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Altered coordination between frontal-delta and parietal-alpha 

networks underlies anhedonia and depressive rumination in 

major depressive disorder 

 

Supplemental Information 

 

Supplemental Methods and Materials 

Questionnaires 

The Beck Depression Inventory-II (BDI-II; Beck et al., 1996), Mood and Anxiety 

Symptom Questionnaire (MASQ; Watson et al., 1995), Ruminative Responses Scale 

(RRS; Treynor et al., 2003), and the Pittsburgh Sleep Quality Index (PSQI; Buysse et 

al., 1989) were used to evaluate symptoms of depression and anxiety (BDI-II & 

MASQ), trait rumination (RRS), and sleep quality (PSQI) over the last month. The 

Wechsler Test of Adult Reading (WTAR; Holdnack, 2001) was also administered to 

provide a rough estimate of IQ. One participant from the HC group did not complete the 

MASQ and one depressed participant did not complete the PSQI. WTAR data from two 

controls and two depressed participants were excluded from the analysis because the 

participants were non-native English speakers. 

 

Procedures 

Note that the duration (54 seconds) of each trial in the resting-state session (denoted RS) 

was determined based on the emotion-induction session. Since each emotion-induction 

session (denoted ES) contains 27 trials of 6 second length, we selected to collect 27*6 = 

162 seconds of RS data before the ES. Based on our pilot experience, however, a 
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continuous 162-second-long EEG recording without breaks was difficult for 

participants, especially those with MDD. Therefore, we divided the 162 second RS 

recording into 3 equal-length trials (54 seconds) to maintain reasonably long recordings 

(~ 1 min), while allowing for some breaks. 

 

EEG Recordings 

During EEG recording, the vertex (Cz) was used as the on-line reference. Impedances 

were kept below 45 kΩ whenever possible during recording (maximum: 75 kΩ). Eye 

blinks and movements were monitored by horizontal and vertical bipolar 

electrooculography (EOG) electrodes. Both EEG and EOG data were sampled at 1000 

Hz and band-pass filtered (0.02–100 Hz) during recording. 

 

Data analyses 

Preprocessing: 

Most preprocessing was completed using EEGLAB (RRID:SCR_007292)(Delorme & 

Makeig, 2004). First, raw EEG signals were filtered with a 1-Hz high-pass filter (using 

the EEGLAB function pop_eegfiltnew.m) and downsampled to 250Hz 

(pop_resample.m). For each participant, the data from the two ES were segmented to 

obtain 54 6-s trials, and the data from the first RS were segmented into 27 non-

overlapping 6-s windows. Note that only the first resting-state session was used in our 

analysis, since the second RS could contain emotion-related activity from the first ES. 
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A total of 81 6-s segments (54 trials from ES and 27 windows from RS) were pooled 

together, and bad segments were removed based on extreme values and abnormal value 

distributions (3 times greater than the standard deviation) (pop_autorej.m). To remove 

eye movement artifacts from the signals, we first performed independent component 

analysis (ICA) with the infomax algorithm (pop_runica.m), and used the ADJUST 

algorithm (RRID:SCR_009526) to automatically identify and remove artifactual 

component(s) related to eye movement (Mognon et al., 2011) 

(pop_ADJUST_interface.m). To acquire reference-free signals, 3D electrode locations 

were used to estimate scalp current source density (CSD) with the CSD toolbox (Kayser 

& Tenke, 2006). 

 

The spectral Granger Causality (GC) functional connectivity analyses: 

Functional connectivity between reference-free CSD signals was quantified by spectral 

Granger causality (GC), which can represent phase differences between signals from 

two current sources to estimate their asymmetric causal dependence (Brovelli et al., 

2004; Kamiński et al., 2001). For each participant and condition (ES or RS), spectral 

GCs of 16,256 connections (= 128  127) were calculated across frequencies between 1 

and 45 Hz (45 frequency bins) for each 6s segment. 

