV
Clostridium clustrs |
Eubactorum rectalo
Atopobium cluster

Enterobactoriaceae

‘Sequence (5-3)

‘GATGGOGTCGCGTCCGATIAG
COGAAGACOTIGTTGGTCO
ARGGTACCCATCAGAGGG
‘GACGTICAGTTACTAACG
GMGGTCCOCGACATTG.
CAATOGGAGTTCTICGTG
AGCAGTAGGGANTCTTCCA
ATTYCACOGCTACACATG.
GGGTGGTAATGCOGGATG.
TAAGCCATGGACTTTCACACS
GCACMGCAGTGGAGT
CTTCCTO0GTITTGTCA
TACCHRAGGAGGAAGCCAC
GTTCTICOTAATCTCTACGCAT
‘CGGTACCTGACTAAGAAGC AGTTTIC/)
ATICTIGOGMCG
‘GGGTTGAGAGACOGACS
CGGRGCTTCTICTGCAGG:
‘GATTGACGTTACCOGCAGMGAAGC
CTCTACGAGACTCAAGCTTGC

Annealing temperature (°C)
s

2 8 % 8 8 8 8 8

Referonces

@

@)

@)

@

@)





OPS/images/fpsyt.2020.00073/fpsyt-11-00073-g001.jpg





OPS/images/fpsyt.2019.00995/M1.jpg





OPS/images/fpsyt.2019.00995/M2.jpg





OPS/images/fpsyt.2019.00995/table1a.jpg
Brain regions (AAL)

Sow-5: SZHC
Cerebolun Crust R
Cerabetum_Crus_L
Cerebeum_Crus2_UR
Caucate_R
Thalamus_UR
Caucate_L
poguar R

Sow-5: SZHC
nsua_R
Temporal_Sup_R
Tomporal_Sup_L
nsula_L

Lngual R
Cunews_UR
Supp_Molor_Area R
Supp_Molor_Avea L
Coguium_ AR
Cinguum_AnL_L
Sow-4: SZHC
Cerebolum_ Crust R
Cerebslum_Crust_L
Fronta_in_Orb_L
Fronta In{Ti L
Fronta_Mid_Or L
Fronta_in_Oto_R
Frontal_Mid_Orb_ R
Cauciate_R
Gauciate_L
Thalamus LR
poguiar R
pnguiar L

Sow-4: SZHC
Roiandic_Oper R
nsa_R
Gacarie R
Cacarino L

Lngual LR
Oospita In_UR
Cuneus_UR
Roindio_Oper L
nsuia_L
Ginguium_An_R
Postcential R
Postcentral L
Paracentral_Lobuie_UR
Sow-3: SZHC
Cerebolun_ Crust L
Cerabeum_Crust_R
Temporal_Md_UR
Cerabeum_Crus2_UR
TemporalIn UR
Fronta_in_Ot>_UR
Fronta_Mid_Orb_UR
Hippocampus_ UR
Fusitom_UR
Caudate L

Cluster size (voxels)®

1208

a7

138

458

a7

150

7

22
144
367

m

244

190

217

873

101

23
506

3672

Peak coordinates

”

-
-2

51

19

st

18

20

2
64
a2

a2

-1a

-8

27
a8

18

21

o7
-3
15

19

2

-2

Tvalue

7.160

6547

4620

-6.104

6320

5070

4333

4770

5920

4506

5580

5000

4262

5560

4380

5530

-4.440

4490
4930

5260





OPS/images/fpsyt.2019.00995/table1b.jpg
rrontal_Sup_Medial*. bl A ER S SSHEI
Frontal_Sup_Medal R

Sow-3: SZ<HC

Postcental R 4804 24 38 60 -7.8%
Postrcentral L

Temporal_Md_UR

Procentral LR

Calcarine UR

Cuneus UR

Supp._ Motor_Area LR

Temporal_Sup_UR

Rolandic_Oper_R

Thalarus_R

Putamen R

Putamen_L 200 80 -12 3 -5140
Thatamus._L

MI, Montreal NeurologicalInsttut; L. ot B, rght.
*The cluster size represents the number of voxels within the clster.





