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Abstract

TMS has become a powerful tool to explore cortical function, and in parallel has proven promising
in the development of therapies for various psychiatric and neurological disorders. Unfortunately,
much of the inference of the direct effects of TMS has been assumed to be limited to the area a
few centimeters beneath the scalp, though clearly more distant regions are likely to be influenced
by structurally connected stimulation sites. In this study, we sought to develop a novel paradigm

to individualize TMS coil placement to non-invasively achieve activation of specific deep brain
targets of relevance to the treatment of psychiatric disorders. In ten subjects, structural diffusion
imaging tractography data were used to identify an accessible cortical target in the right frontal
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pole that demonstrated both anatomic and functional connectivity to right Brodmann area 25
(BA25). Concurrent TMS-fMRI interleaving was used with a series of single, interleaved TMS
pulses applied to the right frontal pole at four intensity levels ranging from 80% to 140% of
motor threshold. In nine of ten subjects, TMS to the individualized frontal pole sites resulted

in significant linear increase in BOLD activation of BA25 with increasing TMS intensity. The
reliable activation of BA25 in a dosage-dependent manner suggests the possibility that the careful
combination of imaging with TMS can make use of network properties to help overcome depth
limitations and allow noninvasive brain stimulation to influence deep brain structures.

Keywords

TMS; connectivity; diffusion imaging tractography; targeting; deep brain stimulation; subgenual
cingulate cortex

1.1

Introduction

In the past few decades, transcranial magnetic stimulation (TMS) has developed into a
powerful tool for causally establishing brain-behavior relationships, specifically in exploring
cortical function. In parallel, its neuromodulatory effects have proven promising for the
development of therapies for various psychiatric and neurological disorders, notably gaining
FDA approval in 2009 for the treatment of major depressive disorder (MDD), and more
recently, obsessive-compulsive disorder (OCD). The basis for this wide application is

that TMS reliably modulates cerebral activity. However, the extent and distribution of

this cortical or subcortical response has yet to be fully appreciated, and one of the

most promising trends in both the clinical and basic science applications of TMS is the
appreciation of neural effects extending well beyond the site of stimulation.

Used in conjunction with brain imaging, newer methods of TMS targeting have been
developed which greatly increase the effect of TMS on neural processing (Sack et al., 2009).
Coil positioning can be guided using infrared devices, coil location can be co-registered
with an individual’s structural MRI and fMRI, and robotic coil holders can hold position
relative to the target, adaptively compensating for subject movements during the stimulation
period. All of these technical developments have led to TMS targeting with millimeter
resolution focused on functionally active areas specific to each individual. Unfortunately,
this precision targeting is subject to a serious conceptual limitation: TMS can only directly
stimulate superficial cortex effectively, with an approximately 3 cm maximum depth from
the surface of the head at which the most commonly used coil- the figure-8 coil- can cause
neuronal firing (Deng et al., 2013; Figure 1). Yet the ability to quantify our ability to affect
deeper targets to stimulate anywhere in the brain noninvasively obviously would make TMS
a much more powerful research tool for probing neural circuitry. To be sure, it is likely that
extant applications of TMS act through their structural and functional connectivities to other
regions; but absent any consistent method for identifying the routes to subcortical targeting,
the field is limited. Moreover, a systemic framework for noninvasive focal deep brain
stimulation would likely prove valuable in therapeutic neuromodulation. Certainly invasive
focal deep brain stimulation (DBS) of subcortical structures has been transformative in
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the treatment of neurological illnesses such as Parkinson’s Disease, dystonia, and essential
tremor (Kringelbach et al., 2007), and in psychiatric disorders, has shown great promise
for treatment of OCD (Mian et al., 2010) and is currently being investigated in MDD
(Dougherty, 2018).

