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Supplementary Material 

 

The criteria of TRD 

 (a) a history of treatment failure of the standard treatment with at least one previous 

antidepressants except for venlafaxine, which is defined as a score of 3 or more by the 

Antidepressant Treatment History Form1 and (b) current severity defined as a score of 18 or more 

on the Montgomery Åsberg Depression Rating Scale (MADRS). 

 

Exclusion criteria 

 (a) substance use disorders within the past 6 months; (b) any contraindication for MRI 

and TMS; (c) an unstable physical illness or neurological disorder; (d) history of convulsive 

seizures or epilepsy; or (e) cognitive impairment as assessed by the Mini-Mental State 

Examination2. 

 

MRI data acquisition 

 All participants were scanned using a 3T Siemens Prisma scanner with a 32 channel 

head coil. T1-weighted magnetization-prepared rapid acquisition with gradient echo images were 

acquired with following parameters: echo time = 2.08 ms, repetition time = 1620 ms, inversion 

time = 1000 ms, flip angle = 8°, field of view = 232 mm, 186 × 192 matrix, slice thickness = 1.25 

mm. 

 

TMS administration 

 TMS was delivered using a monophasic TMS stimulator (the DuoMAG MP stimulator: 

DEYMED Diagnostic Ltd., Hronov, Czech Republic) and a figure-of-eight butterfly coil with 2 

x 70mm diameter windings (DuoMAG 70BF; DEYMED Diagnostic Ltd.). Individual high-

resolution T1-weighted images were imported into the Brainsight TMS Navigation system 

(Rogue Research Inc.). Then, coregistration was performed on digitized anatomical landmarks 

and the relative positional information of the coils was monitored and identified online. Surface 

electromyography was recorded from the belly of the first dorsal interosseous muscle in the right 

hand. We first identified the optimal spot corresponding to the innervated area of the muscle on 

the left primary motor cortex (M1). Next, resting motor threshold was determined as the minimum 

stimulus intensity at which muscle contraction with motor evoked potentials of 50 mV or more in 

the target muscle was observed in more than 50% of the total number of stimulus trials to the left 

M1 with the EEG cap on. Single-pulse TMS was applied to the left DLPFC for each participant. 

TMS pulses were administered with 500 ms jittering, resulting in the 4.5–5.5 second intertrial 

intervals. All participants received 80 single-pulse TMS at the stimulus intensity of 120% resting 
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motor threshold, with the coil positioned at 45 degrees to the midline during TMS stimulation. To 

identify the optimal location of the left DLPFC, the stimulation site (Montreal Neurological 

Institute coordinates: -38, 26, 44) of each participant was identified by an MRI-guided 

neuronavigation system (Brainsight, Rogue Research Inc. Montréal, QC, Canada). To minimize 

auditory evoked potentials elicited by TMS click sounds, white noise masking method was 

applied to participants using an earplug sound stimulation system3. The volume of the white noise 

was adjusted individually to the extent that the TMS click sound was canceled out during the 

stimulation. In addition, we placed a foam directly under the coil during the experiment to reduce 

the effects of coil vibration and bone conduction of the clicking sound3. 

 

EEG preprocessing 

First, the EEG data were epoched between -2000 and 2000 ms, and the baseline 

correction was performed by subtracting the average signal amplitude between -500 and -150 ms. 

After the baseline correction, channel electrodes and epochs that showed amplitudes and noises 

larger than the preset threshold were automatically identified and deleted. Next, to remove TMS 

pulse artifacts on the EEG, zero-padding was performed with respect to -5 to 30 ms intervals 

immediately after TMS stimulation. Subsequently, Data were downsampled to 1 kHz and visually 

inspected for extreme noise (e.g., muscle movements, bad electrodes)4. Afterward, the first round 

of fast independent component analysis was performed on the preprocessed EEG data to identify 

and remove the physical TMS decay artifact components caused by TMS on the EEG. Data were 

filtered (forward-backward 4th order Butterworth filter) with bandpass (0.5–100 Hz) and notch 

(48–52 Hz) filters. The second round of independent component analysis (EEGLAB infomax 

(runica)) was applied to remove other artifacts (e.g., eye blinks, eye movements, and muscle 

artifacts) from the data. Finally, missing/removed channels were interpolated using spherical 

interpolation, and data were re-referenced to the average (overall electrodes) for further analysis.  