OPS/images/fpsyt-12-632244/crossmark.jpg
©

2

i

|





OPS/images/fpsyt-11-548904/fpsyt-11-548904-t003.jpg
HAMD
ALIC

PLIC

CGC

IFO

SFO

SLF

FX

FX Body
ace

Interaction
group x FA

Fu, 19 = 4.66,

p=004

Fu, 19 =771,

For. 19 =034,
p=056
Fur, 19 = 465,
p=004"

Left

ESC+MEM ESC+PBO

T=-056,
p=058

T=185p=0.19

T=023,p=082

Interaction
group x FA

Fo,19 =77,
p=001"

Fu. 19 =576,
p= 003"

Fo. =211,
p=016
Ft, 199=4.69,
p=004"

Fii, 18 = 8.48,
p=0009
Fua.19 =331,
p =009
Fia, 19 =001,
p=094

Interaction: Fiy, 15 = 0.06, p = 0.80
Interaction: Fis, 19 = 0.13,p = 0.73

Right

ESC+MEM

T=-5.11,p = 0001;
r=-0.78

r=-0.63

ESC+PBO

T=-0.76,
p=045

T=1.09,p =029

T=0.18,p =086

T=-004,
p=097

The resuts stem from the rank-based general inear models including the treatment group, FA and the interaction between group and FA as the predictors, whie controling for the

respective beseline score, age, sex and scanner.

HAMD, Hamilton Depression Scale. *Significant after FDR correction.





OPS/images/fpsyt-11-548904/fpsyt-11-548904-t002.jpg
Variable ESC/MEM Mean (standard deviation) N = 15 ESC/PBO Mean (standard deviation) N = 11

Baseline 6 months Change Baseline 6 months Change
176 567 -1 17.73 7.18 ~10.56
HAMD
(@.61) 6.72) (6.16) (1.95) (65.04) (@.23)

There were o significant group differences in HAMD change. The resuits presentod here stem from the rank-based general linear models.
HAMD, Hamilton Depression Rating Scale.

Between-group change

F, 20 statistic

0.92

p-value

03





OPS/images/fpsyt-11-548904/fpsyt-11-548904-t001.jpg
ESC/MEM

Mean
(standard
deviation)

N=22

Sex (m/f) 814

MCI diagnosis 5

Age 70.05 (7.33)

Education in years 15,82 (2.17)

MMSE 28.45(1.53)

HAMD 17.64 (2:34)

ESC/PBO
Mean
(standard
deviation)

N=16

6/10

71.25 (7.15)
16.18 (2.19)
28,19 (1.72)
17.69 (2.24)

Kruskal-
Wallis test
statistic

032

0.37

0.16
<0.0001

p-value

Fisher's exact
p=10
Fishers exact
p=068
057
054
0.69
10

There were no significant differences between treatment groups at baseline.
HAMD = Hamilton Depression Rating Scale; MMSE = Mini Mental State Examination.





OPS/images/fpsyt-11-548904/fpsyt-11-548904-g002.gif
Higher FA was associated with a larger treatment response with memantine

- esouen
+ esceso

Lenavc RghtALC
r=.077.p=0008 £=.078,p=0005
2 r=007.p=08 © fiospeos
S v
I
EE
Lenruc Rgrpuc
£+.051,p4001 =031.p=03
© rompeos + rrompe0s

w0 chnge

Lo RaniFo
r=.050,p=005 =083,

K rrogp0i r=0083-08

J gy
Lo wosro
oz pm04 e 078pm0m8
. ] -
| Py [
s
H el





OPS/images/fpsyt-11-548904/fpsyt-11-548904-g001.gif
Assessad for ligibity (n=381)

1

Consented o in-person
screening (n=115)

Excluded (n=225)

Witdrew Consent (n = 15)

]

Alocated o MEM (n=48) ‘Allocation Alocated to PBO (n=47)
3 3
Excluded (n = 26) Excluded (n=31)
Notcigblefor MR ot eligble for MRI

T

MRIscans (n=22)

Study dropout (n =7)

i

MEM (0=15)

MRI scans (n = 16)

Study dropout (n =5)

!

PostTreatment

completion (6 months)

PBO(n=11)






OPS/images/fpsyt-11-548904/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2020.00732/table2.jpg
Broin region

The left affective notwork

()
L
]

PRI

R

oN <MDD
Precuncus

Procuneus

oN > MDD
nsda

nfeior Frontal Gyl
Superir Frontal Gy
nfoor Partal Lobue
Midd Frontal Gyus

bef- MDD < aft- MDD
nsda
Infoor Fontal Gyrusna
nfoor Partal Lobule

The right affective notwork

()
L

rgeaanr

O OO BCE, el Caaseh CISocr: DalhiCE, DD Daltes SN SO0 OO Sl Sasnet:

GN <MDD
Precuncus
N> MDD
nsda
Infoor Fontal Gyrs/insula
nfor Partal Lobue
Middi Frontal Gyus.

bof -MDD < aft- MDD
nsda

BAarea

19

13

i3

10

13
13

19

13
3
o
10

13

-3

Peak MNI coordinate

y

-7
a5

15

27

15
-2

st

E
2
2
2

Peak Z value

49016
53528

4304
53133
4230
47205
38478

4138
50077
a7er

40263
3316

3985

30563

34073

Cluster size mm’)

156
278

159
a7

il
193

146

175

%
&





OPS/images/fpsyt.2020.00732/table1.jpg
tems. oN

2
Ago boars) 4595 (802)
Sex (laemale) 812
Educaton (ears) 1110289
HAMD scores 3300159
Ouaton of s (monthe) NA
Antidepressant comedicaion N

real (TMS MDD
bot- MDD aftMDD
E3 n=20
75652 4675650
ot o
1040010 1040(1.10)
29520 5750200
26006599 2500698
20(100%) 20(100%)

‘sham 1TMS MDD
bol- MDD aftMDD
n 2
0070 46306876
128 128
10450118 1045(1.18)
2550@20) 2495020
2050076 2450(476)
20(100%) 20(100%)

Fvalues ()

0068
1785

P values

0901
0420

Cata o presente s ho mean futh statrd doaton, S0, . conrols MDD, majr opressio 501k;bot MDD, MDO bofoo eaen: aftMOO, MDD o eatmont; HAMD,

o raesin scals. oty stilsns dliencis DatMOD KON Wb AD0 v OAL DAl vis alMO0: Yoal /TS A0O wa. shas TS MOG:





OPS/images/fpsyt.2020.00732/fpsyt-11-00732-g003.jpg
Change vaiue of RAML score
pre-treament - post.treatment

30

25

20

15

10
000 005 010 015 020 025

Change value of FC between INS.L and Amy.L
‘post-ireament - pre-teatment





OPS/images/fpsyt.2020.00732/fpsyt-11-00732-g002.jpg
LA = CNv.s. MDD
7/

POStTMS.MDD v.5. pre.TMS-MDD. R

o &

Averaged FC values.






OPS/images/fpsyt.2020.00236/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2020.00198/fpsyt-11-00198-g001.jpg





OPS/images/fpsyt.2020.00198/fpsyt-11-00198-g002.jpg





OPS/images/fpsyt.2020.00198/fpsyt-11-00198-g003.jpg





OPS/images/fpsyt.2020.00198/table1.jpg
Age (years)

Gender (maleflemale)
Education (years)

Betel Quid Dependence Scale.
Duration of Betel Cuid years)
Beck Depression Inventory
Beck Andey Inventory

BaD
(Mean = $D)

2350 (389)
240
16.13(1.73)
7.682.17)
7.1379)
1038 (6.75)
28.5886:25)

SO, stancird dovitions; N/A, not appicable.

Inciopendnt:sampes ttest.
gy

He
(Mean = $D)

2493 260)
280
1626 (1.32)
NA
NA
375 (4.60)
2311 264)

g

158"

266"

420"
445"

P-valuo

o2

001

000"
000"





OPS/images/fpsyt.2020.00073/table1.jpg
MDD (n = 116)

Ga/A
(n=61
Sex (WF) 3229
Ago ) 451021410
Ecucaion (ears) 10182465
Age of onsot (yors) 070+ 1481
Ouraton of s (monthe) 531728038
Number of epsodes 2051154
Famiy istory (VN) 556
HAMD-24 (0 ) 3120:7.08
HAMD-24 (2 ) 16852780
HAMD-24 (8 ) 4722540
Reductive ate (2 ) 0512018
Reductive ate (8 ) 0812018

438221382
8892433
388421502
6033287.17
2342257
69
31242477
158221576
9782451
0502017
0882015

NG (n=66)
ca/GA "
=26 (n=40)
s 2020
40352 1352 421821375
12502 448 11382464
1195196 1132196

Pr

01
o062
0126
0605
ossi
0539
o619
o972
0979
0350
o762
0202

MOD, major caprosiv hsordr; NG, ol conto: HAMD-24, Hamion Depresson Scalo:24; MIF, malomal: YIN, yesio. P, comparson butwoan tho GG/GA an i geotypes
i the MDD aroup: P2, comparison between the GG/GA and AA genotypes in the NC aroup: P3, comparison between the MDD and NC aroups.





