Supplementary materials

Materials and methods
Literature search and selection

Our meta-analysis was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher, Liberati, Tetzlaff, Altman, & Group, 2009). A systematic search was performed independently by two investigators (X.S. and W.H.) to determine relevant studies published in PubMed and Web of Science before February 19, 2021. This meta-analysis protocol was pre-registered in PROSPERO (https://www.crd.york.ac.uk/PROSPERO/, registration number: CRD42021250728). The following search terms were used: (“major depressive disorder” or “MDD” or “major depression” or “depression” or “unipolar depression”) AND (“CBF” or “cerebral blood flow”). Additionally, manual search was performed to further identify related studies based on references listed in the included studies and the related reviews. The following inclusion criteria were used to select relevant studies: 1) studies were published in an original paper in a peer-reviewed journal; 2) studies compared CBF between MDD patients and HC; 3) comparisons were conducted at a voxel-wise manner and a whole-brain level; 4) statistical results were reported in a stereotactic space (Montreal Neurological Institute [MNI] or Talairach space); and 5) imaging data were not used in other included studies. The exclusion criteria were as follows: 1) articles were literature reviews or meta-analyses; 2) articles were not in English; 3) no comparisons were performed between MDD patients and HC; 4) no peak coordinates were reported for relevant contrasts; 5) patients had psychiatric comorbid disorders; 6) only region of interest was reported; and 7) all reported coordinates were outside the cerebral cortex. The detailed study selection process is shown in Fig. S1. For each included study, we recorded the following information: scanner, sample size, sex, age, symptom severity, diagnostic criteria, and illness duration.

Sensitivity and heterogeneity analyses of meta-analysis 

Several supplementary analyses were pursued to test the robustness and reliability of our meta-analysis results. First, to assess the replicability of the results, a whole-brain voxel-based jackknife sensitivity analysis was performed by iteratively repeating meta-analyses, discarding one study each time. The results that remain significant in all or most of the combinations of studies are considered highly replicable. Second, potential publication bias was assessed by two tests for small-study effect and excess significance, respectively. Finally, I2 statistic was calculated to describe which percentage of the variability between studies might be due to between-study heterogeneity, with I2 > 50% commonly indicating serious heterogeneity (Higgins & Thompson, 2002).

Participants in the independent dataset

Group CBF differences were also tested in an independent sample of 133 MDD patients and 133 well-matched HC. MDD patients were enrolled consecutively from the inpatient and outpatient departments of Hefei Fourth People’s Hospital. HC were recruited from the local community via poster advertisements. Two well-trained clinical psychiatrists confirmed the diagnosis of depression using the MINI-International Neuropsychiatric Interview (M.I.N.I.) in accordance with the International Classification of Diseases (ICD-10) criteria. HC were carefully screened to confirm the absence of any psychiatric illness using the M.I.N.I. Exclusion criteria for all participants included: 1) the presence of other psychiatric disorders such as schizophrenia, bipolar disorder, substance-induced mood disorder, anxiety disorders, substance abuse or dependence; 2) a history of significant neurological or physical diseases; 3) a history of head injury with loss of consciousness; 4) pregnancy or any contraindications for MRI. Additional exclusion criterion for HC was a family history of major psychiatric or neurological illness among their first-degree relatives. 24-item Hamilton Rating Scale for Depression (HAMD) (Williams, 1988) and 14-item Hamilton Rating Scale for Anxiety (HAMA) (Thompson, 2015) were applied to capture the severity of depression and anxiety symptoms. This study was approved by the ethics committee of The First Affiliated Hospital of Anhui Medical University. Written informed consent was obtained from all participants after they had been given a complete description of the study.

