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Introduction

Excitatory repetitive transcranial magnetic stimulation 
(rTMS) is a noninvasive brain stimulation technique ap-
proved by the United States Food and Drug Administration 
to treat (moderate) medication-resistant major depressive 
disorder (MDD).1 Most frequently applied to the left dorso-
lateral prefrontal cortex (dlPFC), the repetitive administration 
of magnetic stimuli induces brain plasticity changes that out-
last the period of stimulation.2 Although this technique has 
shown promising results, the overall response rate to date 
has been rather modest for classical daily rTMS protocols. 
According to a meta-analysis by Berlim and colleagues,3 the 
rates for response and remission are 29.3% and 18.6%, respec-
tively. Accelerated rTMS treatment protocols (e.g., acceler-
ated rTMS or accelerated intermittent theta burst stimulation 
[aiTBS]) have been evaluated for their potential to increase 

clinical response. Instead of the usual daily stimulation ses-
sions, accelerated stimulation protocols involve multiple 
 sessions per day, significantly reducing the duration of 
stimu lation and showing similar clinical outcome rates.4,5

A possible explanation for the modest clinical outcomes 
 associated with rTMS could be that for some patients the cor-
tical stimulation region is not the best “entrance point” for af-
fecting the underlying deregulated neurocircuitry in MDD.6 
Major depressive disorder can be considered a network dis-
ease, and the cingulate cortex in particular has been shown to 
be of paramount importance when it comes to treatment re-
sponse.7–11 Although the exact mechanism of action of rTMS 
is not yet known, there is evidence that the effects of stimula-
tion spread throughout underlying brain networks. Fox and 
colleagues8 have supported the network theory by showing 
functional connections between the subgenual cingulate area 
and the left dlPFC. Invasive and noninvasive stimulation of 
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Background: Repetitive transcranial magnetic stimulation (rTMS) is an established treatment for major depressive disorder (MDD), 
but its clinical efficacy remains rather modest. One reason for this could be that the propagation of rTMS effects via structural connections 
from the stimulated area to deeper brain structures (such as the cingulate cortices) is suboptimal. Methods: We investigated whether 
structural connectivity — derived from diffusion MRI data — could serve as a biomarker to predict treatment response. We hypothe-
sized that stronger structural connections between the patient-specific stimulation position in the left dorsolateral prefrontal cortex 
(dlPFC) and the cingulate cortices would predict better clinical outcomes. We applied accelerated intermittent theta burst stimulation 
(aiTBS) to the left dlPFC in 40 patients with MDD. We correlated baseline structural connectivity, quantified using various metrics 
(fractional anisotropy, mean diffusivity, tract density, tract volume and number of tracts), with changes in depression severity scores 
after aiTBS. Results: Exploratory results (p < 0.05) showed that structural connectivity between the patient-specific stimulation site 
and the caudal and posterior parts of the cingulate cortex had predictive potential for clinical response to aiTBS. Limitations: We 
used the diffusion tensor to perform tractography. A main limitation was that multiple fibre directions within voxels could not be re-
solved, which might have led to missing connections in some patients. Conclusion: Stronger structural frontocingular connections 
may be of essence to optimally benefit from left dlPFC rTMS treatment in MDD. Even though the results are promising, further investiga-
tion with larger numbers of patients, more advanced tractography algorithms and classic daily rTMS treatment paradigms is warranted. 
Clinical trial registration: http://clinicaltrials.gov/show/NCT01832805
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these brain areas have shown clinical effects in patients with 
depression. Furthermore, it has been stated that preserved 
frontocingulate neurocircuitries may be of essence to opti-
mally benefit from left dlPFC neurostimulation.6,12

So far, the potential link between structural connections 
and clinical response to brain stimulation has not yet been 
investigated. However, Amico and colleagues13 showed cor-
relations between structural connections and the effects of 
transcranial magnetic stimulation (TMS), as measured by 
TMS-evoked potentials in electroencephalography, sug-
gesting that the effects of stimulation propagate throughout 
the brain via structural connections. Furthermore, structural 
connections may play a role in clinical efficacy.6,12,13

