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Supplemental Methods 

MRI Scans 

MRI data was acquired as part of the Dimensional Connectomes of Anxious Misery 

project 1, one of the Connectomes Related to Human Diseases (CRHD) studies 

(https://www.humanconnectome.org/disease-studies). Participants were scanned on a Siemens 

Prisma 3T using a 64-channel head coil. Structural T1-weighted images were acquired using a 

magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence with 

TR=2400ms, TE=2.22ms and flip angle of 8 degrees. 208 slices were acquired with a voxel 

resolution of 0.8mm isometric, resulting in an FOV of 256 x 240 x 167mm. T2-weighted images 

were acquired using a variable-flip-angle turbo-spin echo (TSE) sequence with TR=3200ms and 

TE=563ms, with the same voxel resolution and FOV as the T1w acquisition. Resting state fMRI 

data were acquired with a multi-band acceleration of 8, TR=800ms, TE=37ms and flip angle of 

52 degrees. Whole-brain coverage was achieved with 72 slices and a voxel resolution of 2.0mm 

isometric, resulting in an FOV of 208 x 208 x 144mm. Each resting state scan was paired with 

another run with the opposite phase encoding direction (AP-PA), and two such pairs were 

acquired, resulting in 22:24 minutes of data (5:46 min x 4 runs) for each participant. Spin echo 

field maps were also acquired in opposite phase encoding directions in order to correct 

susceptibility distortions. During the resting state scan, participants were shown a white screen 

with a black crosshair in the center and were instructed to remain still with their eyes open and to 

blink normally.  

MRI preprocessing  

Computational head modelling for e-field calculations. We used the SimNIBS 

(Version 2.1) software package to generate 3D head and coil geometries using the finite element 



method (FEM) 2. Individualized head models were created using T1 and T2 structural MRIs that 

were segmented into scalp (mri2mesh), skull, CSF, gray matter, and white matter volumes, then 

converted to tetrahedral meshes using a Gmsh subroutine packaged in SimNIBS 3.  

E-field calculations. E-field models were conducted for each site/orientation 

combination (See Below), and E-norm (i.e. magnitude) component of the electric field at each 

surface node was used to model the potential TMS effects 4.  

fMRI preprocessing 

Data were preprocessed using the Human Connectome Project Pipelines v4.0.1 (retrieved 

from https://github.com/Washington-University/HCPpipelines/releases/tag/v4.0.1). A full 

description of preprocessing steps is provided elsewhere 5. In brief, anatomical preprocessing 

steps included gradient nonlinearity distortion correction, co-registration of T1w and T2w 

images, bias-field correction using spin-echo field maps and spatial normalization to the 

Montreal Neurological Institute (MNI) template. Functional image preprocessing steps included 

removal of spatial distortions via gradient nonlinearity corrections, correction of participant 

motion through volume realignment, susceptibility distortion correction using dual-phase 

encoded spin-echo corrections, registration of fMRI data to T1 space, subsequent transformation 

to MNI-space and removal of extra-parenchymal voxels.  

Timeseries analyses using volumetric data were further conducted using the eXtensible 

Connectivity Pipeline (XCP Engine) 6. The workflow is summarized as follows: (i) removal of 

the 10 initial volumes (8 seconds) to achieve signal stabilization, (ii) demeaning and removal of 

quadratic trends using a general linear model to account for scanner drift, (iii) intensity despiking 

using 3dDespike from AFNI  7, (iv) bandpass temporal filtering of time series between 0.01 Hz 

and 0.08Hz using a first-order Butterworth filter 8, (v) regression of nine confounding signals 

https://github.com/Washington-University/HCPpipelines/releases/tag/v4.0.1


(six motion parameters + global signal + mean white matter signal + mean cerebral spinal fluid 

signal) and as well as the temporal derivative, quadratic term and temporal derivatives of each 

quadratic term (resulting in 36 regressors total) 9, and (vi) spatial smoothing with SUSAN from 

FSL 10 using a 6mm FWHM kernel. Voxelwise timeseries were then downsampled to the 333 

parcels in the Gordon atlas 11 and pairwise interparcel connectivity was calculated using Z-

transformed Pearson correlations. 

