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Background: There is an urgent need for a meta-analysis that characterizes the brain states of major depression disorder (MDD) patients and potentially provides reliable biomarkers, because heterogeneity in the results of resting-state functional neuroimaging has been observed between studies, with some patients not showing the consistent changes, or even opposite patterns. Thus, we evaluated consistent regional brain activity alterations in medication-naive patients with first-episode unipolar MDD and compared the results with those in healthy controls (HCs).

Methods: A systematic database search was conducted (in PubMed, Ovid, and Web of Knowledge) between January 1984 and July 2016 to select resting-state functional activity studies with a voxel-wise analysis in MDD. We used anisotropic effect size-signed differential mapping to perform a whole-brain meta-analysis, comparing functional alterations between first-episode medication-naive unipolar MDD patients and HCs by integrating the studies. In addition, subgroup meta-analysis was conducted to control for the MRI analysis method. Moreover, the meta-regression analyses were performed to examine the potential effects of mean age, education duration, illness duration, and severity of depressive symptoms.

Results: A total of 12 studies were included, comparing 313 MDD patients with 283 HCs. The pooled and subgroup meta-analysis found that the MDD patients showed hyperactivity in the left parahippocampal gyrus, left supplementary motor area, left amygdala, left hippocampus, and left middle frontal gyrus (MFG; orbital part), and hypoactivity in the left lingual gyrus, left middle occipital gyrus, right cuneus cortex, right MFG (orbital part), and left cerebellum. In the meta-regression analyses, the mean illness duration was positively associated with hyper-activation in the left parahippocampal gyrus and hypoactivation in the hemispheric lobule IV/V of the left cerebellum.

Conclusions: This meta-analysis indicated that MDD patients had significant and robust resting-state brain activity alteration in amygdala, left hippocampus and other regions, which implicated this finding in the pathophysiology of cognitive and emotional impairment in MDD patients.

Keywords: major depressive disorder, resting-state functional activity, voxel-based neuroimaging, seed-based d mapping, meta-analysis

INTRODUCTION

Depressive disorders constitute a common group of psychiatric disorders with high prevalence (Rosenstrom and Jokela, 2017). With the most conservative estimate of 350 million patients with depression, depression is one of the leading causes of disabilities worldwide (Caan, 2015); however, its clinical definition remains a debated topic. Recent studies have investigated depressive disorder at the level of individual symptoms that define major depressive disorder (MDD) (Fried and Nesse, 2015). The current MDD diagnosis depends on subjective symptoms, experiences and perceptions, requiring the presence of at least one of the two core symptoms: (1) depressed mood and/or (2) markedly diminished interest or pleasure in all, or almost all, activities (Rosenstrom and Jokela, 2017). Reliable biomarkers that can improve the sensitivity and specificity estimates of diagnostic and treatment strategies for MDD are lacking. Scientists have proposed that neuroimaging has the “diagnostic potential” of finding anomalies in brain structure, function, and neurochemistry in patients with depression (Kambeitz et al., 2016).

With the advances in the development of modern imaging techniques in the last few decades, multiple neuroimaging modalities, such as functional magnetic resonance imaging (fMRI), single-photon emission computed tomography (SPECT), and positron emission tomography (PET), have greatly increased the current understanding of altered brain activity in MDD. In general, there are two analysis methods to quantify fMRI resting-state activity: amplitude of low-frequency fluctuation (ALFF) and regional homogeneity (ReHo). In addition, an improved ALFF method, fractional ALFF (fALFF), could improve the sensitivity and specificity in examining regional spontaneous fun (Liu et al., 2013). Moreover, both regional cerebral blood flow (rCBF) and glucose metabolism (rCMglu), produced by arterial spin labeling (ASL)/PET/SPECT, could be used to detect altered brain activity in MDD. Among patients with MDD to healthy controls (HCs), PET, or fMRI revealed hyperactivity of the amygdala, insula, subcallosal cingulate cortex, and hypoactivity of the dorsolateral prefrontal cortex (Bohning et al., 2001; Zobel et al., 2005; Dunlop et al., 2017). However, heterogeneity in the results was observed among studies, with some patients not showing these changes or even opposite patterns (e.g., PET revealed increased metabolism in the dorsolateral prefrontal cortex) (Goldapple et al., 2004; Dunlop et al., 2017). Furthermore, the published meta-analyses involved either variable patients with recurrent MDD, post-treatment MDD or bipolar MDD, or the region of interest analysis explored, which could not reflect intrinsic whole brain activity. Therefore, there is an urgent need for a meta-analysis of resting-state neuroimaging studies that characterize the brain states of medication-naive patients with first-episode unipolar MDD and potentially provide reliable biomarkers.