The primary TMS depression target- dorsolateral prefrontal cortex (DLPFC)- is located

in superficial cortex, a relatively accessible patch of cortex that can be stimulated with
electric-fields (E-fields) averaging 92 VV/m under typical treatment conditions (Deng et al.,
2019). The efficacy of TMS to DLPFC in 4 pivotal trials that led to FDA approval for
depression was only moderate: 14% remission with active TMS compared to 9% with
sham TMS at 6 weeks (O’Reardon et al., 2007), and 14% remission with active TMS and
5% with sham TMS (George et al. 2010), respectively, although using structural imaging
guidance for TMS coil placement and other methodologies has slightly improved outcomes
(Fitzgerald et al., 2009; Carpenter et al., 2012). Anatomical studies of the neurocircuitry

of mood disorders have indicated that other therapeutic targets may be deeper within the
brain (Mayberg et al., 2005). Tract-tracing studies in animals and diffusion tensor imaging
(DTI) studies in humans suggest that DLPFC has limited direct connectivity with critical
nodes in the depression neurocircuit (Price and Drevets, 2010; Gutman et al., 2009; Haber
et al., 2006; Haber and McFarland, 1999), such as subcallosal cingulate (SCC or BA25)
white matter (Johansen-Berg et al., 2008; Gutman et al., 2009) and ventral capsule/ventral
striatum (Malone et al., 2009; Greenberg et al., 2006). While anatomical connectivity may
not be strong between DLPFC and BA25, there is evidence that a functional association may
exist between them that is related to depression (Fox et al., 2012) and to treatment using
TMS (Hadas et al., 2019). Thus, a more direct targeting of BA25 (the primary target of most
surgical DBS applications) relying on the structural connections to this region may prove
potentially beneficial. However, lacking a method to guide TMS coil placement to access
deep brain targets limits the utility of TMS in studying and treating disorders with heavy
involvement of medial and deep structures.

Fortunately, there is an increasing awareness that TMS can evoke action potentials not only
cortex directly beneath the TMS coil, but in remote regions within the cortical network
connected to the stimulation site. Evidence supports transsynaptic action of superficial
TMS into deep brain regions. TMS studies utilizing concurrent neuroimaging with fMRI
(Baudewig et al., 2001; Bestmann et al., 2003; Roberts et al., 1997; Bohning et al., 1998;
Davis et al., 2017; Tik et al., 2017), PET (Fox et al., 1997; Ferrarelli et al., 2004), and EEG
(llmoniemi et al., 1997), have demonstrated that TMS stimulation of superficial cortical
targets can result in measurable effects at remote sites including those that are deep relative
to the surface of the brain such as the hippocampus and other limbic regions (Denslow et
al., 2005; Li et al., 2004; Bestmann et al., 2004; Wang et al., 2018). For example, TMS of
the motor cortex induced measurable dopamine release in the putamen while rTMS of the
DLPFC induced dopamine release in the head of the caudate (Strafella et al., 2003, 2005;
Cho & Strafella, 2009). Studies using concurrent TMS- fMRI reported effects in BA25/12,
orbitofrontal cortex, caudate, amygdala, and thalamus, when stimulating the DLPFC (Fonzo
et al., 2017; Oathes et al., 2018; Vink et al., 2018; Dowdle et al., 2018). Such results have
led to the suggestion that TMS can be used to take explicit advantage of transsynaptic
effects in a targeted fashion, and that MRI measures of connectivity could be used to guide
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cross-network targeting (Fox et al., 2012, 2013; Weigand et al., 2018), and a number of
studies have used task-based functional connectivity MRI (Bien et al., 2009; de Graaf et al.,
2009; Zanto et al., 2011), and DTI (Hannula et al., 2010), to find cortico—cortical pathways
to target more distant cortical regions with TMS.

In this study, we sought to develop a paradigm to individualize TMS coil placement

based on structural connectivity to non-invasively achieve activation of deep brain targets
of relevance to the treatment of psychiatric disorders. Specifically, diffusion imaging
tractography was used in order to identify a noninvasively accessible cortical TMS

target in the frontal pole that demonstrated anatomic connectivity to BA25. Following

this, interleaved TMS-fMRI was used to verify both functional connectivity between the
superficial and deep target and successful activation of BA25, specifically examining dose-
response relations between TMS intensity and BOLD response in the remote target.

1.2. Methods
1.3. Subjects

Twelve healthy subjects (6 female, 6 male, age 19 years to 33 years, 4 left-handed) were
recruited and provided written informed consent for the study, which was approved by the
Duke University School of Medicine Institutional Review Board. All subjects were screened
for psychiatric disorders, substance abuse/dependence, a history of neurological disease,
pregnancy, or seizure risk factors. Results from two subjects were excluded from analysis
because one had an anatomical anomaly discovered during MRI acquisition and the other
because the coil moved during acquisition of interleaved TMS-fMRI scans.