OPS/images/fpsyt.2020.00073/table2.jpg
Brain rogions BA Voxelnumber  MNI  tscore

cooranates
x v oz
om0 e
oo 2 ms o a0 s
. 10 T8 15w o

The sgnifcance threshold was set at a comocted P < 0001 (corected with Aphas
conection and cluster volumo 26 voxs). ALFF, ampitude of owrequency fuctuaton;
BA. Brodmann area; MNI, Montreal Newrological Institute.





OPS/images/fpsyt.2020.00073/table3.jpg
in regions BA Voxel number  MNI coordinates  t-score

x Y oz

Aight meda frontal gyrus. 10 1 3 0 e 147147

Tho sgnifcance treshold was set at a cormocted P < 0.001 (cormected wih AhaSm
correcton and duster volume 26 voxes). ALFF, ampitudo of bwrequency fluctuaton
BA, Brodmann area; MNI, Montreal Neurological Institute.





OPS/images/fpsyt.2020.00198/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2020.00073/fpsyt-11-00073-g004.jpg
ALFF_MFG_R

CACNAIC rs11832738

Indirecteffect = -0.59%

"‘-{ Baseline HAMD-24 score






OPS/images/fpsyt.2020.00027/table3.jpg
Period Cluster

20012008 Custer0

Custer 1

Ouster2

2009-2013 Custer0

Custer 1

Ouster2

2014-2018 Custer 0

Custer 1

Ouster2

Content and interpretation of the cluster

‘Coelation betueen bren sructura eg. crebral cortex,prefonta cortes)
‘abnomatis and brain funcion changss 10 expore pySIPAINIOGY
mecharism of schzoptvenia

1. Naurodevslopmantal abnomaltes i patients with schizopiyeria

2. Anays's of regonal abnormal siructuea features and flencing factors of
thabrain

1. Analysis of metabossm, therapeutic eficacy of antpsychatic agents 00
brain structue

2. Schzophvenia pathology fom the perspective of temporal kobe, prefonial
‘contex and anatomy and histology of bra structure)

Research on the physiopathology mechansm (fom the perspeciie of ronial
Jobe, tempora lobe, preontal cotex, neural patays)of schizoptvenia and
the etcogy of cogrive discder and other complcations.

1. Research on brain tructuee and cton (9. Nppocampus, norve e,
‘orebral cortex) and cerentate schzopiena fom bipcar isorder based
MRl

2. MR (nciucing DT usages mage inorprtations.

1. Research on defaut mode network n schizophiena patients

2. Schzophveni psychology (assocation betwesn anatomical and functiond
oercbraldofcts with aated ciical symptoms)

Research on brain stuctual nd functondl sbnormalty (0.9 prerontl
ortex, nerve ne)of patiens with schizophvenia, as e as physopathoiogy
mechanism of e dsase

1. Research on the iflerence of neurobiciogical basis between sehizopivenia
g other mental diseases

2. Eflcts of antpsychots on brain stuctual changes

1. Efcts of genetc load on bran function of schizopivenia paients
2.1dentfication of schizoptvenia bomarkers

Rank of MeSH
torms

1.3,4.5.7.8,
12,17,21,28

2691011,
14,1624

6.10,18. 22,
26,27,28,31

1.3.8,9.11.18,
16.20,23,%3,
)

245712
15,17,19,21,
25.29,30.32
1,4,12,14,15,
18,19,23, 27,
31.02,34
2,6,10,13,16,
20.21,22.24,
26,29,33,35
3.5.7.89.11
17.25,28,0,
£

Frt of MsSH semts” secresents (e rrstber of Mo Suouency makr MelH Seaneivell subiieadios h each perlbd o showa & Aores B4,

Representative ltera-
tures (PMID)

17085018, 17013465,
16797185, 19042913

18793790, 17166743,
17689500, 16175202

16201569, 17507880,
16520356, 16005383,
16809403

19007861, 20452574,

21868205, 19683696,
22105156

24004694, 22832855,
20573561, 21878411,
19042913, 22945617

. 21096105, 21147518,

19961306, 21277171

24306091, 26123450,
26308738, 29527474,
26908926, 28207073
26347393, 25004725,
25080761, 29257977,
25820144, 25968549
27479928, 27375133,
27829096, 29935206,
20247760





OPS/images/fpsyt.2020.00027/table4.jpg
Poriod  Density Oegroe.