In the present study, we used the voxel-based meta-analytic technique anisotropic effect size seed-based d mapping (formerly “signed differential mapping”), which is a voxel-based statistical technique for meta-analyzing studies on differences in brain structure or activity, to perform a whole-brain meta-analysis comparing functional alterations between first-episode medication-naive unipolar MDD patients and HCs. In addition, subgroup meta-analysis was used to control for the MRI analysis method. Moreover, the meta-regression analyses were used to examine the potential effects of mean age, education duration, illness duration and severity of depressive symptoms. Therefore, this meta-analysis may reflect intrinsic brain activity, without the influence of treatment and external tasks, and may provide more reliable information to understand the pathological underpinnings of MDD.

METHODS

Search Strategy

A systematic search strategy was used to select relevant studies published in PubMed, Ovid and Web of Knowledge between January 1984 and July 2016. The following search terms were used: “ReHo” < or > “regional homogeneity” < or > “ALFF” < or > “amplitude of low frequency fluctuations” < or > “low frequency fluctuations” < or > “ASL” < or > “arterial spin labeling” < or > “CBF” < or > “cerebral blood flow” < or > “rCMRglu” < or > “regional cerebral metabolic” < or > “PET” < or > “positron emission tomography” < or > “SPECT” < or > “single photon emission computed tomography” < or > “neuroimaging”; “depression” < or > “unipolar depression” < or > “depressive disorder” < or > “major depression” < or > “major depressive disorder” < or > “depressed”; and “resting-state” < or> “rest” < or> “resting.”

Studies Selection

Studies were selected accorded to the following criteria: (1) the original paper used at least one of the functional imaging techniques of fMRI, ASL, PET, or SPECT to analyze whole brain-altered activity in patients with MDD; (2) the study enrolled first-episode medication-naive unipolar MDD patients and a matched HCs group aged 16–60 years; and (3) the article clearly reported 3-dimensional coordinates in the stereotactic space of the activation areas. Studies reporting only region of interest (ROI) findings, the same samples from a previous study, overlapping samples without the largest group, the samples with comorbidity of other psychiatric disorder were excluded. The studies were also excluded if the corresponding authors did not respond to letters ensuring whether the criteria were met or if the data exhibited significant heterogeneity (p < 0.005) when added in.

Two authors (XM and TL) independently searched, selected, and cross-checked the literature. The authors discussed any inconsistent articles, reached a consensus decision and implemented the following steps.

Quality Assessment

The quality of each selected article was independently assessed by two authors using a 10-point checklist based on previous meta-analysis studies (Wang T. et al., 2016; Zhang et al., 2016). The assessment included the quality of the diagnostic procedures, the demographic and clinical characterization, the sample size, the analysis method and the quality of the reported results (see Table S1). Although the checklist was not designed as an assessment tool, it can provide some objective indication of the rigor of individual studies. The study quality scores are presented in Table 1.


Table 1. Demographic and clinical characteristics of the participants in 12 fMRI studies (8 ALFF data sets and 4 ReHo data sets) included in the meta-analysis.
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Voxel-Wise Meta-Analysis