In this study, we investigated the importance of structural 
connectivity, estimated using diffusion MRI (dMRI), for the 
clinical effectiveness of aiTBS. Using various gradient direc-
tions during MRI scanning, it is possible to map the direction 
in which water diffusion is least restricted, to derive a so-
called diffusion tensor.14,15 The application of tractography 
 algorithms allows the assumed spatial orientation of ana-
tomic (structural) connections between different brain areas 
to be reconstructed. We evaluated whether individual base-
line structural connectivity between the stimulated area (left 
dlPFC) and the cingulate cortices could be of predictive value 
for clinical response to aiTBS in patients with MDD.7 Specif-
ically, we hypothesized that stronger baseline structural con-
nections between the stimulated area and the cingulate cortex 
would be associated with better clinical response.

Methods

The current study (http://clinicaltrials.gov/show/
NCT01832805) was approved by the Ghent University 
Hospital ethics committee and conducted in accordance 
with the declaration of Helsinki (2004). All patients gave 
written informed consent.

Patient inclusion

Fifty right-handed patients with MDD were included in this 
clinical aiTBS study. We diagnosed MDD using the struc-
tured Mini-International Neuropsychiatric Interview.16 All 
patients were at least stage I treatment-resistant. They had a 
minimum of 1 unsuccessful treatment trial with selective sero-
tonin reuptake inhibitors or serotonin and norepinephrine 
reuptake inhibitors. Medication was tapered off, and all pa-
tients were at least 2 weeks antidepressant-free before stimu-
lation. More extensive information about patients and clinical 
outcomes can be found in a study by Duprat and colleagues.17

Study protocol

The overall design of this randomized, double-blind, sham-
controlled, crossover trial is shown in Appendix 1, available 
at jpn.ca/190088-a1. Patients were randomized to receive 
sham aiTBS first, followed by active aiTBS (arm A) or the 
other way around (arm B) (Appendix 1, Fig. S1. We used 
only the baseline dMRI data to investigate our hypothesis.

All patients first underwent baseline MRI (3 T Siemens 
TrioTim) on day 1 (T1) with anatomic imaging (magnetiza-
tion prepared rapid acquisition gradient echo [MPRAGE]; 
repetition time 2530 ms, echo time 2.58 ms, flip angle 7°, field 
of view 220 × 220 mm2, resolution 0.9 × 0.9 × 0.9 mm3, 
176 slices), and we acquired dMRI scans using a single-shot 
echo planar imaging sequence (repetition time 8500 ms, echo 
time 85 ms, field of view 244 × 244 mm2, voxel size 2 × 2 × 
2 mm3, 68 slices, acquisition time 9.14   min). For every 
 patient, we acquired 62 diffusion-weighted images: 60 im-
ages with b = 800 s/mm2 (30 non colinear gradient directions, 
2 averages) and 2 b0 images.

We used a Magstim Rapid2 Plus1 magnetic stimulator 
(Magstim Company Limited) connected to an active or sham 
figure-8-shaped coil (Magstim 70 mm double air film [sham] 
coil) to apply the active and sham stimulations. The left 
dlPFC, defined as the centre part of the midprefrontal 
 gyrus (Brodmann area 9/46) based on anatomic MRI of each 
person,18 was stimulated at 110% of the resting motor 
threshold. Positioning of the coil (45° anterolateral) was 
maintained using the BrainSight neuronavigation system 
(Rogue Resolutions, Inc). According to the accelerated pro-
tocol, we administered 5 stimulation sessions per day on 
4 consecutive days (days 2 to 5, and days 9 to 12). One iTBS  
session consisted of 54 trains of 2 s of stimulation given in an 
8 s cycling period. During the 2 s, 10 bursts of 3 stimuli were 
given. This added up to 1620 stimuli per session, for a total 
of 32 400 stimuli over the 4-day treatment period. Between 
sessions, patients had breaks of approximately 15 minutes. 
During stimulation, patients were blindfolded, wore ear-
plugs and were kept unaware of the type of stimulation 
(sham or active) they received.