 

Three preparation steps were performed for the spectral GC calculation: (1) 

Preprocessing: detrending and temporal normalization were performed to achieve local 

stationarity of the data (Ding et al., 2000). Detrending, which is the subtraction of the 

best-fitting line from each time series, removes the linear drift in the data. Temporal 
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normalization, which is the subtraction of the mean of each time series and division by 

the standard deviation, ensures that all variables have equal weights across the trial. 

These processes were performed for each channel and each segment. (2) Window length 

selection: the window length was set as 6s (1500 samples, the length of a segment). (3) 

Model order selection: the model order, which is related to the length of the signal in the 

past that is relevant to the current observation, was determined by the Akaike 

information criterion (AIC) (Akaike, 1974) and Bayesian/Schwartz criterion (BIC) 

(Schwarz, 1978). In all subjects, a model order of 5 samples (equivalent to 5×4 ms = 

20ms of history) resulted in minimal BIC and sufficiently low AIC (see Figure S2). (4) 

Local stationary tests: the selected window length and model order also passed the 

Augmented Dickey–Fuller (ADF) test (Hamilton, 1994) and the Kwiatkowski–Phillips–

Schmidt–Shin (KPSS) test (Lee & Schmidt, 1996), thus maintaining local stationarity. 

Furthermore, the vector autoregression (VAR) model was validated by the consistency 

test (Ding et al., 2000). 

 

Finally, we averaged spectral GC in 5 frequency bands: delta (~1-4Hz), theta (~4-8Hz), 

alpha (~8-13Hz), beta (~13-30Hz), and gamma (~30-45Hz). As a result, two 

connectivity maps were obtained from each participant, one for RS and one for ES, 

where each map represented the strengths of 16,256 connections in 5 frequency bands. 

 

Comparison of connectivity across participant groups and conditions: 

The connectivity maps were organized into four groups (see Figure 1): RSHC 

(connectivity in the HC group during RS), ESHC (in the HC group during ES), RSMDD (in 
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the MDD group during RS), and ESMDD (in the MDD group during ES). We then 

performed four comparisons (Comparisons 1-4 in Figure 1) to examine variation in 

connectivity across the different states and groups. For each comparison, we performed 

1,000 permutations by shuffling the connectivity maps across the states (Comparisons 1 

and 2) or groups (Comparisons 3 and 4), and the identifying significant connectivity, if 

any, for each frequency band ( = 0.05, false discovery rate (FDR) correction for 

multiple comparison). 

 

Parallel factor analysis (PARAFAC): 

To obtain a comprehensive view of the connectivity across all four comparisons, we 

pooled significant connectivity from all comparisons and used an unbiased 

decomposition analysis to extract latent components in the functional networks. We first 

created a tensor with three dimensions: Connection, Frequency, and Comparison, for 

the anatomical, spectral, and functional aspects of the data, respectively. The 

dimensionality of the tensor was 128*127 (connections) by 5 (frequency bands) by 4 

(comparisons). To extract structured information from the dataset, we then used 

PARAFAC, a generalization of principal component analysis for higher order arrays 

(Harshman & Lundy, 1994), to enable the computational extraction of latent structures 

in functional network dynamics (Chao et al., 2015; Chao, Sawada, et al., 2018; Chao, 

Takaura, et al., 2018). PARAFAC was performed using the N-way toolbox (Andersson 

& Bro, 2000), with the non-negativity constraint on the second dimension (Frequency). 

The convergence criterion (i.e., the relative change in fit for which the algorithm stops) 

was set to 1e−6. The initialization method was set to be direct trilinear decomposition 
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(DTLD), which was considered the most accurate method (Cichocki et al., 2009). To 

determine the number of structures, or subnetworks, hidden in the dataset, we 

performed the core consistency diagnostic (CORCONDIA); this identifies the number 

of latent structures in a data set such that adding other latent structures does not 

considerably improve model fit (Bro & Kiers, 2003) (see Figure S7).  