A voxel-based meta-analysis was performed to compare resting-state functional activity in first-episode medication-naive unipolar MDD patients and HCs. The meta-analysis was conducted using anisotropic effect size-signed differential mapping (AES-SDM, http://www.sdmproject.com/software) to account for both positive and negative differences between patients and controls, such as hyperactivation and hypoactivation between first-episode medication-naive unipolar MDD patients and HCs, which is a reliable and valid peak coordinate-based method combining both peak coordinates and statistical parametric maps and using standard effect size and variance-based meta-analytic calculations (Radua et al., 2012a, 2014). The three-dimensional peak coordinates normalized to the Montreal Neurological Institute (MNI) space and effect size in each study were extracted for the meta-analysis according to the AES-SDM tutorial. Specifically, the z-scores in some studies were converted to t statistics using an online converter (http://www.sdmproject.com/utilities/?show=Statistics). If there was no effect size (t-values, z-values, p-values or similar), then a “p” was recorded for positive peaks, and an “n” was recorded for negative peaks. AES-SDM set the full width at half maximum (FWHM) to 20 mm because this setting is optimal to balance sensitivity and specificity (Radua et al., 2012a) and may account for some spatial errors, such as cluster size (the larger cluster, the more error between the peak and the center of the cluster) (Ferreira and Busatto, 2010). Other parameters included voxel P = 0.005, peak height Z = 1, and cluster extent = 10 voxels (Radua et al., 2012a).

Reliability Analysis

The robustness of the results of the meta-analysis was evaluated through an inspection of heterogeneity, jack-knife and subgroup analyses (Radua et al., 2012b). The inspection of heterogeneity produced a map of the inter-study heterogeneity showing which brain regions are more heterogeneous. The jack-knife sensitivity analysis involved repeating the meta-analysis after excluding one study at a time, and this analysis was used to assess the reproducibility of the results (Radua et al., 2012a). Finally, subgroup meta-analysis was performed to control for the MRI analysis method. If the brain regions are still significant in all or most of the combinative and previous studies, then the findings are highly replicable (Radua et al., 2012a).

Meta-Regression Analysis

A simple linear regression was used to examine the following variables: mean age, education duration, illness duration, and severity of depressive symptoms. To minimize the detection of spurious associations, we decreased the probability threshold to 0.0005, detected required abnormalities in both the slope and one of the extremes of the regressor, and discarded findings in regions other than those detected in the main analysis, as in previous meta-analyses (Radua et al., 2012a,b). Finally, regression plots were visually inspected to discard fits driven by too few studies (Radua et al., 2012b).

RESULTS

Studies Included in the Meta-Analyses

Figure 1 shows a flow diagram of the study selection process. 12 papers (Liu et al., 2010, 2013, 2014; Peng et al., 2011; Chen J. D. et al., 2012; Shen et al., 2014; Wang L. et al., 2014, 2016; Wang L. J. et al., 2014; Zhang et al., 2014; Lai and Wu, 2015; Du et al., 2016) were selected. Specifically, this meta-analysis involved 313 medication-naive patients with first-episode unipolar MDD (55.6% females; mean age 31.62 years) from China, matched with 283 HCs (51.9% females; mean age 30.77 years) based on age, sex, education and nationality. All included studies involved pairwise comparisons between patients and well-matched HCs. Table 1 summarizes the demographic information, clinical data and imaging-specific methodology from all included studies. One study (Wang L. J. et al., 2014) included early treatment-nonresponsive (END) and early treatment-responsive (ERD) patients compared with HCs stratified into Wang et al. (END) and Wang et al. (ERD). Another study (Chen J. D. et al., 2012) extracted partial data involving early-onset depression patients vs. HCs.
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FIGURE 1. Meta-analysis of resting-state functional activity studies in medication-naive patients with first-episode unipolar major depression compared with healthy controls.



Voxel-Wise Meta-Analysis

In the whole-brain meta-analysis, first-episode medication-naive unipolar MDD patients showed functional abnormalities compared with HCs. The resting-state functional activity was increased in the left parahippocampal gyrus (PHG, BA 28), left supplementary motor area (SMA; BA 6), and left middle frontal gyrus (MFG; orbital part, BA 11), and decreased in left lingual gyrus (LING; BA 27), left middle occipital gyrus (MOG; BA 19), right cuneus cortex (CUN; BA 18), right MFG (orbital part, BA 11), right supramarginal gyrus (SMAR; BA 48), right postcentral gyrus (PoCG; BA 43), and left cerebellum (including cerebellar hemispheric lobule III/IV/V; BA 30) (Figure 2 and Table 2). In addition, the increased activation in a cluster with peak activation in the left PHG that also extended into the hippocampus and amygdala. The results overlapped in the subgroup meta-analysis of “ALFF” studies. In the subgroup meta-analysis of “ALFF” studies, the resting-state functional activity was increased in both left PHG (BA 28) and left MFG (orbital part, BA 11), and decreased in both left precuneus (BA 30) and right SMAR (BA 48) (Figure 3 and Table S2).
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FIGURE 2. The areas of increased (red) and decreased (blue) resting-state functional activity in the pooled meta-analysis of studies in medication-naive patients with first-episode unipolar major depression compared with healthy controls. R, right; L, left; SMA, supplementary motor area; MFG, middle frontal gyrus; MOG, middle occipital gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus.