Analysis pipeline

We used MRIcron to loop through the raw diffusion-
weighted MRI data in different orthogonal views to look for 
obvious artifacts (e.g., large signal dropouts, geometric dis-
tortions, zebra artifacts). We used the quality assessment 
toolbox from FreeSurfer (version 6.0.0; https://surfer.nmr.
mgh.harvard.edu/fswiki/QATools) to check the (sub)cor-
tical segmentation quality of the MPRAGE data and Freeview 
to loop through the image maps in multiple planes.

We analyzed the dMRI data sets using ExploreDTI19 (ver-
sion 4.8.6). First, we masked the FreeSurfer data sets from T1 
with ExploreDTI (kernel size of morphological operators = 5; 
intensity threshold 5%). Then, we corrected the dMRI data 
for signal drift, subject motion, eddy-current-induced distor-
tions and susceptibility artifacts,20–22 with the masked data 
sets from T1 as undistorted (target) scans. We performed 
quality assessment of the corrected dMRI data for every 
 patient. We checked the colour-coded fractional anisotropy 
(FA) maps of the preprocessed data and the residuals maps. 
Data were marked as “low quality” when the FA colours 
were incorrect or scattered, or when the average residuals 
showed low fit of the diffusion tensor and when the outliers 
had high peaks. As well, the diffusion data set was excluded 
from further analysis if the translational motion exceeded the 
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voxel size (2 mm3). More detailed information can be found 
in Caeyenberghs and colleagues.23,24

We estimated the diffusion tensor from the corrected 
 images with the robust fitting routine REKINDLE25,26 before 
 applying whole-brain tractography27 with a uniform seed 
point resolution of 2 mm3, a step size of 1 mm, an angle 
threshold of 30° and an FA threshold of 0.2.

Fibre paths of interest

We used FreeSurfer to parcellate the anatomic data sets 
 according to the Desikan–Killiany parcellation scheme28 in 
68 cortical and 19 subcortical nodes (cerebellum, thalamus, 
caudate, putamen, pallidum, hippocampus, amygdala, ac-
cumbens area and ventral diencephalon bilaterally, as well as 
the brainstem). We also added 2 nodes representing the 
 patient-specific stimulation site and the subgenual anterior 
cingulate cortex (sgACC). The node representing the patient-
specific stimulation site was defined as the grey matter parts 
of a circular region of interest (ROI) with a radius of 12 mm 
that was placed over the patient-specific stimulation site, as 
saved in the BrainSight neuronavigation system. The radius 
was derived from the linear decay of metabolic changes seen 
in animal TMS experiments.29,30 Because 1 voxel cannot be-
long to multiple nodes, voxels in the stimulation-site node 
were subtracted from the Desikan–Killiany node they ori-
ginally belonged to. The sgACC node was defined as the 
grey matter parts of a circular ROI at Montreal Neurological 
Institute position x = 6, y = 16, z = −10 (converted to the pa-
tient’s native space using inverse normalization matrices) 

with a radius of 10 mm, as used by Fox and colleagues.10 This 
resulted in 89 nodes for structural connectivity analysis.

We used ExploreDTI to calculate connectivity matrices 
 between the 89 nodes. Specifically, only the tracts that actu-
ally ended within the nodes were taken into account. We per-
formed manual inspection to confirm that there were no 
loose fibres in our tracts. We derived the label file from the 
Desikan–Killiany label template as provided by ExploreDTI 
(FS_cvs_avg35_inMNI152_aparc+aseg_E_DTI_label_names.
txt). See Figure 1 for an overview of the analysis steps.

According to our hypothesis, parts of the cingulate cortex 
are responsible for the clinical efficacy of brain stimulation 
treatment. According to the Desikan–Killiany atlas, the cin-
gulate cortex is split into 4 parts bilaterally: isthmus, pos-
terior, caudal and rostral (Fig. 2). The rostral and caudal 
parts refer to the anterior cingulate cortex. We used the 
8 cingulate cortex regions plus the sgACC for a total of 
9 ROIs in this study.