MRI data acquisition in the independent dataset

MRI data were acquired on a 3.0-Tesla MR system (Discovery MR750w, General Electric, Milwaukee, WI, USA) with a 24-channel head coil. Earplugs were used to reduce scanner noise, and tight but comfortable foam padding was used to minimize head motion. High-resolution 3D T1-weighted structural images were acquired by employing a brain volume (BRAVO) sequence with the following parameters: repetition time (TR) = 8.5 ms; echo time (TE) = 3.2 ms; inversion time (TI) = 450 ms; flip angle (FA) = 12°; field of view (FOV) = 256 mm × 256 mm; matrix size = 256 × 256; slice thickness = 1 mm, no gap; 188 sagittal slices. The resting-state perfusion imaging was performed using a pseudo-continuous ASL sequence with a 3D fast spin-echo acquisition and background suppression (TR = 5070 ms, TE = 11.5 ms; post-label delay = 2025 ms; spiral in readout of eight arms with 512 sample points; FA = 111°; FOV = 240 mm × 240 mm; reconstruction matrix = 128 × 128; slice thickness = 3 mm, no gap; 50 axial slices; number of excitation = 3). The label and control whole-brain image volumes required 8 TRs, respectively. A total of three pairs of label and control volumes were acquired. All images were visually inspected to ensure that only images without visible artifacts were included in subsequent analyses.

CBF analysis in the independent dataset

Three ASL difference images were calculated by subtracting the label images from the control images and then averaged. Next, CBF was quantified by applying a single-compartment model (Buxton et al., 1998) to the mean ASL difference and proton-density-weighted reference images (Xu et al., 2010; Zhu et al., 2015; Zhu et al., 2017; Zhuo et al., 2017). The Statistical Parametric Mapping software (SPM12, http://www.fil.ion.ucl.ac.uk/spm) was used to normalize the CBF images into the MNI space using the following steps: 1) individual structural images were firstly co-registered with the CBF images; 2) the transformed structural images were segmented and normalized to the MNI space; and 3) the CBF image of each subject was written into the MNI space using the deformation parameter derived from the prior step. For the purpose of standardization, the CBF value of each voxel was divided by the global mean CBF value. Finally, the CBF images were smoothed with a 6 mm FWHM Gaussian kernel. For the independent dataset, CBF differences between MDD patients and HC were examined using a two-sample t-test in a voxel-wise manner, resulting in a statistical t map. Multiple comparisons were corrected using the cluster-level family-wise error (FWE) method, resulting in a cluster defining threshold of P < 0.001 and a corrected cluster significance of P < 0.05.
Brain gene expression data processing

Brain gene expression data were obtained from the downloadable AHBA dataset (http://www.brain-map.org) (Hawrylycz et al., 2015; Hawrylycz et al., 2012). The dataset was derived from six human post-mortem donors (Table S1). The original expression data of more than 20000 genes at 3702 spatially distinct brain tissue samples were processed using a newly proposed pipeline (Arnatkeviciute, Fulcher, & Fornito, 2019). Specifically, we first updated the probe-to-gene annotations based on the latest available information from the National Center for Biotechnology Information (NCBI) using the Re-Annotator package (Arloth, Bader, Roh, & Altmann, 2015). With intensity-based filtering, we excluded probes that did not exceed the background noise in at least 50% of samples across all donors. As multiple probes were used to measure the expression level of a single gene, we further used the RNA-seq data as a reference to select probes. After excluding genes that do not overlap between RNA-seq and microarray datasets, we computed the correlations between microarray and RNA-seq expression measures for the remaining genes. After excluding probes with low correlations (r < 0.2), a representative probe for a gene was selected based on the highest correlation to the RNA-seq data. In this study, only the tissue samples in the left cerebral cortex were included. For one, all six donors had expression data in the left hemisphere, whereas only two donors had samples in the right hemisphere. For another, the inclusion of subcortical samples might introduce potential biases because of the great differences in gene expression between cortical and subcortical regions (Hawrylycz et al., 2012). To account for potential between-sample differences and donor-specific effects in gene expression, we conducted both within-sample cross-gene and within-gene cross-sample normalization by using the scaled robust sigmoid normalization method. Differential stability (DS) is a measure of consistent regional variation across donor brains. Previous research has reported that genes with high DS scores demonstrate more consistent spatial expression patterns between donors (Hawrylycz et al., 2015). As gene expression conservation across subjects is a prerequisite for the transcription-neuroimaging spatial correlations, we only selected genes with relatively more conserved expression patterns for analysis. To achieve this goal, we ranked the genes by their DS values and chose the genes with the top 50% highest DS for the main analysis. Furthermore, to evaluate the effect of different DS threshold selections, we conducted sensitivity analyses by using two other DS cutoff thresholds (top 40% and 60%). The numbers of remaining probes and genes at each processing step are shown in Fig. S2 in the Supplementary materials.