Glosenoss ‘Betwsonnoss

Ma Mo S Nowomcomushmion Max Ma xS Neokcsuin Max Ma S Ketworkconsalaston
02013 SO TR WM TI0 W6ESZIW TN 0D 6600 B05k0R waex  om 0s aarszes 2%
20142018 7082416200 120400 4800 2471720182

13ar% Tz em sisasme S 9% 08 431223 rieg





OPS/images/fpsyt.2020.00027/table5.jpg
Period  Rankof _High-frequency Contraity Rankof _ High-frequency Centralty

MoSH  MeSH torms/MoSH MoSH  MoSH torms/MoSH
torms  subheadings torms  subhoadings
Dogree Botwoenness Closeness. Dogree Betwoenness Closeness
20012008 3 MogicResoranco 674000 5320 89286 15 AdpschotcAgents 99000 3173 80645
imagng therapeuti use
1 Schzopvena/ 663000 8417 100000 16 CacbmiCoded 93000 2587 75758
physopathoogy patnoiogy
4 Schzophvena/ 461000 8417 100000 14 BunMappng 91000 160 7429
dagnoss
s Soraoptenc 429000 5313 9268 21 DfusoaMagoetc 86000 1927 71429
Psychoogy Resonanco Imaging
2 Schzopvena/ 415000 7603 96151 20 Banaomy& 81000 1658 73529
pathoogy histoogy
7 imagoProcessrg, 39000 173 78125 21 imagoiioprelaon 72000 0482 62500
Computer-Assisied Compuer-Asssted/
mathods
6 Banpatioogy 290000 3682 80845 25 Tmpollove/ 62000 228 73529
pathoiogy
8 Banphsopadogy 275000 554 88207 11 Schzoptenal 60000 15% 71429
‘compicatons.
9 Schoptena/ 178000 7441 96151 23 CacbaiCodod 67000 1454 71420
genetics physopanoogy
17 mgog.Tweo- 162000 1206 73520 19 MagrelcResonanco 65000 1313 71420
Dmensional Imagog/statsics &
numercal data
12 PefodCole 144000 338 80615 26 PofonaCoter 63000 1480 75758
physopathoogy pathoogy
10 MegelcResoance 135000 4448 8330 2 Schoptena/ 55000 2312 7359
Imagog/mothods epidemioiogy
18 Soroptenaldng 121000 2806 80645 18 Schzoprenal 41000 0851 67568
ecapy metabolsm
200-2018 1 Schzopvona/ 1322000 10606 100000 16 PycholcDsorders/ 140000 4133 80483
pithoigy patnoigy
2 Schzopvena/ 900000 9658 97089 27 NewalPalway/ 127000 4210 60483
physopathoogy patoiogy
4 Sonzopvenc 754000 10606 100000 22 TompoaLobe/ 114000 3411 78571
Psychoogy patoiogy
3 Banpatoogy 700000 7333 9167 25 NewalPatwayw 14000 2037 71730
physopathoogy
5 Banphsopiogy 498000 593 81615 23 BpowDsoded 114000 1953 71739
pathoogy
7 MagelcResonace 447000 823 91667 28 CogtonDisoders/ 113000 2103 71730
imagng etlogy
6 BanMappng 97000 8O 91867 21 CosbiCotes 111000 208 71739
physopanoogy
10 Sohophena/ 320000 6084 BA61S 26 Banboodsuppy 111000 0794 67347
‘compications
9 MageicResonaco 02000 6204 81615 20 Hppocampus 104000 3958 78571
Imagng/methods pathoiogy
8 Schzopvena/ 281000 0526 97060 20 Emotonsimyscogy 102000 1975 71789
genetics
12 Schzopvena/ 246000 739 89189 34 Imegelopemon 100000 1012 67347
dagnoss Compuer-Asssted/
‘mathods
1 CocbmOoder 24000 4208 82500 30 BanMappng 98000 2873 75000
pathoiogy methods
19 WmgoProcessrg, 20000 388 78571 24 PofonaCoted 94000 0807 66000
Computer-Assisted patoiogy
13 NevoFbos, 200000 5405 84615 15 Schaophonaldng 91000 2401 75000
Myeinated/pathology terapy
" NewoNe/ 172000 1468 70213 81  Fonalooopandogy 86000 3220 70744
physopatnoogy

o Lesonn sama 7170 an o0 0617 ea7en





OPS/images/fpsyt.2020.00027/table5b.jpg
2014- 2018

10

1%

15

i

"

2

19
18

2

EY

Frofonis Cortex/
physopathoogy
Memory, Shoct-Tem/
physidogy
Sohizoptvenia/
physopathoogy
‘Sohoptvenia/
pathoiogy
Branphysopathology

