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Reproducible routes: reliably
navigating the connectome to
enrich personalized brain
stimulation strategies
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Non-invasive brain stimulation (NIBS) technologies, such as repetitive
transcranial magnetic stimulation (rTMS), offer significant therapeutic potential
for a growing number of neuropsychiatric conditions. Concurrent with
the expansion of this field is the swift evolution of rTMS methodologies,
including approaches to optimize stimulation site planning. Traditional targeting
methods, foundational to early successes in the field and still widely employed
today, include using scalp-based heuristics or integrating structural MRI
co-registration to align the transcranial magnetic stimulation (TMS) coil with
anatomical landmarks. Recent evidence, however, supports refining and
personalizing stimulation sites based on the target's structural and/or functional
connectivity profile. These connectomic approaches harness the network-
wide neuromodulatory effects of rTMS to reach deeper brain structures
while also enabling a greater degree of personalization by accounting for
heterogenous network topology. In this study, we acquired baseline multimodal
magnetic resonance (MRI) at two time points to evaluate the reliability and
reproducibility of distinct connectome-based strategies for stimulation site
planning. Specifically, we compared the intra-individual difference between
the optimal stimulation sites generated at each time point for (1) functional
connectivity (FC) guided targets derived from resting-state functional MRI and
(2) structural connectivity (SC) guided targets derived from diffusion tensor
imaging. Our findings suggest superior reproducibility of SC-guided targets.
We emphasize the necessity for further research to validate these findings
across diverse patient populations, thereby advancing the personalization of
rTMS treatments.

KEYWORDS

transcranial magnetic stimulation, personalized brain stimulation, diffusion imaging
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1 Introduction

Non-invasive brain stimulation (NIBS) technologies like repetitive transcranial
magnetic stimulation (rTMS) hold tremendous therapeutic potential for an expanding list
of neuropsychiatric diseases. Since the first Food and Drug Administration (FDA) approval
was granted for an rTMS protocol to treat depression in 2008, the agency has cleared
therapies for obsessive-compulsive disorder, migraine, smoking cessation, and additional
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novel protocols for depression (Cohen et al, 2022). Alongside
these approvals, research in other areas continues to evolve,
yielding promising results for neurodegenerative conditions
like Alzheimer’s Disease (AD) and other mental illnesses like
schizophrenia (Chou et al., 2020; Lorentzen et al., 2022).

Despite remarkable progress in recent decades, there remains
considerable opportunity to optimize the efficacy of rTMS
therapies, as evidenced by the substantial heterogeneity in
therapeutic outcomes (Miron et al., 2021; Fitzgerald et al., 2016).
Even for conditions like depression, where rTMS is classified as
having “Level A” evidence (i.e., definite efficacy), the treatment can
deliver life-changing relief for one subset of patients while an equal
number receive no meaningful benefit (Lefaucheur et al., 2020).
Given that successful treatment depends upon proper targeting,
stimulation site planning represents an aspect of rTMS with
outsized potential to optimize treatment outcomes.

For depression, the longest-standing therapeutic application
of rTMS, the stimulation target is conventionally determined
with scalp-based approaches. The “5- or 6-cm rule;” for example,
targets the dorsolateral prefrontal cortex (DLPFC) by moving
the coil 5 or 6cm anterior to the motor hotspot (George et al.,
1995). Another scalp-based heuristic adopts the 10-20 system for
electroencephalography electrode positioning, where the DLPEC is
localized at the F3 location (Zhang et al., 2021). Although these
scalp-based techniques have provided an important foundation for
rTMS in treating depression, they were not designed to consider
the individual variations in head morphology, neuroanatomy, and
network topography, which are now recognized as crucial factors
for tailoring the stimulation site.