First, we investigated the existence of a direct structural 
connection between the stimulated position in the left dlPFC 
and any of the ROIs. We also investigated potential indirect 
pathways, with a focus on those with 1 or 2 nodes that con-
nected the stimulation site in the dlPFC to either of the ROIs 
in the cingulate cortex, further referred to as internodes.

Quantification of structural connectivity

Examples of fibre tracts between specific sets of nodes can be 
seen in Figure 3. We used various metrics to quantify structural 
connectivity between the stimulation position in the left dlPFC 

Fig. 1: (A) We obtained whole-brain tractography results using ExploreDTI. (B) The label file contained 89 nodes. We manually added circular 
regions of interest surrounding the patient-specific stimulation position and the subgenual anterior cingulate cortex (sgACC; yellow nodes). We 
used the grey matter parts of these regions of interest as the patient-specific stimulation node and the sgACC node (shown in black and grey, re-
spectively). (C) We computed connectivity matrices using multiple quantification measures.

For every quantification measure:
•  Fractional anisotropy (depicted)
•  Mean diffusivity
•  Tract density
•  Number of tracts
•  Tract volume
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and the predefined ROIs: number of tracts, volume of tracts, 
tract density (TD), FA and mean diffusivity (MD). The number 
of tracts, between nodes u and v for example, represented the 
number of tracts starting in u and ending in v (or vice versa). 
We calculated the total volume of these tracts as the volume 
(voxels) intersected by these streamlines. Tract density31 is the 
number of connections per unit surface (e.g., mean area of 
nodes u and node v). The FA and MD values27 are measures of 
anisotropy and trace of the diffusion tensor, respectively.

We quantified the pathways between the stimulation site 
and the ROIs according to a formula derived from the defini-
tion of path length from graph theory. Path length is a meas-
ure of integration and is defined as the shortest path (dis-
tance, d) between 2 nodes.32,33

In the equations above, f represents the inverse transforma-
tion from weight to distance, as described by the various 
structural connectivity (SC) metrics. The stronger the struc-
tural connection, the shorter the distance. The undirected, 
weighted path from the dlPFC to an ROI is represented by 

. Because this represents an indirect path-
way, it is quantified by summing the structural characteris-
tics of the sub-paths between the dlPFC and the ROI, auv. Spe-
cifically, in cases of 1 internode, there are 2 sub-paths: from 
the dlPFC to the internode (u = dlPFC, v = internode), and 
from the internode to the ROI (u = internode, v = ROI). In 
cases of 2 internodes, there are 3 steps. Beyond the single 
(shortest) pathway between 2 nodes, currently defined as the 
path length, we averaged all possible pathways between the 
dlPFC and the ROIs, assuming that neuronal communication 
is not restricted to a single pathway. Therefore, the final met-
ric to quantify the structural connection between the dlPFC 
and the ROI was named “total distance” (dTot) and defined 
as follows:

Fig. 2: Nine regions of interest in the cingulate cortex (CC): the 
isthmus, posterior, caudal and rostral (bilaterally) were derived 
from the Desikan–Killiany atlas. The subgenual anterior cingulate 
cortex (sgACC) was added manually. A = anterior; P = posterior.

Isthmus CC
Posterior CC
Caudal CC
Rostral CC
sgACC

P A

Fig. 3: Example of a pathway between the stimulation position and the left caudal part of the cingulate cortex via the left superior frontal 
cortex. (A) The structural connection between the patient-specific stimulation site in the left dorsolateral prefrontal cortex and the first inter-
node, in this case the superior frontal cortex. (B) The connection between the first and second internodes. (C) The connection between the 
second internode and the caudal part of the cingulate cortex. The fractional anisotropy map is used as template, and the nodes are shown 
in grey and white. Note that in each panel, the pathway is from the grey node to the white node. For example, the white node in (A) is the 
grey node in (B). The same holds for (B) and (C). Different colours represent different directions of neuronal pathways: green = anterior–
posterior; red = left–right; blue = inferior–superior. 

A B C
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Note that this general measure can be derived from 5 dif-
ferent structural connectivity quantification measures: num-
ber of tracts, volume of tracts, tract density, FA and MD.