Schizoptvenia/
dagnostcimagng
Sonzopivenic
Psyonoogy
Brainipatnoogy

Mogpetc Fosoranco
Imagog/metnods
‘Bandagnosic

imagey
Wt Mt/
panoiogy
Nene e/
prysopatdogy

Poychotc Dsords/
physopathdogy

Schiopteenia/
genetcs

Magpatc Resonanco

magng
PrakontlConen/
physioatnoogy

Gomectomeimethods
Caretral Cortens
‘physiopathology

Poychotc Dsords/

pathology

oy Matterpainoogy

148,000

1240000

045,000

577000

514000

213000

205000

198,000

194,000
182000

176000

168,000

4300

7920

8434

7802

7722

5881

2225

741

a5

7621

7085

2618

3010
2482

2385

4280

78571

o2z

o2z

8636

04505

04505

85986

o2z

76087

87500

EES

0741

02105

80744

76087

70545
778

07

70545

8

Osusion Tensor
Imagog/mathods.
Antpsychotc Agents/
therapoutic uso
Sonizoptvenia/
compicaions
Corebral Cortex/
pathoiogy
Schizopivenialonng
theapy
Bipolar Disorde/
pathoiogy
8rain Mapping/
methods
Sonizoptvenia/
dagnosss
Bipolar Disorer/
physopathoogy
Memary, Short-Tem/
pnysioogy
Brain Mapging

Peychotio Disorders/
dagnostic magng
Winto Matter/
dagostic magng
Difusion Tonsor
Imagog/mathods.
Antpsychotic Agents/
therapeutic use
Neteal Pathays/
physopatnogy
Emotonsiphysidogy
Profiontal Corex)
patnoiogy
Hppocampus/
pathoiogy
Sonizoptvenia/
‘metabotsm

78000

165000

165000

154000

181,000

129000

126000

117,000

113000

111000

111000

108000

107,000

101,000

99000

93000
83000

78000

48000

Fort of MeGH 1ms” recroeonts 00 ramber of Mo recvency melor MoSH teantiVoSH subieadios h 0och petod &3 show & Floures 26,

115

7320

a2

862

0889

49%0

5120

1391

1535

a0

3946

2050

a2

2463

1663

2488
3268

1446

1257

70213

0744

70505

81.305

1815

70000

429

70545

81.305

2017

74488

2017

2017

76087
76087

70000

eac27





OPS/images/fpsyt.2020.00027/fpsyt-11-00027-i006.jpg





OPS/images/fpsyt.2020.00027/fpsyt-11-00027-i007.jpg





OPS/images/fpsyt.2020.00027/table1.jpg
Period

2004 2008

2009- 2013

2014- 2018

Rank

Forone

vron-Fasomn-

Name.
Urited States.

Nethedands

Uted States.
Notherands.

Unted States
Notherands,

woand

Country
Publications, n (%)

a27(64.11%)
178(18:39%)
178(18:39%
969.92%)
a2634%)
92195.15%)
574(33.70%)
285(19.71%)
273(18.88%)
14408.96%)
70.84%)
134663.09%)
57337.26%)
425(27.63%)
3112022%)
4481%)
a5293%)
1428/92.85%)

Top journal
e

‘Schaoptveniaresearch
Pyohiatry research

Bobogeal psychiatry

Neuroimage

The Amencan jounal of psychitry

Publication, n %)

182016.71%)
868.88%)
770.95%
730.53%)
67691%)

a65(07.98%)

202(16.69%)
15200.10%)
1140.86%)
966.62%)
61(420%)

oas(a4.47%)

222(14.37%)
1256.00%)
8165.24%)
3(4.08%)
620401%)

553(35.79%)

Snenton ME
McCarey RW
Lawrio SM
Johnstone EC
Keshaen MS

Caboun D
Shenton ME
Keshaen MS
Kubick M
Kan RS

Caboun VD
Pearson GD
odroasson OA
Agartz)
Gow

Number of papers

89528 BBELR

LEE8Y






OPS/images/fpsyt.2020.00027/table2.jpg
Period  Threshold value of
high- and low-fre-

‘quency of MeSH
terms

2004 2

2008

2000- ES

2018

2014 EY

2018

Number of
high-frequency
of MeSH torms.

2
£

EY

Frequency

2

ES

E3

Max

a7

663

605

Cumlatiy
frequency

49.0450%

53.8805%

52.1285%

The hioh-frequency MeSH terms in each period can be seen in Figures 2-4.
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