Beyond scalp-based approaches, the next most common
practice entails acquiring structural magnetic resonance imaging
(MRI), co-registering the image to an anatomical atlas, and
positioning the coil over the DLPFC with a 3D neuronavigation
system (Rusjan et al., 2010). Findings from studies incorporating
structural neuroimaging and neuronavigation systems reveal that
conventional scalp-based approaches do not provide precise
localization of the DLPFC in 33-68% of patients (George et al.,
2010; Herwig et al, 2001). Thus, many postulate that the
heterogeneity of rTMS treatment outcomes may be partly due to
suboptimal targeting of the DLPFC (Cocchi and Zalesky, 2018;
Downar and Daskalakis, 2013; Klooster et al., 2022; Cash et al.,
2021¢).

Over the last 10 years, a growing body of evidence highlights
that the clinical outcomes of brain stimulation are largely
influenced, if not dictated, by the connectivity profile of the
targeted stimulation site (Cash et al., 2021a,b, 2022; Cocchi and
Zalesky, 2018; Fox et al., 2014; Klooster et al., 2020; Cardenas
et al, 2022; Cole et al, 2020; Rosen et al, 2021). Specifically,
in the context of depression, it is increasingly recognized that
treatment outcomes are augmented when transcranial magnetic
stimulation (TMS) is delivered at sites with stronger negative (i.e.,
anti-correlated) functional connectivity (FC) with the subgenual
anterior cingulate cortex (sgACC). This relationship was elegantly
demonstrated by Cash et al., for example, who analyzed data from
a study that employed a scalp-based targeting of the left DLFPC in
a cohort of patients with depression. Retrospectively, the authors
evaluated baseline multimodal MRI to determine the optimal
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stimulation target in the DLPFC for each individual, dictated by
functional connectivity to the sgACC (Cash et al., 2021a). The
findings revealed that the average distance between the optimal
and clinically implemented stimulation sites was 30 mm, with a
strong correlation between the treatment efficacy and the proximity
of each individual’s optimal target to where rTMS was applied
with the scalp-based approach (r = —0.60; p < 0.001; Cash et al,,
2021a). In other words, treatment response was enhanced among
individuals who, by chance, received treatment closer to their
personalized targets.

Support for the link between therapeutic outcomes and
the connectivity profile of the stimulation site is reinforced by
research spanning various therapeutic applications and methods
of stimulation. Instances of such evidence include retrospective
analyses observing that memory enhancement through rTMS was
more effective when the locations of experimentally-applied and
connectome-guided targets were closely aligned (Cash et al., 2022).
Thus, to realize the full clinical potential of rTMS, it may be
necessary to employ personalized connectome-guided targeting
given the high degree of inter-individual variability in network
topology (i.e., connectome fingerprinting; Finn et al., 2015). This
personalized, connectome-based stimulation site planning may be
particularly necessary for conditions that predominantly affect
deeper cortical structures like the hippocampus in AD.

This connectomic approach not only coincides with a recent
paradigm shift in modern psychiatry that places a greater emphasis
on distributed network disruptions (Braun et al, 2018), but
it also aligns with a core feature of rTMS—the ability to
induce network-wide neuromodulatory effects (Beynel et al,
2020). While the electromagnetic fields generated by TMS stimuli
can only directly stimulate superficial cortical tissue (i.e., depth
<30mm), neural activity can be modulated in deeper brain
structures that are functionally and/or structurally connected to
the superficial stimulation site (Shafi et al., 2012). Structural and
functional connectivity profiles can be evaluated with multimodal
MRI to leverage this capability and account for heterogeneous
network topology.