Specificity to frontocingulate structural connectivity

To investigate whether the specific structural connectivity be-
tween the stimulation position and the cingulate cortex was 
important for predicting clinical response to aiTBS (and not 
the overall whole-brain structural connectivity strength) we 
derived 3 additional measures from the baseline whole-brain 
tractography results. We correlated the total number of tracts 
and whole-brain FA and MD values with the changes in 
score on the Hamilton Depression Rating Scale (HDRS).34 We 
calculated whole-brain FA and MD values as the sum of the 
average FA or MD values in every tract.

We also computed nodal structural connectivity meas-
ures for the stimulation region. We calculated the average 
FA and MD values in the stimulation node, as well as aver-
age FA and MD values for the connections from the stimu-
lation node to all other nodes in the brain. We also com-
puted the total number of tracts starting from the 
stimulation region, together with the total volume of these 
tracts. We then correlated nodal structural connectivity 
measures with clinical responses.

Group analysis

To investigate whether specific individual structural charac-
teristics are important for correlations with clinical response, 
we repeated the analysis using a group connectome using 
data from our 40 depressed patients. Because the patient-
specific stimulation sites were added as nodes in this analy-
sis, it was not possible to average the connectivity matrices 
over all patients to obtain an average structural group con-
nectome. Therefore, we coregistered an individual patient’s 
specific stimulation site to the native space of all other 
 patients to create an 89 × 89 patient-specific average connec-
tivity matrix. We repeated this process for each participant, 
resulting in 40 patient-specific average connectivity matrices, 
each differing in only 1 node: the respective stimulation site 
for the individual patient (see Appendix 1 for more details). 
We did not take the sgACC into account for the group analy-
sis, because only 9 patients showed indirect structural con-
nections, using 2 internodes, from the stimulation position in 
the left dlPFC to the sgACC.

Statistical analysis

Because our previous results17 clearly showed that the clinical 
effects of aiTBS treatment had a delayed onset, we focused on 
clinical outcomes at T4, defined as ΔHDRSdel = HDRST4 − 
HDRST1. These ∆HDRS scores were correlated with dTotdlFPC − target 
values, derived from different structural connectivity metrics 
based on individual data and on group connectome data. Sig-
nificance was set at p < 0.05 (2-tailed).

We also computed the prediction of the immediate effect 
(3  d after the first 20 sessions; T2) of the sham and active 

aiTBS stimulations. We measured the immediate clinical 
 effects by the change in HDRS before and directly after the 
sham and active stimulation (ΔHDRSimm/sham = HDRST2 − 
HDRST1; arms A and B, Appendix 1, Fig. S1). To avoid poten-
tial carryover effects, we considered only data between T1 and 
T2 to calculate immediate stimulation effects. The statistical 
approach was similar to that described for prediction of 
 delayed effects.

Results

Four patients dropped out of the study, and 1 patient 
retrospectively received an altered diagnosis. Furthermore, in 
2 patients the stimulation position was not saved, restricting 
the performance of this method. In the remaining 43 data 
sets, we found poor data quality owing to severe head 
motion in 1 patient (exceeding the size of 1 voxel) and owing 
to artifacts in 2 other patients. In the end, 40 dMRI data sets 
were included for analysis.

Structural pathways between the left dlPFC and the 
 cingulate cortices

Given that we found no direct structural connections be-
tween the stimulated left dlPFC and any of the ROIs, and less 
than half of the participants showed indirect connections 
with 1 internode to any of the ROIs, we focused on pathways 
with up to 2 internodes. We detected 20 nodes as first inter-
nodes; the left superior frontal cortex was the most common 
(number of participants who showed left superior frontal 
cortex as the first internode in the indirect pathway to any of 
the ROIs in the cingulate cortex, mean ± standard deviation 
[SD] = 15.56 ± 5.66). Distribution of the second internode was 
slightly more widespread (n = 28). The most common 
 observed second internodes were the bilateral superior fron-
tal cortex (mean ± SD; left 9.78 ± 7.10; right 12.44 ± 8.76) and 
the bilateral precuneus (mean ± SD; left 8.67 ± 7.43; right 7.33 
± 5.69). A full overview of the distribution of the first and 
 second internodes can be found in Appendix 1. An example 
of the pathway between the stimulation position and the cau-
dal part of the cingulate cortex in the left hemisphere in a sin-
gle random patient is shown in Figure 3.