1.4. Procedure

1.5.

Two separate MRI sessions were conducted after initial screening and consenting. In the first
session, anatomical, functional, and DTI data sets were acquired. A target for cortical TMS
was determined from analysis of the diffusion and anatomical imaging data. In the second
session, interleaved TMS—fMRI was performed using this target, measuring BOLD signal
changes during application of single-pulse TMS at the diffusion tractography determined
stimulation site.

First Session MRI Acquisition

All imaging data were acquired on a GE MR 750 3 Tesla scanner. First session data was
acquired with a 8 HR Brain coil. High resolution structural, diffusion-weighted imaging,
and resting-state fMRI were acquired. Structural MRI data was obtained using a gradient
echo sequence with parameters including a flip angle = 77, repetition time (TR) = 1750
ms, echo time (TE) = 27 ms, field of view (FOV) = 22 mm?, and 39 4-mm thickness
slices. Diffusion-weighted imaging data was obtained using a single-shot, spin echo planar
sequence with parameters including a TR = 9000 ms, TE = minimum, FOV = 25.6 mm?, and
68 2-mm thickness slices, and with b-value = 1000. Thirty directions of diffusion gradients
were used. For resting-state fMRI, we collected 2 runs of 158 contiguous EPI functional
volumes (TR = 1750 ms; TE = 30 ms; flip angle = 90, 38 slices, matrix = 64 x64; FOV
=192 mm:; acquisition voxel size = 3 x3 x3 mm?3). During the scans, subjects were
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instructed to rest with eyes open while the word “Relax” was projected center-screen in
white against a black background. imaging, and resting-state fMRI were acquired. Structural
MRI data was obtained using a gradient echo sequence with parameters including a flip
angle = 77, repetition time (TR) = 1750 ms, echo time (TE) = 27 ms, field of view (FOV) =
22 mm?2, and 39 4-mm thickness slices. Diffusion-weighted imaging data was obtained using
a single-shot, spin echo planar sequence with parameters including a TR = 9000 ms, TE =
minimum, FOV = 25.6 mm?, and 68 2- mm thickness slices. Thirty directions of diffusion
gradients were used. For resting-state fMRI, we collected 2 runs of 158 contiguous EPI
functional volumes (TR = 1750 ms; TE = 30 ms; flip angle = 90, 38 slices, matrix = 64 x
64; FOV = 192 mm; acquisition voxel size = 3 x3 x3 mm?3). During the scans, subjects
were instructed to rest with eyes open while the word “Relax” was projected center-screen in
white against a black background.

1.6. Target Localization

1.7.

The target location for seed-based tractography in subcallosal-cingulate white matter near
BA25 was determined for each subject using the T1 weighted anatomical image, applying an
algorithm used for the surgical placement of electrodes in patients receiving DBS (Hamani
et al., 2009; see Figure S1). Using anatomical boundaries that constrained tractography
(posterior: anterior commissure; anterior: Brodmann Area 10) one line was drawn on

the most ventral surface of the frontal lobe and another line to designate the anterior
commissure. These first two lines provided anatomical boundaries. Thereafter, an anterior-
posterior line extending from the anterior commissure to the anterior surface of the corpus
callosum was drawn. A dorsal-ventral line extending from the inferior surface of the corpus
callosum to the ventral surface of the frontal lobe was drawn. The anterior-posterior line

and dorsal-ventral line were both divided into quartiles, and a region corresponding with
70-75% of the anterior-posterior line and 25-30% of the dorsal ventral line was identified.
This intersecting point served as the defined target of interest. A seed mask defining the ROI
was drawn with its center at this location. The mask was 2 cm in diameter and 5 sagittal
slices thick. Once drawn, the seed region coordinates were transferred into the diffusion data
space by applying a transformation matrix produced by registration of the anatomical image
to the unstripped, unweighted (b0) image from the diffusion data. Seed masks were drawn
by hand by two expert raters, who performed ROI quantification on a subset of samples to
ensure consistency in seed definition, and attained an high interclass coefficient of 0.85.