The most commonly employed strategy to date utilizes resting-
state functional MRI (rsfMRI), which evaluates FC by identifying
regions with synchronized fluctuations in spontaneous brain
activity at rest. To date, most of the evidence supporting the
enhanced efficacy of TMS applied to FC-guided targets comes from
retrospective analyses (Cash et al., 2021a, 2022; Rosen et al., 2021;
Fox et al,, 2014; Weigand et al., 2018). Despite these promising
early results, some in the field have highlighted potential limitations
associated with evaluations of functional network topography,
particularly regarding its reproducibility. Measures of functional
network topography exhibit a relatively high degree of intra-
individual variability across rsfMRI scans at multiple time points,
particularly in older adults (Song et al., 2012; Teeuw et al., 2021;
Liuetal., 2023). Consequently, connectivity weights for a given ROI
fluctuate over time, destabilizing the FC-guided stimulation target
and weakening the reproducibility of this approach (Ning et al.,
2019). Another potential limitation that weakens the reliability
of this rsfMRI approach is its sensitivity to physiological noise
(Birn, 2012). Elbau et al. recently demonstrated how respiratory
patterns can significantly influence FC measures and, by extension,
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interfere with the previously reported relationship between sgACC
connectivity to the stimulation site and TMS treatment outcomes
(Elbau et al., 2023).

Though less prevalent in the existent literature, SC-guided
target selection provides a compelling alternative approach. The
structural connectome can be evaluated with diffusion tensor
imaging (DTI), which measures the microscopic diffusion of
water molecules along axonal pathways to map the projections
of white matter (WM) tracts in the brain. The reliability of DTT
benefits from the temporal stability of WM tracts, enhancing
the reproducibility of SC-guided targets (Momi et al,, 2021b).
Relatedly, structural network topography is more highly conserved
across individuals, producing a tighter clustering of optimal
stimulation sites and reducing the risk of coil positioning
errors (Luber et al., 2022). With particular relevance for TMS
targeting, it is also notable that WM, the underlying physical
substrate evaluated by DTI, directly facilitates signal propagation
from the superficial target to subcortical ROIs. Early reports
from our lab and others demonstrate the feasibility of SC-
guided TMS applications. For example, using the hippocampus
as the ROI, SC-guided parietal lobe stimulation significantly
enhanced memory and hippocampal functional connectivity in a
cohort of patients with mild cognitive impairment (Chen et al.,
2022).

As the field advances toward tailoring rTMS treatments,
and FC-guided
stimulation targets within the same participants is pivotal, laying

assessing the reproducibility between SC-

the essential groundwork for expansive scientific inquiry and
clinical trials. Findings of the study would provide critical insight
into the consistency and efficiency of targeted rTMS therapy,
ultimately contributing to more effective and personalized
treatments for neuropsychiatric disorders.

2 Methods
2.1 Participants

The dataset consisted of 30 right-handed older adults (age:
67.2 £ 7 vyears; females: 22, education: 16.7 £ 2 years)
underwent multimodal MRI scanning at two different but
closely spaced time points (mean interval: 16.8 days). The
University Institutional Review Board reviewed and approved all
protocol procedures.

2.2 MRI acquisition and preprocessing

MRI data were acquired by MAGNETOM® Skyra 3 Tesla MRI
scanner (Siemens Medical Systems, Erlangen, Germany) with a 32-
channel receiver head coil. Foam pads were applied to prevent head
motion. The structural MRI protocol included T1-MPRAGE (a 3D
gradient echo pulse sequence, T1-weighted) with TR = 2,530 ms,
TE = 3.3ms, TI = 1,100 ms, FA = 7°, FoV = 256 mm, parallel
imaging (GRAPPA 2), resolution: 1 x 1 x 1 mm, and T2-FLAIR (a
fluid-attenuated inversion recovery MRI sequences, T2-weighted)
with TR = 6,700ms, TE = 101 ms, TI = 2,500 ms, FA = 120°,
FoV = 256 mm, parallel imaging (GRAPPA 2), resolution: 1 x
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1 x 2.5mm; scan time = 8 min. Diffusion-weight MRI (single-
shot parallel and multi-band dual-spin-echo EPI pulse sequence)
parameters with FoV= 256 mm; in-plane matrix size = 128 x
128; in-plane acceleration factor = 2; multi-band factor = 2; TE
= 119ms; TR = 3,700 ms; slice thickness = 2mm; voxel size
=2 mm?> b = 0, 1,000, 2,000, and 3,000 s/mm? as three shell
acquisitions for further high angular resolution diffusion imaging
(HARDI) approach; number of diffusion-encoding directions = 60;
scan time = 9 min. Finally, a resting-state fMRI (rs-fMRI) (T2*-
weighted gradient-echo EPI pulse sequence, FoV = 240 mm; TR
= 3,000ms; TE = 36ms; flip angle = 90°; in-plane acquisition
matrix size = 160 x 160; voxel size = 1.5 mm?>; and multi-band
factor = 2; scan time = 8 min) was acquired. During the scans,
participants were asked to stay awake and hold still, keep their eyes
focused on a cross, and allow their thoughts to come and go as
they wished.