 

Contributions of subnetworks to induced emotional responses: 

To examine how each subnetwork contributed to induced emotional responses (ER), we 

projected ER—the difference in connectivity between ES and RS (ESHC – RSHC in the 

HC group, or ESMDD – RSMDD in the MDD group)—for each participant onto the spatio-

spectro pattern (the first two dimensions) of each subnetwork. Assume ER of participant 

p was ERp (a 16,256 by 5 matrix with both positive and negative values), and the first 

and the second dimensions of subnetwork i were D1i (a 16,256 by 1 vector with both 

positive and negative values) and D2i (a 5 by 1 vector with only positive values), 

respectively. Then the project was a single scalar A= ((ERp)
T * D1i)

T * D2i, where T is 

the transpose of a matrix.  

 

Significant correlation coefficients: 

To evaluate the significance of the correlation coefficients shown in Figure 5A, we 

shuffled the symptom indices and recalculated the R values 10,000 times. The p-value 

was calculated as the ratio of the number of the shuffled R’s below the original R to the 

total number of shuffles (i.e., 10,000).  
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Supplemental Figures 

Figure S1. The temporal sequence of trials in the (A) Resting-state session and (B) 

Emotion-induction session. 

 

 

  



Appendix 1 to Chao ZC, Dillon DG, Liu Y, et al. Altered coordination between frontal delta and parietal 
alpha networks underlies anhedonia and depressive rumination in major depressive disorder. 
J Psychiatry Neurosci 2022. doi: 10.1503/jpn.220046. Copyright © 2022 The Author(s) or their 
employer(s). To receive this resource in an accessible format, please contact us at cmajgroup@cmaj.ca. 
Online appendices are unedited and posted as supplied by the authors. 
 

 10 

Figure S2. The model order for the spectral GC calculation. Two different information 

criteria AIC and BIC (see Methods and Materials) are shown. In all subjects, a model 

order of 5 samples (equivalent to 5 samples ×4 ms/sample = 20 ms of history) resulted 

in minimal BIC and sufficiently low AIC was selected. 
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Figure S3. Source areas (A) and sink areas (B) of emotion-induced functional 

connectivity in HC (Comparison 1).  
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Figure S4. Source areas (A) and sink areas (B) of emotion-induced functional 

connectivity in MDD (Comparison 2).  
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Figure S5. Source areas (A) and sink areas (B) of resting-state functional connectivity 

in MDD vs. HC (Comparison 3).  
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Figure S6. Source areas (A) and sink areas (B) of emotion-state functional connectivity 

in MDD vs. HC (Comparison 4).  
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Figure S7. Model consistency of PARAFAC measured by the core consistency 

diagnostic (CORCONDIA). The result showed that decomposing the total data into two 

components yielded high consistency (>95%) but the consistency dropped significantly 

when decomposing the data into 3 components. This indicated that the total data 

contained two robust latent components but not 3 or more.  

 

 

 

  



Appendix 1 to Chao ZC, Dillon DG, Liu Y, et al. Altered coordination between frontal delta and parietal 
alpha networks underlies anhedonia and depressive rumination in major depressive disorder. 
J Psychiatry Neurosci 2022. doi: 10.1503/jpn.220046. Copyright © 2022 The Author(s) or their 
employer(s). To receive this resource in an accessible format, please contact us at cmajgroup@cmaj.ca. 
Online appendices are unedited and posted as supplied by the authors. 
 

 16 

Figure S8. Source areas (left) and sink areas (right) of Subnetwork 1 (top row) and 

Subnetwork 2 (bottom row).  
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Figure S9. Subnetworks 1 and 2 vs. severity of depression symptoms. The correlation 

between the activation of Subnetwork 1 (first row), the activation of Subnetwork 2 

(second row), the sum of absolute activation levels of both subnetworks (third row), and 

the activation ratio of Subnetwork 2 to Subnetwork 1 (last row) versus the severity of 

depression symptoms measured by BDI-II, MASQ, RRS, and PSQI. The correlation 

coefficients (R) are shown. 

 

 