Significant correlations between structural connectivity 
and clinical response

We used data from all patients (n = 40, arms A and B) to cal-
culate the potential for structural connectivity to predict 
 clin ical response to aiTBS. Even when 2 internodes were 
 con sidered, not all patients showed indirect structural con-
nections between the stimulated left dlPFC and the ROIs in 
the cingulate cortex. The results for this section are based on 
a subgroup of patients who showed structural pathways 
 between the stimulated area in the left dlPFC and the ROIs in 
the cingulate cortex (see Table 1 and Appendix 1 for more 
 detailed information).

Structural connectivity, described by 3 of 5 metrics (num-
ber of tracts, volume of tracts, MD), between the left dlPFC 
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and the right caudal part of the cingulate cortex showed sig-
nificant correlation (p < 0.05, uncorrected) with the clinical 
 response to aiTBS. As well, the number of tracts between the 
stimulation position and the left posterior part of the cingu-
late showed predictive value. An overview is provided in 
Figure 4, and additional statistical details can be found in 
 Table 2. In all cases, positive correlations indicate that lower 
dTot values (i.e., stronger structural connections) result in bet-
ter clinical responses.

Clinical response prediction based on whole-brain or nodal 
structural connectivity metrics

Whole-brain structural connectivity metrics, total number of 
tracts, FA and MD, did not show significant correlation 
(p < 0.05, uncorrected) with clinical response to aiTBS. We 
also found no significant correlations between the nodal 
structural connectivity measures and clinical response. More 
detailed results can be found in Appendix 1.

Results using group depression connectome

Using group connectome data derived from 40 dMRI data 
sets from patients with depression, we found no significant 
correlations (p < 0.05, uncorrected) for baseline structural 
connectivity between the stimulation area in the left dlPFC 
and any of the ROIs in the cingulate cortex and clinical 
 response to aiTBS.

Discussion

To our knowledge, this was the first study to use dMRI 
data to predict the clinical efficacy of an aiTBS treatment 
protocol in patients with MDD. Baseline structural connec-
tivity between the patient-specific stimulation site in the 
left dlPFC and the right caudal and left posterior parts of 
the cingulate cortex showed predictive value for clinical 
 response to aiTBS treatment.

One of our major findings was the absence of direct struc-
tural pathways between the stimulated area in the left 
dlPFC and any of the cingulate cortices. Although various 
neuroimaging techniques have shown functional crosstalk 
between the dlPFC and the cingulate cortex,9–12,35 functional 
connections are not always represented by direct structural 
connections. Honey and colleagues36 reasoned that this un-
ambiguity might be explained by indirect connections, 
 mediated by a third brain region. As well, Roge and col-
leagues37 and Deligianni and colleagues38 demonstrated that 
functional connections can be predicted by indirect struc-

tural connections up to the second order (i.e., indirect path-
ways with 2 internodes). In line with these findings, we 
 investigated structural pathways between the left dlPFC 
and the cingulate cortex with up to 2 internodes. Our analy-
ses showed that the stimulation position displayed more 
 indirect structural connections bilaterally to the caudal and 
posterior parts of the cingulate cortex and the isthmus than 
to the rostral parts (Appendix 1). In particular, the struc-
tural connections to the caudal and posterior parts of the 
cingulate cortex showed predictive value for clinical 
 response to aiTBS. These findings could not be caused by 
overall structural connectivity strength, because whole-
brain structural connectivity metrics were not significantly 
correlated with clinical response.

Clinical outcome was related to structural connections 
from the left dlPFC to the right caudal part of the cingulate 
cortex, derived from the number of tracts, volume of tracts 
and MD. As well, we found positive correlations between 
dTot, derived from MD, between the dlPFC and the left pos-
terior cingulate cortex. Mean diffusivity is a measure of over-
all diffusivity39 and can be interpreted as an inverse measure 
of membrane density:40 the more membranes in a voxel, the 
lower the diffusion and the lower the MD. The positive cor-
rel ation indicates that lower dTot values (resulting from 
higher MD values, more tracts and a higher volume of tracts) 
result in better clinical response. Here, one can speculate that 
because of higher values, the effect of stimulation can propa-
gate more easily to deeper structures, in this case the right 
caudal and left posterior cingulate cortex.