All MRI data was initially converted to the Brain Imaging
Data Structure (BIDS) format using custom scripts. After BIDS
conversion, preprocessing was performed on the T1-weighted
and rsfMRI data using fMRIPrep v1.0.3 (Esteban et al., 2019).
Individual T1 brain image was segmented through FreeSurfer
v7.1.1
arizona.edu/) incorporating the Human Connectome Project’s
Multimodal Parcellation (HCP-MMP v1.0) atlas. FreeSurfer was
applied to both T1 and T2 MRI scans to obtain a more reliable
segmentation of the hippocampal subfields with enhanced tissue

(https://surfer-nmr-mgh-harvard-edu.ezproxy4.library.

contrast and landmarks of the internal hippocampal structure.

2.3 Functional connectivity-guided
strategy

Following the preprocessing of resting-state fMRI data with the
fMRIprep, we employed the Nilearn Python package to estimate
a seed-to-voxel map. We calculated the seed-based map using
the left hippocampal body as the seed and averaged the time
series across all voxels within this seed. Physiological noise and
other non-neuronal fluctuations were incorporated in the first-
level general linear regression model, and the mean signal within
the seed mask was subsequently extracted while adjusting for
these confounds. A seed-to-voxel connectivity map was generated
by positively correlating the seed signal with the signals in each
voxel throughout the brain. The residuals from the nuisance
regression underwent a bandpass filter between the frequencies
of 0.01 and 0.1 Hz. Spatial smoothing of functional data was
performed using a 5-mm full-width half-maximum (FWHM)
Gaussian kernel.
identified
stimulation targets within the left lateral parietal cortex (LLPC)

In the FC-guided approach, we superficial
by applying a binary parietal mask derived from the HCP-MMP
v1.0 Atlas to the connectivity map. This map was further refined
by cluster thresholding at the 10th percentile (Cash et al., 2021b),
selecting the clusters demonstrating the most robust positive
correlation with the left hippocampal body. All surviving clusters
were ranked based on the center of gravity (COV), where a higher
COV signifies enhanced efficiency in disseminating information
throughout the network, potentially indicating a more substantial
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influence on brain dynamics and the distribution of information.
The cluster with the highest COV was selected as the optimal
stimulation target for the FC-guided approach.

2.4 Structural connectivity-guided strategy

We employed FSLs Bedpostx and Probtrackx tools to create
a voxel-wise probabilities tractography map. The diffusion tensor
was fitted using the Bayesian Estimation of Diffusion Parameters
Obtained using Sampling Techniques (BEDPOSTX) method
(Jeurissen et al., 2013). We used probabilistic tractography
Probtrackx to reconstruct the distribution probability of tracks
(Behrens et al., 2003, 2007). Using this approach, we computed
the number of tracts extending from the seed mask (hippocampal
body) to the gray matter cortical surface, normalized by the
total number of tracts from the seed ROI, thereby generating
a probability map from the hippocampal body to the rest of
the brain. For this process, we initiated 50,000 streamlines
per voxel in the seed mask and produced a probability
distribution until they terminated in voxels within the gray
matter cortical areas, with a step length of 0.5mm, curvature
threshold of 0.2 and a “loop check” to exclude tracks that
double back on themselves. Similar to the FC-guided approach,
additional constraint was applied to the probability map by
using a binary parietal lobe mask to generate an SC-guided
target within the LLPC. The constrained probability map was
further cluster thresholded at 10th percentile, and surviving
clusters were ranked by their COV. The cluster with the
highest COV within the mask was selected as the SC-guided
stimulation target.