Image quality assessment. MRI data was acquired as part of the Dimensional 

Connectomes of Anxious Misery project. More detailed image quality reports can be obtained in 

the Seok et al., (2020) 1. In brief, whole brain tSNR for the resting state data averaged 32.17 ± 

5.67 for the AM group and 31.58 ± 4.94 for the HC group. Finally, motion (RMS across TRs) 

averaged 0.16 ± 0.08 mm for the AM group and 0.14 ± 0.06 for the HC group. Importantly, 

SNR, tSNR and motion was similar across groups and comparable to what was observed in the 

human connectome project, which used similar scans. 

  



Appendix: Equations 
 
Connectivity based model: PCA regression 

Let Y𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 be the 𝑛𝑛 ×  1 vector of behavioral symptom scores (e.g., MADRS scores) for 𝑛𝑛 
participants. We assume the behavioral symptom scores can be predicted using a linear 
combination of connectivity measures, according to the model 

 

𝒀𝒀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑿𝑿𝑿𝑿 + 𝝐𝝐    (𝐸𝐸𝐸𝐸.𝐴𝐴1) 

 

where 𝑿𝑿 is a 𝑛𝑛 ×  𝑝𝑝 matrix such that each row consists of one participant’s concatenated unique 
connectivity values from the Z-transformed Pearson correlation functional connectivity matrix, 
i.e., the upper or lower triangular portion of the 𝑁𝑁 × 𝑁𝑁 connectivity matrix (𝑝𝑝 = 𝑁𝑁(𝑁𝑁 − 1)/2 ), 
for the Gordon atlas, 𝑁𝑁 = 333); 𝑿𝑿 is a 𝑝𝑝 ×  1 vector of coefficients, and 𝝐𝝐 is a 𝑛𝑛 ×  1 vector of 
error terms. We assume that 𝒀𝒀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and columns of 𝑿𝑿 have been centered so as to have zero 
empirical means. 

 

We perform principal components analysis (PCA) on the predictor matrix 𝑿𝑿. Let 𝑿𝑿 = 𝑼𝑼𝑼𝑼𝑽𝑽𝑻𝑻 
denote the singular value decomposition of 𝑿𝑿, where 𝑼𝑼𝑝𝑝×𝑝𝑝 = diag�𝛿𝛿1, … , 𝛿𝛿𝑝𝑝� is a diagonal 
matrix of non-negative singular values, and columns of 𝑼𝑼𝑛𝑛×𝑝𝑝 and 𝑽𝑽𝑝𝑝×𝑝𝑝 are orthonormal sets of 
vectors, i.e., the left and right singular vectors of 𝑿𝑿. The spectral decomposition of 𝑿𝑿 is given by 
𝑽𝑽𝑽𝑽𝑽𝑽𝑻𝑻, where 𝑽𝑽𝑝𝑝×𝑝𝑝 = diag�𝜆𝜆1, … , 𝜆𝜆𝑝𝑝� = diag�𝛿𝛿12, … , 𝛿𝛿𝑝𝑝2� = 𝑼𝑼2 is a diagonal matrix of the non-
negative eigenvalues of 𝑿𝑿𝑻𝑻𝑿𝑿 and columns of 𝑽𝑽𝑝𝑝×𝑝𝑝 = �𝒗𝒗𝟏𝟏, … ,𝒗𝒗𝒑𝒑� are the corresponding 
eigenvectors. The jth principal component and jth principal component direction (i.e., PCA 
loading) corresponding to the jth largest eigenvector are 𝑿𝑿𝒗𝒗𝒋𝒋 and 𝒗𝒗𝒋𝒋, respectively, for each 𝑗𝑗 ∈
{1, … , 𝑝𝑝}.  