The caudal and posterior parts of the cingulate cortex have 
been linked to response to MDD treatment. For example, 
Baeken and colleagues12 showed that higher baseline meta-
bolic activity in the dlPFC and the entire anterior cingulate 
cortex, including the caudal part, were associated with better 
clinical outcomes. More specifically, metabolic activity in the 
right caudal part of the cingulate cortex has been linked to 
the clinical effectiveness of rTMS in a single-photo emission 
computerized tomography study.35 Lozano and colleagues9 
showed increased metabolism in the posterior cingulate after 
deep brain stimulation to the subgenual cingulate region in 
8 responders.

Biomarkers derived from individual data versus group 
 connectome data

The fact that we found no significant correlations between 
baseline structural connectivity and the clinical effects of 
aiTBS for the group connectome may emphasize the impor-
tance of using individual structural connectivity data. 

Table 1: Number of patients* who showed indirect structural connections, with up to 2 internodes, between the stimulation site in the 
left dlPFC and ROIs in the cingulate cortex 

sgACC

Left cingulate cortex Right cingulate cortex

Rostral Caudal Posterior Isthmus Rostral Caudal Posterior Isthmus

Number of patients 9 20 34 34 38 24 33 33 37

dlPFC = dorsolateral prefrontal cortex; ROI = region of interest; sgACC = subgenual anterior cingulate cortex.
*Out of a total of 40.
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 Although tractography permits the reconstruction of white 
matter pathways in vivo, the accuracy of these trajectories is 
limited owing to suboptimal acquisition (see Limitations). 
Validation of the trajectories is difficult because of missing 
knowledge related to the true structural connections in indi-
viduals. Tracer studies have been used as a gold standard 
and have shown high resemblance of big white matter tracts 
in macaque monkeys.41 However, especially at an individual 
level, the accuracy of small fibre bundles is limited.42

Limitations

A limitation of TMS studies in general is a lack of knowledge 
about optimal stimulation parameters2 and the prolongation 
and durability of clinical effects.43 Patients showing little clin-
ical response at T4 (2 weeks after the stimulation protocol) 
might be slow responders. Indeed, previous studies44,45 have 
shown that longer stimulation protocols might lead to remis-
sion in participants who did not remit initially. Because we 

Fig. 4: Overview of the significant correlations (p < 0.05, uncorrected) for the baseline structural connectivity between the stimulation position in 
the left dorsolateral prefrontal cortex and different parts of the cingulate cortex and the delayed clinical response (∆HDRSdel) to accelerated inter-
mittent theta burst stimulation, measured at T4 (2 weeks after the stimulation protocol). We found that dTot, calculated using the number of 
tracts, volume of tracts and mean diffusivity, between the stimulation site and the right caudal cingulate cortex region were significantly cor-
related with clinical response. As well, the dTot derived from the number of tracts between the stimulation site and left posterior cingulate  cortex 
was significantly correlated. Statistical details can be found in Table 2. dTot = total distance; HDRS = Hamilton Depression Rating Scale.
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have no information about the timing of the propagation of 
the TMS effects via structural connections to potentially 
cause clinical effects, the findings of this study might be dif-
ferent if clinical data were recorded at different time points.

In the statistical analysis, the stimulation order (sham–active 
v. active–sham) was not explicitly taken into account. There-
fore, the time between the real TMS stimulation and assess-
ment of the delayed clinical effects differed depending on 
which arm of the study the patients were in.