For both FC- and SC-guided strategies, to make sure that
the estimated stimulation sites in the parietal lobe were within
the reachable range of TMS (i.e, <30mm), we utilized the
“make_scalp_surfaces” function from an open-source Python
package, MNE, to generate head surfaces delineating the interface
between the brain, skull, and skin (Gramfort et al., 2013). We
then applied the Watershed algorithm from the Boundary Element
Method (BEM) to create surfaces for the inner skull, outer skin, and
outer skull. We measured the distance between the stimulation site
and each voxel in the outer skin to identify the optimal stimulation
site that could be reached using TMS (Kozel et al., 2000). A detailed
illustration of the optimal stimulation site generation is shown in
Figure 1.

2.5 Statistical analysis

To evaluate the reproducibility of the two distinct connectomic
targeting strategies, we identified the optimal stimulation site
within the left lateral parietal lobe utilizing each strategy at two
separate scans (timepoint 1 and timepoint 2). The coordinates
of the optimal stimulation targets from each strategy at both
time points were subsequently transformed into MNI space
for group-level analysis. Next, we evaluated the intra-individual
distances between identified stimulation targets generated at each
time point by calculating the Euclidean distance between the
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two coordinates (Figure 2a). Normality of the data distribution
was evaluated using the Shapiro-Wilk test for each strategy. To
compare the reliability between the two strategies, we employed
Welch’s t-test to analyze differences in intra-individual distance
data between two strategies. Welch’s ¢-test is robust to violations
of normality assumptions and unequal variances between groups.
We also calculated the Euclidean distance between the SC-
guided and the FC-guided targets at each time point. The
average distance between SC- and FC-guided targets is provided
in the Supplementary material. Statistical significance was set
at P < 0.05. All statistical analyses were performed using
Python 3.8 with specialized libraries including Scipy, Statsmodels,
and Pandas.

3 Results

Stimulation targets within the left lateral parietal lobe were
produced for every participant using SC-guided and FC-guided
methodologies, ensuring the data processing steps remained
consistent across both time points (T1 and T2). After transforming
coordinates to MNI space, we measured the Euclidean distance
between the stimulation sites generated at T1 and T2 for each
individual and strategy. The average intra-individual distance
between the targets across both time points was 12.2 + 5.9 mm
for the SC-guided approach and 24.75 £ 12.57mm for the
FC-guided approach (Figure 2b). The Welchs t-test revealed a
significantly smaller intra-individual distance for the SC-guided
strategy compared to the FC-guided approach (t = —4.856, p
< 0.0001). This finding suggests a notably higher consistency
in pinpointing stimulation targets using the SC-guided approach
(Example Illustration Figure 2c¢).

Furthermore, we examined how the SC-guided and FC-guided
stimulation sites corresponded to the subfields of the left lateral
parietal lobe as defined by the HCP-MMP v1.0 atlas and evaluated
the consistency of these sites over two time points, T1 and
T2 (Figure 3, Supplementary Table 1). The HCP-MMP v1.0 atlas
is a detailed map of the human cerebral cortex, covering 180
areas per hemisphere. The HCP-MMP v1.0 atlas integrates data
from multiple imaging modalities, including structural MRI for
cortical thickness, myelin maps, functional MRI (for both task-
based and resting-state connectivity), and topographic gradients in
connectivity. This multi-modal approach enables a comprehensive
and accurate delineation of cortical areas (Glasser et al., 2016).