Diffusion Imaging Analysis

Diffusion imaging data were analyzed separately for each individual using tools from

FSL 4.1 (www.fmrib.ox.ac.uk/fsl/). Diffusion-weighted images were visually inspected for
systemic artifacts due to excessive motion, EPI distortions, or signal dropout, and when
possible were corrected using eddy correction of implicit application of the phase encoding
map. Bayesian Estimation of Diffusion Parameters (BEDPOST) were then performed on

the full set of diffusion data, which performs an affine registration in order to correct for
current-induced shearing or subject movement-related distortions, and the resulting images
were then skull-stripped to remove all non-brain voxels. Next, vector orientations were
rotated to match the coregistration parameters inherent in the previous step. Then, a standard
tensor model was fit at each voxel using the Functional MRI of the Brain’s Diffusion

Neuroimage. Author manuscript; available in PMC 2023 April 01.


http://www.fmrib.ox.ac.uk/fsl/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luber et al.

Page 6

Toolbox (FDT; www.fmrib.ox.ac.uk/fsl), in order to create fractional anisotropy (FA) maps
for each subject. Next, FSL’s probtrackx tool was used to perform probabilistic tractography
with the now coregistered tracing as a seed. Standard parameters for tractography were used;
each voxel within the seed mask was seeded with 5000 streamline samples that migrated
according to a step length of 0.5mm, a curvature threshold of 0.2, and a “loopcheck” to
exclude tracks that double back on themselves. FA maps in the diffusion space were then
coregistered with the anatomical space for the location of stimulation site, in order to
provide transformation between diffusion and structural space (both within native space).
As described below, tractography indicated that the right frontal pole was the nearest TMS-
accessible cortex connected to the seed region via diffusion tractography. Thus the frontal
pole site nearest to the anterior terminus of the tractography path was selected as the desired
stimulation target in each subject.

1.8. Seed-based functional connectivity analysis

Based on the time series of a seed voxel (or ROI), connectivity was calculated as the
correlation of time series for all other voxels in the brain. Image preprocessing consisted of:
(1) slice time correction for interleaved acquisitions, (2) motion correction (using a twelve
parameter nonlinear affine transformation implemented in FNIRT), (3) spatial smoothing
(Gaussian kernel of FWHM = 6 mm), (4) temporal high-pass filtering (Gaussian-weighted
least-squares straight line fitting with sigma = 100.0 s), and (5) low-pass temporal filtering
(Gaussian filter with HWHM = 2.8 s). The functional scans were corrected for small (<
2mm) head movements by realigning all functional scans to the first functional volume.
BA25 ROIs used in the tractography analysis above were transformed to standard MNI
space, and we calculated the mean time-series for the BA25 ROI within the two first
session rest scans. Individual analyses of functional connectivity were carried out for each
participant using multiple regression (as implemented in FSL’s FEAT). The regression
model included the BA25 time-series as predictors as well as the nuisance covariates (seed
time- series for global signal, white matter, cerebrospinal fluid, and six motion parameters).
In order to identify the functional connectivity-based cortical target, we identified the
location on the cortical surface that was (1) was in in frontal cortex, (2) was closest to

the scalp, and (3) had a z-score > 2.3. Locations were marked for MNI coordinate for

later comparison with tractography-based targets. Group-level analyses were carried out
using a mixed-effects model (FLAME) as implemented in FSL. Corrections for multiple
comparisons were carried out at the cluster level using Gaussian random field theory (min
z> 2.3; cluster significance: p< 0.05, corrected). This group-level analysis produced
thresholded z-score maps of activity associated with functional connectivity to the target
region.