 

Source-based EEG analysis 

All TMS-evoked EEG source reconstruction was performed using MNE software5. 

Surface reconstructions were obtained with FreeSurfer v6.0.0 and a 3-layer Boundary Element 

Method model. Source spaces were created with 4098 sources per hemisphere. Then, the 

Boundary Element Method surfaces and source spaces are co-registered with EEG sensors which 

are digitized in the Neuromag head coordinate frame (nasion, left and right preauricular points) 

manually. A forward model was applied to compute the signal generated by neural activity in the 

brain6. Noise covariance was estimated from individual trials by the shrunk covariance method 

using the time window before TMS as baseline (−500 to 0 ms)7. Inverse solutions were calculated 

with dynamic Statistical Parametric Maps (dSPM)8. Finally, group-level functional parcellations 
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and confidence maps estimated from 1,000 healthy subjects were applied, based on a seven-

network cortical parcellation, which corresponds to visual network, somatomotor network, limbic 

network, dorsal attention network, SN, DMN, and FPN9. EEG source reconstruction resulted in 

the output of dSPM current density time series for each network. 

Additionally, to investigate TMS- elicited oscillatory characteristics within each network, 

a time-frequency analysis was performed in the same manner as “Sensor-based EEG analysis” to 

estimate the ERSP and evoked power for each network. 

 

The analysis of Average gene expression 

The analysis was performed according to a practical guide for estimating local gene 

expression levels in the cerebral cortex10. Initially, gene assignment to the AHBA probe set using 

Re-Annotator resulted in a probe set corresponding to 20,250 unique genes11. For each brain, 

brainstem and cerebellum samples were removed, and probes that did not exceed background in 

at least 50% of samples were excluded. Then, probes with the most consistent pattern of regional 

variation in the six donor brains were selected after quantification using differential stability 

measures12,13. Using the same parcellation scheme applied to the cortical thickness data, samples 

were assigned to the cortical regions with a maximum distance threshold of 2 mm10,14. Because 

the AHBA dataset had only two donors with right hemisphere data, only the left hemisphere was 

used for parcellation in our analysis. To reduce the donor-specific variation and focus on brain-

related genes, a genetic filter based on stability differences was applied12. As a result, the regional 

expression of 15,744 genes could be measured. The code to perform this pipeline is available at: 

https://github.com/BM HLab/AHBAprocessing. The processing options used in this study are 

listed in Table S1. 

 

Psychiatric comorbidities or a history of other psychiatric diagnosis of participants with 

TRD 

 Comorbid conditions with TRD included anxiety disorder (2 participants) and panic 

disorder (2 participants), but these conditions were not the main diagnosis, but only due to sub-

diagnoses. In addition, two patients had a past history of obsessive-compulsive disorder in their 

medical histories, but it was not an active diagnosis at the time of their participation in this study. 
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Supplementary Tables 

Table S1: The processing options for gene expression 

Option Parameter 

ExcludeCBandBS true 

useCUSTprobes true 

updateProbes reannotator 

probeSelections DS 

parcellations aparcaseg 

divideSamples listCortex 

excludeHippocampus false 

distanceThreshold 2 

signalThreshold 0.5 

VARfilter false 

VARscale normal 

VARperc 50 

RNAsignThreshold false 

RNAseqThreshold 0.2 

correctDistance false 

calculateDS true 

distanceCorrection Euclidean 

Fit exp 

normaliseWhat Lcortex 

normMethod scaledRobustSigmoid 

percentDS 100 

doNormalise true 

normaliseWithinSample true 

meanSamples meanSamples 
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Supplementary Figures 

 

 

Supplementary Figure 1. The waveform of the GMFP (A) and LMFP at the stimulation site 

(B). The waveform in each group with shaded regions showing variability in each stimulation 

condition as standard error (upper panel), and the F-value of the difference in the power between 

the two groups (lower panel). Post-stimulus -5-30 ms interval of TMS is shown as a gray bar 

because of data cut-off. In the overall time interval, Vertical blue lines over the x axis show the 

time points where there was a significant difference of P<0.05 or more between the two groups. 