The top 5 brain regions identified using the FC-guided
approach includes the posterior half of inferior parietal cortex
(PGs), the anterior superior surface of the angular gyrus (PFm), the
inferior surface of the angular gyrus (PGi), the superior portion of
the supramarginal gyrus (PF) and the middle portion of the inferior
bank of the intraparietal sulcus (IP1). For further details, interested
readers are encouraged to consult Chapter 7: The Lateral Parietal
Lobe (Baker et al.,, 2018). The group average coordinate for the
most frequent FC-guided brain region (PGs) was [—42.7, —71.2,
36.4]. For SC-guided stimulation sites, the top 5 brain regions are
PGi, PGs, PFm, the posterior portion of the inferior bank of the
intraparietal sulcus (IPO) and IP1. The group average coordinate
for the most frequent SC-guided brain region (PGi) was [—46.7,
—61.6, 26.3]. The mean distance between SC- and FC-guided
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4

FC-guided Personalized Stimulation

\

Voxel-wise seed analysis with
the hippo-body as a seed using Nilearn

e

SC-guided Personalized Stimulation

s

Voxel-wise probabilistic tractography
using Probtrackx from hippo-body

LLPC Mask
% ©® RsfMRI Strategy: Stimulation Site @

@ DTI Strategy: Stimulation Site

[ Clustering and Thresholding ]

<

4

Selecting the center of the cluster and creating a ROI to serve as
optimal superficial stimulation site

FIGURE 1

MRI-guided hippocampal TMS targeting strategies. Two targeting strategies were proposed to identify superficial stimulation sites within the left
lateral parietal cortex (LLPC). Strategy 1—FC-guided voxel-based approach using seed-based connectivity analysis to identify stimulation sites based
on rsfMRI seed-to-voxel connectivity map, centering from the left hippocampal body. Strategy 2—SC-guided voxel-based approach using
voxel-wise probability tractography to generate a probability map of tracts extending from the hippocampal body to the cortical surface. For both
strategies, we employed a parietal-constrained mask to locate the target within the parietal lobe. After clustering and thresholding, the cluster with
the highest center of gravity within each map was chosen as the optimal stimulation site for that strategy.

targets, averaged across both timepoints and participants was 25.58
+ 10.82 mm. The distance between SC- and FC-guided targets for
each participant is detailed in the Supplementary material.

When evaluating the reproducibility of these targets over time,
~7% of the participants had targets localized to the same LLPC
subregions between T1 and T2 for the FC-guided approach. In
contrast, roughly 60% of the participants had stimulation targets
that remained stable in the same subfields for the SC-guided
strategy. This analysis highlights the spatial stability of the SC-
guided strategy compared to the FC-guided approach in identifying
stimulation sites within the LLPC subregions.

4 Discussion

As NIBS therapies continue to evolve by tailoring stimulation
sites to each individual’s “connectomic fingerprint,” it will be
critical to ensure that this personalization is done reliably and
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reproducibly. In this early work, we demonstrate that the SC-
guided strategy for the localization of superficial stimulation sites
may be more reliable than the more widely used FC-guided
approach. In addition to a significantly smaller intra-individual
Euclidean distance between stimulation targets, the reliability of
the SC-guided approach is bolstered by the stability of targets
remaining in the same subfields of the lateral parietal cortex. Across
the two time points, the optimal target was stable within the same
subfields for 60% of SC-guided targets compared to just 7% of
FC-guided targets.