Spatially-constrained permutation test

To further test whether the number of the identified genes was significantly greater than the random level, a permutation test was conducted to establish the significance of our results. As transcriptional data are spatially autocorrelated, i.e., nearby anatomical regions tend to have more similar patterns of gene expression than spatially distant regions, the standard non-parametric null (i.e., randomly shuffling the sample labels) is strongly violated by the spatial autocorrelation of brain maps, yielding increased family-wise error rates (Markello & Misic, 2021). To address this issue, we used a spatially-constrained null model proposed by Burt et al. (Burt, Helmer, Shinn, Anticevic, & Murray, 2020) to perform the permutation test. This method is implemented in an open-access, Python-based software package, BrainSMASH: Brain Surrogate Maps with Autocorrelated Spatial Heterogeneity (https://github.com/murraylab/brainsmash). It can simulate volumetric surrogate brain maps that preserve the spatial autocorrelation using three-dimensional Euclidean distance between regions. To correct the spatial autocorrelation in transcriptional data, we used this method to generate spatial autocorrelation-preserving surrogate maps for each gene. These surrogate maps were used to re-identify genes related to CBF changes in MDD patients using exactly the same method as mentioned above. Then, we repeated this procedure 5000 times and recorded the number of genes identified in each test to build a null distribution. Finally, we compared the number of genes identified using the real data with this null distribution to determine whether our results were different from random.

Behavioral relevance analysis

To capture the behavioral relevance of the genes related to CBF changes in MDD patients, we tested their associations with behavioral domains from the Neurosynth (https://neurosynth.org/), a well-validated and publicly available platform for meta-analysis of neuroimaging literature (Yarkoni, Poldrack, Nichols, Van Essen, & Wager, 2011). The Neurosynth database contains activation maps of 1335 behavioral terms that describe nearly all aspects of human behavior. For each term, cross-sample correlation analyses were performed between its activation values and gene expression measures, resulting in a set of correlation coefficients corresponding to the genes. Considering that great positive and negative correlation coefficients both indicate that a gene contributes to a behavioral term, we averaged the absolute values of these correlation coefficients (|r|mean) to index the extent to which these genes were related to each term. Finally, the behavioral terms were ordered based on their |r|mean and those with the highest |r|mean were selected to capture the behavioral relevance of the genes related to CBF changes in MDD patients. Here, a threshold of |r|mean > 0.2 was used for visualization and interpretation.
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Figure S1. The study selection process of the meta-analysis. Abbreviation: ROI, region of interest.
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Figure S2. The remaining probes and genes at each processing step.
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Figure S3. PPI network constructed by the genes associated with CBF changes in MDD patients. (A) A PPI network with 604 genes and 3582 edges. The P value denotes the statistical significance of how likely the proteins encoded by the input genes are connected to construct a network. (B) Spatial-temporal expression curves of three hub genes with the highest degree values (i.e., GNG2, GNB4, and GNG4). Abbreviation: CBF; cerebral blood flow; MDD, major depressive disorder; PPI, protein-protein interaction.

Tables

Table S1. Demographic information of the six adult donors in the AHBA

	Donor
	Age (years)
	Gender
	Ethnicity
	Hemisphere
	Post-mortem interval (h)

	H0351.2001
	24
	Male
	African American
	Both
	23

	H0351.2002
	39
	Male
	African American
	Both
	10

	H0351.1009
	57
	Male
	Caucasian
	Left
	25.5

	H0351.1012
	31
	Male
	Caucasian
	Left
	17.5

	H0351.1015
	49
	Female
	Hispanic
	Left
	30

	H0351.1016
	55
	Male
	Caucasian
	Left
	18


Abbreviation: AHBA, Allen Human Brain Atlas. 