Table 2. Brain regions showing greater and less activity in MDD vs. HC (voxel-wise p < 0.005 and FWHM = 20 mm).
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FIGURE 3. The areas of increased (red) and decreased (blue) resting-state functional activity in the subgroup meta-analysis of “ALFF” studies in medication-naive patients with first-episode unipolar major depression compared with healthy controls. R, right; L, left; STG, superior temporal gyrus; MFG, middle frontal gyrus.



Reliability Analysis

In a whole-brain jack-knife sensitivity analysis of first-episode medication-naive unipolar MDD patients compared with HCs (Table 3), increased functional activity in the left PHG of MDD patients was significant in all. And increased functional activity in the left SMA of MDD patients was also significant in all but 1 combination of the datasets. Increased functional activity in the left MFG (orbital part) and decreased functional activity in the left MOG and right MFG (orbital part) were significant in all but 2 combinations. Decreased functional activity in the left LING remained significant in all but 3 combinations.


Table 3. Sensitivity analyses of studies in the meta-analysis of MDD vs. HC.
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Meta-Regression Analysis

The variables explored by regression analyses included mean age, education duration, illness duration and severity of depressive symptoms. The mean illness duration was positively associated with resting-state hyperactivation in the left PHG (BA 28) and hypoactivation in the hemispheric lobule IV/V of left cerebellum (BA 30); no linear association with mean age, education duration and illness severity was observed.

DISCUSSION

We integrated the findings from 12 resting-state functional neuroimaging studies using AES-SDM, in which first-episode medication-naive unipolar MDD patients were compared with HCs. Without the influence of treatment and external tasks, this whole-brain meta-analysis, comparing functional alterations between first-episode medication-naive unipolar MDD patients and HCs, could reflect intrinsic brain activity and may provide more reliable information on the neural patterns in some regions and their potential roles in the pathophysiology of MDD, which is different from previous meta-analyses. The results of the present meta-analysis are largely consistent with previous MDD studies, showing a subset of regional differences, including hyperactive left PHG, left SMA, left MFG (orbital part), and hypoactive left LING, left MOG, right CUN cortex, right MFG (orbital part), right SMAR, and right PoCG. In addition, differences were observed in other regions, such as hyperactive left hippocampus, which have hitherto been neglected in studies of first-episode medication-naive unipolar MDD patients. The results of subgroup meta-analysis of “ALFF” were similar. Therefore, these results demonstrated the reproducibility and comparability of these studies.

Findings in the Pooled Meta-Analysis

In the pooled meta-analysis, MDD patients showed increased resting-state brain activity in the left PHG, left amygdala, and left hippocampus, and decreased activity in the left cerebellum (including cerebellar hemispheric lobule III/IV/V).

Over the last decade, a neurobiological limbic-cortical model of MDD has been described. Using this model, Mayberg (2003) and Mayberg et al. (1999) suggested that depression is related to hyperactivity in limbic areas associated with emotional processing and inadequate inhibition by prefrontal areas. The hyperactive regions include the amygdala, hippocampus and orbitofrontal cortex, consistent with the results of the present study.