Beyond the stability of targets within LLPC subregions, our
results reveal distinct spatial distributions between FC- and SC-
guided targets. FC-guided targets are primarily clustered around
the angular gyrus, a lateral hub of the default mode network (DMN)
with functional connectivity to the hippocampus. In contrast,
SC-guided targets display a bifurcated pattern, with one cluster
positioned medially and another slightly inferior to the angular
gyrus, showing some overlap. This broader dispersion of SC-guided
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FIGURE 2
(a) The optimal personalized stimulation site coordinates for the SC-guided and FC-guided strategies were computed for 30 individuals at two
different time points. The intra-individual distance was calculated based on the Euclidean distance between the two coordinates. (b) Welch's t-test
was performed to investigate the difference between SC-guided intra-individual distance and FC-guided intra-individual distance. (c) Illustration of
four individual subjects’ spatial variation between SC-guided timepoint 1 vs. 2 as well as FC-guided timepoint 1 vs. 2.

targets reflects the anatomical constraints of the underlying white
matter tracts. In particular, the inferior longitudinal fasciculus
(ILF) and cingulum bundle represent major pathways facilitating
structural connectivity to the hippocampus, and their divergent
projections align with the observed SC-guided target distribution.
Notably, the ILF constitutes over 40% of long-range hippocampal
projections and is known to extend to the inferior aspect of the
angular gyrus (Maller et al., 2019). The enhanced reproducibility
of SC-guided targets suggested by our findings is congruent with
the broader body of neuroimaging literature. Intra-individual
variability in functional network topography is a well-documented
limitation of rsfMRI, particularly in aged populations (Teeuw et al.,
2021; Song et al,, 2012). Conversely, strong test-retest reliability
persists for DTI in elderly populations (Luque Laguna et al., 2020;
Teeuw et al., 2021). Since our findings are derived from an elderly
sample, the instability of FC-guided targets in this study may
have been amplified. Future work is needed to determine the
generalizability of our findings in younger adults and different
patient populations.

In light of this known limitation of rsfMRI data, others
have discussed how the implementation of specific rstMRI
acquisition parameters and computational frameworks may
improve the reproducibility of FC-guided targets (Cash et al,
2021b). Lengthening the scan duration, for example, can facilitate
a more comprehensive and stable assessment of FC by reducing
noise, enhancing statistical power, and better capturing the
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temporal dynamics of brain activity (Finn et al., 2015; Mueller et al.,
2015; Birn et al., 2013). Extending these findings to FC-guided TMS
targets, Cao and colleagues recently reported that the reliability of
FC-guided targets significantly improves when rstMRI scan times
exceed 21 min (Cao et al., 2024). Notably, this is substantially longer
than the 8-min rsfMRI scan duration employed in the current
study, which is closer to the standard in the field. For context,
the scan duration of the DTI scan utilized in this work was 9 min.
Future work is required to compare the reproducibility of FC- and
SC-guided targets when these rsfMRI parameters are employed.
Though our results demonstrate that SC-guided targeting has
enhanced reproducibility, there are also limitations associated with
DTI that are worthy of discussion. Fiber tractography aims to
delineate the connections between gray matter regions via WM
projections to reveal the structural connectome, but interpreting
and quantifying DTT data presents challenges (Seguin et al., 2020;
Jeurissen et al.,, 2019). The reconstructed fiber trajectories, derived
from microscopic diffusion metrics, are modeled entities that
may not directly represent physical nerve fibers. Consequently,
concerns arise regarding tractography’s limited capacity to trace
polysynaptic pathways and account for intersecting fiber crossings
(Maier-Hein et al., 2017). Computational methods, like constrained
spherical deconvolution (CSD), can mitigate some of these issues
by more accurately resolving crossing fibers and modeling WM
tracts (Tournier etal., 2012). While limitations around polysynaptic
tracing remain, it is notable that connectivity assessed with either
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DTI or rsfMRI involves polysynaptic connections (Beynel et al.,
2020; Momi et al., 2021a). Lastly, neural information flow is
inherently directional, and a relevant limitation of DTI in the
context of TMS signal propagation is its inability to resolve axonal
direction (Seguin et al., 2019).