Table S2. Brain regions showing CBF differences between MDD patients and HC identified by the meta-analysis
	Regions
	Cluster size (voxels)
	Peak MNI coordinate
	SDM-z
	 P value

	MDD > HC
	
	
	
	

	Right caudate
	81
	18, 8, 18
	3.41
	3.21×10-4

	MDD < HC
	
	
	
	

	Left insula
	21
	-44, 6, -2
	-2.9
	1.86×10-3

	Right calcarine sulcus
	27
	14, -92, -2
	-2.95
	1.59×10-3


Abbreviations: CBF, cerebral blood flow; HC, healthy controls; MDD, major depressive disorder; MNI, Montreal Neurological Institute; SDM, Seed-based d Mapping.

Table S3. Jackknife sensitivity analysis of the meta-analysis
	Discarded study
	Increased CBF
	
	Decreased CBF

	
	Right caudate
	
	Left insula
	Right calcarine sulcus

	Bench et al. (1992)
	1
	
	1
	1

	Cantisani et al. (2016)
	1
	
	1
	1

	Chen et al. (2016)
	1
	
	1
	1

	Cooper et al. (2017)
	1
	
	0
	1

	Duhameau et al. (2010)
	1
	
	1
	1

	Ho et al. (2013)
	1
	
	1
	1

	Jarnum et al. (2011)
	1
	
	1
	1

	Kaichi et al. (2016)
	1
	
	1
	0

	Krausz et al. (2007)
	1
	
	1
	1

	Li et al. (2018)
	1
	
	0
	1

	Lui et al. (2009)
	1
	
	1
	1

	Monkul et al. (2012)
	0
	
	1
	1

	Perico et al. (2005)
	0
	
	1
	1

	Sahib et al. (2020)
	1
	
	1
	1

	Savitz et al. (2012)
	1
	
	1
	1

	Vardi et al. (2011)
	1
	
	0
	1

	Vasic et al. (2015)
	0
	
	1
	0

	Total
	14
	
	14
	15


1 indicates brain region that remained significant after exclusion of the corresponding study and 0 indicates brain region that was no longer significant after exclusion of the study. Abbreviation: CBF, cerebral blood flow.
Table S4. The tests for small-study effect and excess significance
	Brain regions
	P (small-study effect test)
	P (excess significance test)

	MDD > HC
	
	

	Right caudate
	0.64
	1

	MDD < HC
	
	

	Left insula
	0.87
	0.99

	Right calcarine sulcus
	0.88
	0.99


Abbreviations: HC, healthy controls; MDD, major depressive disorder.
Table S5. The I2 statistics of all reported brain regions in the meta-analysis
	Brain regions
	I2

	MDD > HC
	

	Right caudate 
	9.41%

	MDD < HC
	

	Left insula
	2.8%

	Right calcarine sulcus
	20.98%


Abbreviations: HC, healthy controls; MDD, major depressive disorder.
Table S6. Brain regions showing CBF differences between MDD patients and HC in the independent dataset
	Regions
	Cluster size (voxels)
	Peak MNI coordinate
	t value

	MDD > HC
	
	
	

	Bilateral middle cingulate gyrus/bilateral supplementary motor area/left posterior cingulate gyrus/left precuneus
	4683
	-2, -32, 38
	6.23

	Left putamen
	1082
	-30, -6, -16
	4.90

	Right temporal pole
	390
	50, 10, -26
	4.24

	Left middle temporal gyrus
	703
	-56, 10, -16
	4.92

	Right superior temporal gyrus
	585
	58, -20, -10
	4.77

	Bilateral thalamus 
	229
	-18, -24, 8
	4.53

	Left middle frontal gyrus
	232
	-32, 54, 8
	4.71

	MDD < HC
	
	
	

	Bilateral occipital cortex extending to bilateral parietal cortex
	10139
	0, -96, 20
	-6.02


Abbreviations: CBF, cerebral blood flow; HC, healthy controls; MDD, major depressive disorder; MNI, Montreal Neurological Institute.

Table S7. Numbers of the genes related to CBF changes in MDD patients identified using two other DS cutoff thresholds and overlap with those in the main analysis
	Sensitivity analyses
	Gene number
	Overlap genes
	Overlap ratio

	DS threshold of 40%
	1456
	1424
	97.80%

	DS threshold of 60%
	1563
	1507
	96.42%


Abbreviations: CBF, cerebral blood flow; DS, differential stability; MDD, major depressive disorder.
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