However, A one-dimensional cluster-level permutation test showed no significant difference 

between the two groups. 

GMFP: global mean field potential; HCs: healthy controls; LMFP: local mean field power; TMS: 

Transcranial magnetic stimulation; TRD: treatment-resistant depression 
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Supplementary Figure 2. Time-frequency analyses with the evoked power from all 

electrodes sites (A) and from electrodes site corresponding to the stimulation site (i.e., the 

left DLPFC) (B). The evoked power elicited by single-pulse TMS in the HCs (upper left) and 

TRD group (upper right). The differences between the groups are presented at the lower left panel. 

The areas with significant differences between the two groups with the two-dimensional cluster-

level permutation tests are shown without green masks on the lower right panel. In each condition, 

the evoked power from all electrodes sites of the TRD group were significantly lowered in theta 

band compared with the HCs group (Puncorrected = 0.039), whereas, the evoked power from 

electrode sites corresponding to the stimulation site showed no significant difference between the 

two groups (Puncorrected = 0.30). 

DLPFC: dorsolateral prefrontal cortex; HCs: healthy controls; TMS: Transcranial magnetic 

stimulation; TRD: treatment-resistant depression 
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Supplementary Figure 3. Source-based current density time series. The current density time 

series from the visual network (A), somatomotor network (B), dorsal attention network (C), 

salience network (D), limbic network (E), frontoparietal network (F), default mode network (G). 

The waveform in each group with shaded regions showing variability in each stimulation 

condition as standard error (upper panel) and the F-value of the difference in the current density 

between the two groups (lower panel). Post-stimulus -5-30 ms interval of TMS is shown as a gray 

bar because of data cut-off. In the overall time interval, Vertical blue lines over the xaxis show 

the time points where there was a significant difference of P<0.05 or more between the two groups. 

However, A one-dimensional cluster-level permutation test showed no significant difference 

between the two groups in any networks. HCs: healthy controls; TRD: treatment-resistant 

depression 
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Supplementary Figure 4. Source-based time-frequency analyses with the ERSP. The ERSP 

in the visual network (A), somatomotor network (B), dorsal attention network (C), salience 

network (D), limbic network (E), frontoparietal network (F), default mode network (G). The 

ERSPs elicited by single-pulse TMS in the HCs (upper left) and TRD group (upper right). The 

differences between the two groups are presented at the lower left panel. The areas with out 

significant differences between the two groups with the 2-dimensional cluster-level permutation 

tests are shown by green masks on the lower right panel. No significant differences were observed 

in the ERSP obtained by the source-based analysis between the two groups (visual network, 

Puncorrected =0.17; somatomotor network, Puncorrected =0.076; dorsal attention network, Puncorrected 

=0.16; salience network, Puncorrected =0.11; limbic network, Puncorrected =0.12; frontoparietal network, 

Puncorrected =0.090; default mode network, Puncorrected =0.17). 

ERSP: event-related spectral perturbation; HCs: healthy controls; TMS: Transcranial magnetic 

stimulation; TRD: treatment-resistant depression 
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Supplementary Figure 5. Source-based time-frequency analyses with the evoked power in 

representative six neural networks other than the salience network. The evoked power in the 

visual network (A), somatomotor network (B), dorsal attention network (C), limbic network (D), 

frontoparietal network (E), default mode network (F). The evoked power elicited by single-pulse 

TMS in the HCs (upper left) and TRD group (upper right). The differences between the two 

groups are presented at the lower left panel. The areas without significant differences between the 

two groups with the 2-dimensional cluster-level permutation tests are shown by green masks on 

the lower right panel. Here, the evoked power in the TRD group was lowered compared with the 

HC group within a trend level (visual network, Puncorrected = 0.021; somatosensory network, 
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Puncorrected = 0.041; dorsal attention network, Puncorrected = 0.0089; limbic network, Puncorrected = 

0.026; and FPN, Puncorrected = 0.020) except for DMN (Puncorrected = 0.185). 

DMN: default mode network; FPN: frontoparietal network; HCs: healthy controls; TRD: 

treatment-resistant depression 