In light of these limitations, concurrent TMS and functional
neuroimaging studies provide evidence that assuages potential
concerns regarding the feasibility of SC-guiding TMS targeting.
These studies demonstrate that TMS-evoked activity preferentially
propagates to regions that are revealed to be structurally connected
by tractography modeling (Luber et al, 2022; Momi et al,
2021a,b; Sydnor et al., 2022). Though TMS has been shown to
activate functionally connected brain regions, a direct comparison
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between TMS-evoked activation in functionally and structurally
connected regions of the same target site revealed more robust
propagation across cortical regions anatomically linked by WM
(Momi et al., 2021a). The authors concluded that WM, the substrate
of DTI, serves as the “principal conductor for TMS-induced signal
propagation” (Momi et al., 2021a). Preferential propagation along
WM is also congruent with the notion that direct cortical excitation
at the TMS stimulation site primarily occurs in axons, particularly
at their terminals or bends (Siebner et al., 2022).

In another elegant demonstration of WM dictating TMS
signal propagation, a recent concurrent TMS-fMRI study applied
TMS to FC-guided targets in the ventrolateral prefrontal cortex
(VIPEC) to modulate amygdalar activity (Sydnor et al., 2022). In a
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secondary analysis, the authors incorporated DTI tractography to
evaluate how structural connectivity influenced evoked responses
in the amygdala when TMS was applied to the FC-guided target.
Remarkably, the study reported that WM fiber density from the
FC-guided target site to the amygdala significantly influenced
the magnitude of TMS-evoked activity in this subcortical ROI
(Sydnor et al., 2022). In other words, increased WM fiber density
corresponds with enhanced neuromodulation in the subcortical
ROI, providing empirical support for integrative frameworks that
combine SC- and FC-guided approaches to optimize stimulation
targets with both structural and functional connectivity to the
region of interest (ROI).

While our findings emphasize the critical importance of
reliability in personalized rTMS target selection, we acknowledge
that their impact and generalizability are limited by the absence of
an assessment of the targets’ validity. Although SC-guided targets
demonstrated greater reproducibility, it remains uncertain whether
SC- and FC-guided rTMS interventions are equally effective in
achieving the desired physiological and behavioral outcomes. This
limitation is readily addressable by future work that is able to
incorporate relevant outcome measures to compare the validity
of SC- and FC-guided rTMS interventions. Relatedly, this future
work could be further augmented by additional investigation into
the relative efficacy of novel “consensus” targeting approaches
that integrate FC- and SC- profiles of potential stimulation
sites. As elegantly demonstrated by Sydnor et al., amygdalar
neuromodulation was enhanced when superficial stimulation
targets had shared FC- and SC- connectivity to the ROI (Sydnor
et al, 2022). Although such inquiry was beyond the scope of
the current brief report, we acknowledge the potential benefits of
integrating both methods to achieve greater anatomical precision
with functional relevance.

By extension, these limitations highlight key unresolved
questions regarding hippocampal neuromodulation with rTMS.
While our lab and others have provided early evidence of
hippocampal neuromodulation through both SC- and FC-guided
stimulation of the LLPC, the clinical potential of this approach
for memory disorders remains uncertain (Chen et al, 2022;
Freedberg et al., 2021). Furthermore, although our results highlight
distinct dispersion and stability patterns for stimulation targets
with each approach, it remains unknown whether stimulation along
specific functional or structural networks is necessary for effective
hippocampal modulation. We encourage continued research in this
direction to further improve the efficacy of NIBS interventions
through more precise and personalized targeting strategies.

5 Conclusion

As the evolution of TMS-based therapies continues to
accelerate, the outstanding questions are innumerable. Extensive
investigation will be required to ascertain the additive therapeutic
value of these personalized, connectomic strategies for optimizing
treatment responses. Critically, results from this forthcoming
research will hinge on the reproducibility of the evaluated
connectomic targets. To this end, our results from this early work
demonstrate the enhanced reproducibility of SC-guided targets and
underscore the need to overtly mitigate the lesser reliability of
FC-guided targets.
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