The amygdala is a key structure in a limbic circuit and plays an important role in involuntary, automatic appraisal processes, which are crucial components of emotion (Dannlowski et al., 2007). The amygdala is likely involved in the pathophysiology of depression, because several studies have used various imaging modalities, such as structural MRI (Lorenzetti et al., 2010; Burke et al., 2011), task-related MRI (Thomas et al., 2001) and rs-fMRI (Du et al., 2016), to report amygdala alterations in patients with depression. Previous meta-analyses (Campbell et al., 2004; Arnone et al., 2012) have reported the lack of volume differences in the amygdala between patients with depression and HCs. However, the results do not exclude the involvement of amygdala in depression. Based on facial recognition tasks, fMRI studies have reported abnormal BOLD signals in the amygdala, showing hyperactivation or hypoactivation compared with controls or in response to treatment (Thomas et al., 2001; Fu et al., 2004; Anand et al., 2007). The role of the left amygdala in depression is not only supported by emotion task studies but also by rs-fMRI studies. Du et al. (2016) showed that ALFF increased in the bilateral amygdala, and this study was included in the present meta-analysis. However, we observed hyperactivity in the amygdala on the left side. This finding may reflect the heterogeneity of the right amygdala in MDD. It is also likely that the hyperactivity in the right amygdala may also reflect differential responses to the confining environment, such as the MRI scanner, and different characteristics of subjects. Further studies are needed to determine their relative contributions to MDD pathology. A previous study (Mandell et al., 2014; Palmer et al., 2014) illustrated that the core role of increased activity in the amygdala is consistent with rumination hypotheses, and the hyperactive amygdala may be associated with the identification and processing of negative stimuli, guiding attention toward potential danger (Davis and Whalen, 2001). The results of the present study suggest that left hyperactive amygdala in depression affects the onset and maintenance of emotional disorders by eliciting dysfunctional negative biases at automatic stages of affective information processing (Dannlowski et al., 2007).

The hippocampus is also likely involved in the pathophysiology of depression. Some studies have proposed several putative genetic risk variants associated with hippocampal structure (Baune et al., 2012; Dannlowski et al., 2015). Previous meta-analyses have reported a reduction in hippocampal size in MDD patients, associated with the illness duration in untreated depression patients (Sheline et al., 2003), and suggested its possible use as a diagnostic neuro-biomarker for MDD (Cole et al., 2011; Wang et al., 2012; Kambeitz et al., 2016). The reduced hippocampal volume may be accompanied by altered function, which has been neglected in studies of first-episode medication-naive unipolar MDD patients. In the present study, we detected an increase in left hippocampal activity, consistent with other studies (Milne et al., 2012). The hippocampus plays a role in assessing novel items, information retrieval success, visual memory, spatial memory, and recollection memory (Tulving et al., 1994; Nyberg et al., 1996; Yonelinas, 1997; Bellgowan et al., 2003; Rugg and Yonelinas, 2003; Diana et al., 2007; Milne et al., 2012). Hippocampal activation was most consistent with proposed memory models correlating the hippocampus with recollection memory (Diana et al., 2007). The results of the present study suggest that the left hippocampus, with reduced volume and hyperactivity in depression, could serve as a neuroimaging biomarker for diagnosing MDD.

The anterior cerebellum is also likely involved in the pathophysiology of depression. Several MDD studies (Liu et al., 2010, 2014) have identified abnormal cerebellar activity and these results are largely consistent with the findings of the present study, showing left anterior cerebellar hypoactivity in MDD. Although findings in the cerebellum are uncommon in early neuroimaging studies, these studies have illustrated growing evidence that the cerebellum, long considered to possess a sensorimotor function, plays a role in the cognitive and emotional processing of negative stimuli (Schraa-Tam et al., 2012; Wang et al., 2012). Patients with cerebellar lesions show a range of emotional and behavioral abnormalities, including distractibility, disinhibition, anxiety and irritability (Schmahmann et al., 2007). The literature has reported that D-amino acid oxidase activator gene is associated with a hypoactive cerebellum in patients with depression, suggesting that glutamatergic modulation will influence the cerebellar activity in MDD (Chen J. et al., 2012; Lai and Wu, 2016). Liu et al. (2012) reported increased ReHo values in the cerebellum in MDD patients. Discrepancies among the observations in the cerebellum likely reflect different characteristics of subjects, such as age, the MRI scanner used and analytic modifications. Furthermore, a resting-state functional connectivity study showed that decreased functional connectivity between the left cerebellum and inferior parietal lobule may be a disease state phenomenon (Liu et al., 2013) and represent the characteristics of adult first-episode medication-naive unipolar MDD patients (Lai and Wu, 2016). Taken together, these findings suggest that the left hypoactive anterior cerebellum at rest may contribute to internal activity in MDD.