 

For PCA regression (PCR), we use the first 𝑘𝑘 ≤ 𝑛𝑛 components as predictors. Let 𝑽𝑽𝑘𝑘 represent 
the 𝑝𝑝 ×  𝑘𝑘 matrix comprising the first 𝑘𝑘 columns of 𝑽𝑽, and 𝑾𝑾𝑘𝑘 = 𝑿𝑿𝑽𝑽𝑘𝑘 be the 𝑛𝑛 ×  𝑘𝑘 matrix with 
the first 𝑘𝑘 principal components as columns. We estimate regression coefficients 𝜸𝜸𝑘𝑘 in 𝒀𝒀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑾𝑾𝑘𝑘𝜸𝜸𝑘𝑘 + 𝝐𝝐𝑘𝑘   (𝐸𝐸𝐸𝐸.𝐴𝐴2) by ordinary least squares, i.e., 𝜸𝜸𝑘𝑘 = (𝑾𝑾𝑘𝑘

𝑇𝑇𝑾𝑾𝑘𝑘)−1𝑾𝑾𝑘𝑘
𝑇𝑇𝒀𝒀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∈ ℝ𝑘𝑘. Then 

the PCR estimator of 𝑿𝑿 based on the first 𝑘𝑘 principal components is given by 𝑿𝑿�𝑘𝑘 = 𝑽𝑽𝑘𝑘𝜸𝜸�𝑘𝑘 ∈
ℝ𝑝𝑝  (𝐸𝐸𝐸𝐸.𝐴𝐴3). 

 

E-field augmented model 



Once 𝑿𝑿�𝑘𝑘 is obtained from the connectivity based model, the e-field augmented model will be 
used to identify the optimal coil orientation and stimulation sites to generate the greatest 
reduction in behavioral symptom score for each participant. Let 𝛥𝛥𝒀𝒀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 be the 𝑛𝑛 ×  1 vector of 
changes in score between the pre- and post-treatment assessments for 𝑛𝑛 participants. We model 
𝛥𝛥𝒀𝒀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 as follows:  

 

𝛥𝛥𝒀𝒀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝒀𝒀𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝒀𝒀𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = �𝑿𝑿𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝 − 𝑿𝑿𝑝𝑝𝑝𝑝𝑝𝑝�𝑿𝑿 + 𝝐𝝐′ (𝐸𝐸𝐸𝐸.𝐴𝐴4), 

 

where 𝝐𝝐′ = 𝝐𝝐𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝 − 𝝐𝝐𝑝𝑝𝑝𝑝𝑝𝑝. 

 

For each site and orientation 𝑙𝑙, let 𝑬𝑬𝑙𝑙 be a 𝑛𝑛 ×  𝑝𝑝 matrix, where rows correspond to participants, 
columns correspond to pairs of regions in the Gordon atlas, and entries equal the average e-field 
model values at each pair of regions for the given participant, site, and orientation. We assume 
that 𝑿𝑿𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑙𝑙 = 𝐶𝐶 ⋅  𝑬𝑬𝑙𝑙 ∘  𝑿𝑿𝑝𝑝𝑝𝑝𝑝𝑝, where 𝐶𝐶 is a positive proportionality constant, and ∘ denotes the 
Hadamard product. Thus, for a given stimulation site and coil orientation combination 𝑙𝑙,  

 

𝛥𝛥𝒀𝒀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = �𝐶𝐶 ⋅  𝑬𝑬𝑙𝑙 ∘  𝑿𝑿𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑿𝑿𝑝𝑝𝑝𝑝𝑝𝑝�𝑿𝑿 + 𝝐𝝐′  (𝐸𝐸𝐸𝐸.𝐴𝐴5). 

 

With these assumptions, and substituting the 𝑿𝑿�𝑘𝑘 estimated form the PCR described above, it is 
possible to compare relative differences in the predicted change in behavioral symptom score 
across sites and orientations 𝑙𝑙.  
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Left Right
1 -43.5 43.5 4.5 59.5 Most posterior
2 -42.7 42.7 8.3 57.7
3 -41.8 41.8 12.2 55.8
4 -41.0 41.0 16.0 54.0 5 cm therapeutic site
5 -40.2 40.2 19.8 52.2
6 -39.3 39.3 23.7 50.3
7 -38.5 38.5 27.5 48.5
8 -37.7 37.7 31.3 46.7
9 -36.8 36.8 35.2 44.8
10 -36.0 36.0 39.0 43.0 BA9
11 -38.0 38.0 39.3 39.5
12 -40.0 40.0 39.5 36.0 Beam-F3
13 -42.0 42.0 39.8 32.5
14 -44.0 44.0 40.0 29.0 BA46
15 -46.0 46.0 40.3 25.5
16 -48.0 48.0 40.5 22.0
17 -50.0 50.0 40.8 18.5 Most Anterior