2.2.5. Interleaved TMS-fMRI Session—For the interleaved TMS-fMRI session, the
TMS targets in the frontal pole were derived separately for each subject based on their
individual tractography data. Tractography-based targets demonstrated a greater spatial
precision in frontopolar cortex compared to compared to functionally-based targets (see
mean eccentricity estimates below), and therefore the generalizability of TMS to this
frontal location. Post-hoc analyses described below relate this eccentricity to the size of
the TMS effect in BA 25. Prior to the TMS-fMRI session, the scalp location for TMS
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coil position over the frontal pole had been found by coregistering the tractography paths

to the subject’s head using an infrared frameless stereotaxy system (BrainSight: Rogue
Research, Montreal, Canada). The location was marked on a tight fitting acrylic swim cap
that stayed on the subject’s head until TMS-fMRI interleaving was completed on the same
day. At that time, subjects were acclimated to TMS with a series of single pulses at the
target site. In the scanner room, the motor threshold (MT) for each subject was determined
using a MagVenture R30M device located outside the scanner room, part of an MRI
compatible TMS system which included a non-ferrous figure-8 coil with 12 m long cable
and artifact reducing counter-current charging system (MagVenture, Farum, Denmark). MTs
were determined using electromyography of the right first dorsal interosseous (FDI) muscle
and defined as the lowest setting of TMS device intensity at which at least 5 out of 10 motor
evoked potentials were > 50V peak to peak. The TMS coil was then positioned over the
individual’s marked right medial frontal pole target site and locked into place using a coil
holder provided as part of the MagVenture system, and subjects were then positioned in

the scanner. Four runs of interleaved TMS-fMRI were then performed. In each run, single
TMS pulses were delivered between 8 and 12 seconds apart. The interstimulus periods
were pseudo-randomly sequenced such that the mean ISI was 10 s, and the total run time
was 400 s. The intensity of the biphasic pulse varied between 4 levels: 80%MT, 100%MT,
120%MT, and 140%MT. The intensity for each pulse was pseudo-randomly determined,
with the limitation that the total number for each intensity be 10 pulses per run. In each
interleaved TMS/fMRI scanning session, there were therefore 40 pulses per intensity level,
for a total of 160 pulses across all runs.

Imaging data were acquired using a gradient echo sequence with the following imaging
parameters: flip angle = 77°, TR = 1750ms, TE = 27ms, FOV = 25.6 mn?¥, and field of view
(FOV) = 22 mm?, and 39 4-mm thickness slices. These data were collected with a GE three-
axis balanced- torque head gradient coil and a shielded end-capped quadrature transmit-
receive birdcage radio frequency coil; consequently, the imaging sequence was distinct from
the resting state data above. A delay of 250 ms was inserted between each acquisition,
giving an “apparent” TR of 2000ms during which a single biphasic TMS pulse was delivered
during the middle of this delay, ~125ms after the onset of the delay. The synchronization of
TMS pulses with EPI acquisitions was achieved with a National Instruments NIUSB-6009
data acquisition module. MATLAB (Mathworks, Cambridge, MA) was used to read the
scanner trigger pulses, to control both amplitude and stimulation triggers of the TMS device
via serial communication, and record the timing of each event. To track the actual position
of the coil during interleaved TMS-fMRI, four identical fiducial markers (8mm round
non-metallic Liquimark markers, MRIEquip) were placed on the surface of the coil such
that their centroid was at the center of the coil. In the MRIs, the mean coil location in
standard space was calculated by first locating the four fiducial markers in the native-space
anatomical scans acquired immediately before and after the interleaved TMS-fMRI session.
Then, by calculating the center-point of all 4 markers, we calculated the centroid reflecting
the focal point of the TMS coil; we then calculated the difference between the planned
stimulation location (as determined by diffusion tractography) and the effective stimulation
location (which may vary slightly during the course of the TMS/fMRI scan.
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2.3. Data Analysis

2.3.1. Group DTI Analysis—In order to summarize the group anatomical tracts
explored in the current study, individual tractography maps from the target site were
transformed into the standard space of the MNI152 T1-2mm template image by using
FLIRT and applying the normalization parameters from a tract- based normalization
algorithm (tract-based spatial statistics; fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS). The group
results were then prepared by first averaging non-zero FA scores for all subjects and then
selecting voxels with FA scores three standard deviations above the result of that average.
Voxels that survived this threshold were then binarized to create a region of interest mask for
later group- level functional analysis.