Findings in the Subgroup Meta-Analysis

The subgroup meta-analysis of “ALFF” studies revealed hyperactivity in the left PHG, left amygdala, left hippocampus, and left rolandic operculum in MDD compared with HCs. In particular, hyperactive left rolandic operculum was not identified in the pooled meta-analysis. To our knowledge, this study is the first to report this finding. Tozzi et al. (2016) observed increased mean diffusivity (MD) and fractional anisotropy (FA) values in the left rolandic operculum in patients carrying the T allele of rs1360780 of the FKBP5 gene, which has been associated with depression (Gillespie et al., 2009; Lavebratt et al., 2010) and white-matter abnormalities (Fani et al., 2014), compared with patients homozygous for the C allele. Increased MD and reduced FA are associated with axonal degeneration, demyelination, decreased axonal density, and incomplete white-matter maturation (Feldman et al., 2010; Alexander et al., 2011). These structural changes may be associated with the altered function observed in the current subgroup meta-analysis of “ALFF.” Thus, further studies are warranted.

Findings in the Meta-Regression Analysis

Meta-regression analyses of MDD vs. HC studies showed that the mean illness duration was positively associated with resting-state hyperactivation in the left PHG. To our knowledge, this study is the first to report this positive relationship. The PHG is a limbic circuit structure associated with mood regulation. The left hyperactive PHG may lead to a disconnection syndrome, which partly contributes to emotional dysregulation exhibited by patients with MDD (Liu et al., 2013). Previous studies (Chen J. D. et al., 2012; Liu et al., 2013) have reported increased activity in the left hyperactive PHG, consistent with the pooled meta-analysis in the present study. However, other researches have shown decreased areas in a study of patients with long depression histories (Radua et al., 2012b). Thus, we suggest that the increased left PHG activity might accompany the development of MDD. Further studies are warranted.

We also observed that the mean illness duration was positively associated with resting-state hypoactivation in the hemispheric lobule IV/V of the left cerebellum, consistent with a previous study (Wang L. J. et al., 2014). Notably, we did not detect a linear association with mean age, education duration and illness severity.

Limitations

The present meta-analysis has some limitations. First, the availability of studies meeting the criteria for selection may limit the power of our analyses. The exclusion of studies that used functional connectivity approaches or did not report stereotaxic coordinates likely reduced the power to detect less-robust activations. Second, the small number of studies precluded separate meta-analyses for some moderator variables, such as the characteristics of patients (gender). Although we conducted subgroup meta-analysis of “ALFF” in MDD compared with HCs, this analysis included only 8 studies and had limited power; further studies are needed. Third, the accuracy of this voxel-wise meta-analysis may have been limited, because AES-SDM, like all coordinate-based methods, assumes that effect sizes originate from homogeneous t-value contrasts; in fact, these effects might originate from different covariate models or from different raw statistics, and this limitation could be controlled using SDM covariate analyses where relevant (Wang T. et al., 2016). Finally, all neuroimaging data are highly sensitive to common artifacts, such as breathing effect and head motion, which may influence the results.

CONCLUSIONS

The present voxel-wise meta-analysis provided a unique opportunity to assess altered resting-state brain activity across individual MDD studies. The results confirmed a subset of regional differences reported in previous MDD studies, including hyperactivity in the left parahippocampal gyrus, left supplementary motor area, left amygdala and left MFG (orbital part), and hypoactivity in the left LING, left MOG, right CUN, right MFG (orbital part), and left cerebellum (including cerebellar hemispheric lobule III/IV/V). Additional regions were observed, such as left hippocampus, left rolandic operculum, left PHG, which had received less attention. Further studies are needed to determine whether the findings reported here are disease-related. The innovative methodological approach studies that transcend limitations mentioned above and longitudinal studies that investigate the dynamic brain activity changes of MDD patients and the relationship between these alterations and cognition will help us better understand the neuropathological changes in MDD patients.
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