Supplemental Table 1: Sites used to define the P --> A dlPFC axis
x y z Location DetailsSite

 
Note: Coordinates in MNI space.  

  



Left Right
1 -20.0 20.0 -30.0 58.0 Upper gyrus
2 -25.0 25.0 -28.0 58.0
3 -30.0 30.0 -26.0 58.0
4 -36.0 36.0 -24.0 58.0 Hand Knob
5 -40.0 40.0 -20.0 58.0
6 -44.0 44.0 -16.0 58.0
7 -48.0 48.0 -12.0 58.0 Lower Gyrus

Supplemental Table 2: Sites used to define the M --> L Hand Knob axis

Site x y z Location Details

 
Note: Coordinates in MNI space.  

  



AM Control

Age 28.29 (8.2) 28.92 (6.91)
Total N 94 25
Females 64 16

HAMD 13.3 (5.67) 1.28 (1.93)
MADRS 21.08 (8.87) 0.68 (1.18)
SHAPS 41.24 (7.61) 51.28 (5.37)
MASQ 60.35 (9.07) 48.76 (12.21)
CTQ 62.53 (8.79) 61.04 (5.77)
ISI 11.86 (6.12) 3.28 (3.27)
RTS 95.09 (21.51) 48.2 (21.07)
ASI 28.13 (14.71) 6.72 (5.91)

Clinical measures

Demographic Information

Supplemental Table 3: Demographic 
information 

 
Note: Values represent Mean (SD).  

 

 

  



Motion tSNR Motion tSNR

5cm -0.096 -0.06 -0.376 -0.065
e-field -0.085 -0.069 -0.362 -0.065
sgACC -0.095 -0.069 -0.365 -0.072
BA9 -0.096 -0.065 -0.36 -0.079
Beam/F3 -0.094 -0.066 -0.361 -0.076
BA46 -0.093 -0.067 -0.365 -0.067

5cm -0.097 -0.073 -0.387 -0.061
e-field -0.096 -0.072 -0.366 -0.072
sgACC -0.094 -0.069 -0.381 -0.067
BA9 -0.093 -0.073 -0.385 -0.059
Beam/F3 -0.093 -0.073 -0.377 -0.068
BA46 -0.092 -0.075 -0.372 -0.071

HAMD

Supplemental Table 4. Pearson correlations between image quality and model predictions. 

Site AM HC

MADRS

 

  



 
Supplemental Figure 1. Item coefficients for the components selected from the 
Anxious Misery Principle Components Analysis. Matrices represent the loading of 
each pairwise connection onto the principle components, sorted by network according 
to the key at the bottom of the figure. Connectome graphs for each of the principle 
components show the top 0.1% of connections according to the item weightings. 
Network Color key: DMN = Default Mode Network; CP = CinguloParietal; VIS = Visual; 
FPN = FrontoParietal Network; DAN = Dorsal Attention Network; VAN = Ventral 
Attention Network; SN = Salience Network; CO = CinguloOpercular; SMh = 
SomatoMotor (hand); SMm = SomatoMotor (mouth); AUD = Auditory; RST = 
RetrosplenialTemporal; UN = Unassigned nodes. See full-size images below.   