In this study, we used the diffusion tensor to perform 
tractography because of the limited (n = 30) number of dif-
fusion gradients and the low b value (single shell, 800 s/mm2). 
A well-known limitation of the diffusion tensor is resolving 
voxels that contain multiple fibre directions (i.e., kissing or 
crossing fibres).46–48 This might have been why some con-
nections were missing in some patients. In future studies, 
we recommend using multi-shell data with a higher range 
of b values49 and a large number of gradient directions to 
achieve high angular resolution diffusion imaging,50 
 although this puts pressure on study participants, because 
scanning time can increase drastically. Longer scans tend to 
increase the presence of artifacts, such as notable patient 
motion51 and signal drift23 due to gradient temperature 
changes. Recent developments in tractography suggest52 
that more advanced models than diffusion tensor imaging, 
such as diffusional kurtosis imaging,53,54 constrained spher-
ical deconvolution55,56 or diffusion spectrum imaging,57 
should be taken into consideration.

We used 5 different metrics to quantify the structural con-
nectivity strength between the stimulated left dlPFC and 
9 ROIs in the cingulate cortex. This approach induced a mul-
tiple comparison issue. However, because this was the first 
study to investigate the potential for dMRI data to predict 
clinical response to aiTBS, we considered it to be exploratory, 
and all findings with p < 0.05 were reported.

Some patients without structural connections between the 
stimulation site and the ROIs in the cingulate cortex showed 
clinical improvement (Appendix 1). This might indicate that 
the clinical effects of aiTBS are at least not solely related to 
structural connectivity between the stimulation position and 

the cingulate cortex. Other limbic structures could be 
 involved in the relief of depressive symptoms.58,59

Furthermore, the exact dTotdlPFC − ROI measure to quantify 
the structural connectivity between the dlPFC and any of 
the ROIs in the cingulate cortex was derived from the path-
length formula33 but has never been used before in this 
 exact form. Validation of this measure in replication studies 
is therefore highly recommended. In accordance with Roge 
and colleagues37 and Deligianni and colleagues,38 we stud-
ied pathways up to 2 internodes. Given that more inter-
nodes results in more potential pathways, the direction of 
neuronal communication (orthodromic versus antidromic) 
cannot be derived from dMRI data. Therefore, this method 
has a high potential for including false pathways in the 
analysis pipeline.

The actual activation of neuronal white matter tracts by 
TMS depends on multiple factors, such as the TMS coil posi-
tion and orientation, and the distance between the coil and 
the white matter tracts. For neuronal activation, there should 
be a component of the TMS-induced electric field that aligns 
with the white matter tract and exceeds an activation thresh-
old.2,60 Previous studies have demonstrated preferred sites of 
activation in the sulcal walls, where pyramidal cells bend and 
create high electric field gradients.61 Future studies might 
benefit from combining electric field simulations with trac-
tography to more accurately determine the actual activated 
neuronal pathways in the brain.62,63

Conclusion

This was the first study to investigate the biomarker potential 
of dMRI data to predict the clinical response to aiTBS. Struc-
tural connections between the patient-specific stimulation 
area in the left dlPFC and the right caudal and the left pos-
terior part of the cingulate cortex were predictive for clinical 
outcomes. These findings were in line with our hypothesis 
that baseline structural connectivity may be of essence for 
clinical response to aiTBS in some patients, although the 
aiTBS protocol also induced positive clinical effects in pa-
tients who did not show these structural connections. Future 
research is necessary, including larger patient samples, to 
confirm these results. After validation of the potential of this 
dMRI-based prognostic biomarker, dMRI data might be used 
to optimize and personalize stimulation protocols.
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Table 2: Significant correlations* between clinical response and 
structural connectivity†‡ 

Metric, region
Correlation 
coefficient p value Slope

Number of tracts, right caudal 
cingulate cortex

0.41 0.02 5.46

Number of tracts, left posterior 
cingulate cortex

0.40 0.02 5.42

Volume of tracts, right caudal 
cingulate cortex

0.35 0.04 1329

Mean diffusivity, right caudal 
cingulate cortex

0.43 0.01 0.01

dTot = total distance.
*p < 0.05, uncorrected.
†Between the stimulation position in the left dorsolateral prefrontal cortex and the 
regions of interest in the cingulate cortex, represented by dTot, including p value and 
slope (Fig. 4). 
‡Not all patients showed indirect connections between the stimulation site and the 
cingulate cortex. 
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