 
 

Supplemental Figure 2. Item coefficients for the components selected from the 
Healthy Control Principle Components Analysis. Matrices represent the loading of 
each pairwise connection onto the principle components, sorted by network according 
to the key at the bottom of the figure. Connectome graphs for each of the principle 
components show the top 0.1% of connections according to the item weightings. 
Network Color key: DMN = Default Mode Network; CP = CinguloParietal; VIS = Visual; 
FPN = FrontoParietal Network; DAN = Dorsal Attention Network; VAN = Ventral 
Attention Network; SN = Salience Network; CO = CinguloOpercular; SMh = 
SomatoMotor (hand); SMm = SomatoMotor (mouth); AUD = Auditory; RST = 
RetrosplenialTemporal; UN = Unassigned nodes. See full-size images below.  

 

  



 
 

Supplemental Figure 3. Individual subject heatmaps plotting dlPFC predictions 
for the healthy control group. (A, C, E, G) Heatmaps representing the predicted 
MADRS and HAMD scores following a hypothetical course of TMS treatment to the left 
dlPFC. (B, D, F, H) Heatmaps representing the predicted MADRS/HAMD scores 
following a hypothetical course of TMS treatment to the right dlPFC. Colors represent 
the predicted change in MADRS/HAMD scores. Y axis represents coil orientation. X axis 
represents location along the Z-axis of the middle frontal gyrus. The center point of the 
shaded circle on the heatmaps represents the site and orientation of stimulation 
predicted to have the maximal reduction in symptoms for each subject. The area of the 
shaded circle represents the variability (i.e. Euclidean distance [95% confidence 
interval]) in this optimal site assessed using bootstrapping. sGACC = site along vector 
with maximal anti-correlation with the subgenual anterior cingulate cortex.   



 
Supplemental Figure 4. Group-level heatmaps plotting dlPFC predictions for the 
healthy control group. A) Heatmap representing the predicted MADRS scores 
following a hypothetical course of TMS treatment to the left dlPFC. B) Heatmap 
representing the predicted MADRS scores following a hypothetical course of TMS 
treatment to the right dlPFC. C) Heatmap representing the predicted HAMD scores 
following a hypothetical course of TMS treatment to the left dlPFC. D) Heatmap 
representing the predicted HAMD scores following a hypothetical course of TMS 
treatment to the right dlPFC. Y axis represents coil orientation. X axis represents 
location along the Z-axis of the middle frontal gyrus. Red circles represent sites where 
the change in MADRS/HAMD scores was not statistically different from 0. 5cm = Site in 
vector corresponding to the 5 cm rule target commonly used in therapeutic applications 
for depression 12. BA9 = Site in vector corresponding to Broadmann area 9 12. F3 = Site 
in vector closest to the BEAM/F3 target commonly used in therapeutic applications for 
depression 13. BA46 = Site in vector corresponding to Broadmann area 46 12.    



 
 

Supplemental Figure 5.  Group-level heatmaps plotting hand knob predictions for 
the anxious misery group. A) Heatmap representing the predicted MADRS scores 
following a hypothetical course of TMS treatment to the left hand knob. B) Heatmap 
representing the predicted MADRS scores following a hypothetical course of TMS 
treatment to the right hand knob. C) Heatmap representing the predicted HAMD scores 
following a hypothetical course of TMS treatment to the left hand knob. D) Heatmap 
representing the predicted HAMD scores following a hypothetical course of TMS 
treatment to the right hand knob. Y axis represents coil orientation. X axis represents 
location along the medial to lateral axis of the primary motor cortex. Red circles 
represent sites where the change in MADRS/HAMD scores was not statistically different 
from 0.  

  



 
 

Supplemental Figure 6. Group-level heatmaps plotting hand knob predictions for 
the healthy control group. A) Heatmap representing the predicted MADRS scores 
following a hypothetical course of TMS treatment to the left hand knob. B) Heatmap 
representing the predicted MADRS scores following a hypothetical course of TMS 
treatment to the right hand knob. C) Heatmap representing the predicted HAMD scores 
following a hypothetical course of TMS treatment to the left hand knob. D) Heatmap 
representing the predicted HAMD scores following a hypothetical course of TMS 
treatment to the right hand knob. Y axis represents coil orientation. X axis represents 
location along the medial to lateral axis of the primary motor cortex. Red circles 
represent sites where the change in MADRS/HAMD scores was not statistically different 
from 0. 
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