2.3.2. fMRI Analysis—Functional imaging analysis was carried out with FEAT (FMRI
Expert Analysis Tool) Version 5.1from FSL (FMRIB’s Software Library). Additional
statistical analysis was performed in MATLAB (Mathworks, Cambridge, MA). All subject-
level data was corrected for head motion (6 motion parameters, plus temporal derivatives
and their squares), slice time corrected, smoothed with an 8mm kernel, high-pass and low-
pass filtered as above, and pre-whitened. BOLD signal changes as a result of stimulation

at 80%MT, 100%MT, 120%MT, and 140%MT were modeled with a general linear model
(GLM) with each amplitude serving as an independent variable. Temporal derivatives were
included in the model to allow for slight variations in the onset of the HRF for each
condition. Higher level analysis was carried out in FEAT, using a fixed effects model and
individual z-statistic maps were created using a cluster correction thresholded to z >1.65and
with a cluster extent threshold of p < 0.05.

Our primary analysis focused on an a priori regions of interest comprising both the site

of stimulation, putative deep-brain target regions, and a control region. Four regions were
defined: one around BA25 based on the group tractography results from the seed in the
right hemisphere, the corresponding region in the contralateral (left) hemisphere, a spherical
region (r = 25mm) placed at the group averaged stimulation site of each subject, and
another spherical (r = 25mm) region placed at a central dorsal site that showed little to no
connection to the seed BA25 target to serve as a control region (Figure 2). Any voxels in
the tractography based ROI that overlapped with the stimulation site spherical ROl were
removed. All z-score maps used for this analysis were cluster corrected to a z > 2.3and

a cluster significance of p < 0.05in FSL. Group analysis of the ROIs was carried out
using FLAME (FMRIB’s Local Analysis of Mixed Effects), estimating the group average
activation patterns from the subject level z-statistic maps. z-statistic maps were cluster
corrected to a threshold of z > 1.65 with a cluster extent threshold of p < 0.05 for the

Rest contrasts and a threshold of z > 2.0 with a cluster extent threshold of p < 0.05 for

the 80%MT contrasts. The dependence of the number of significant voxels within each
ROI on stimulation amplitude was also modeled. The anatomical regions associated with
the activation clusters were determined in MRIcron (http://www.mccauslandcenter.sc.edu/
mricro/mricron/).

To evaluate distal regions of activation, whole brain analysis was carried out using the same
steps as in the Group analysis but z-statistic maps were thresholded to z > 1.65 with a cluster
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extent threshold of p < 0.05. Again anatomical regions associated with the whole brain maps
were determined with MRIcron.

2.4. Guided Principal Component Analysis

While the group analyses depicted above provide estimates of the generalizability of the
stimulation effect, we sought to determine the specificity of the result within individual
subjects using a within-subjects method that identifies patterns of regional functional
connectivity that exhibit increased activity across graduated changes in stimulus intensity.
The event-related fMRI data were analyzed using the ordinal trends covariance model (OrT)
in order to extract a pattern of activity that increased monotonically with TMS pulses of
increasing intensity. OrT is described and validated in Habeck et al. (2005) and Moeller

and Habeck (2006) and has been used successfully in previous fMRI analyses in TMS
studies (e.g., Luber et al., 2008). OrT aims to identify topographic patterns that express
ordinal trends on a subject-by-subject basis. OrT is a guided principal components analysis:
a specially designed linear transformation is applied to the neuroimaging data with the
effect that maximal salience is assigned to topographic patterns whose expressions are
monotonic across a specified series of experimental conditions, corresponding to the positive
incremental changes expected in the level of the targeted neural signal. The specific details
of the analysis can be found in Habeck et al. (2005).

The OrT analysis was performed in MATLAB using a program package provided by
Christian Habeck, James Moeller and Tony Ng of Columbia University. Voxel-wise data
for each subject across three conditions were input to the guided PCA. The three conditions
were the 80% condition, which provided a sub-threshold baseline, and data at 120% and
140% MT, chosen as the two conditions which showed significant activation of BA25 in
contrasts with that baseline. The output of the PCA is a set of components, each composed
of an eigenimage and associated subject scores for that image for each of the three
conditions. A linear regression model fitting procedure was performed to find a combination
of components that produced the least number of exceptions to a monotonic increase in
combined weighted subject scores from the baseline condition to the 140%MT condition.
A restriction was placed on the sets of components chosen to be tested: they could only be
contiguous (first component, first and second component, first second and third components)
in order to ensure a best fitting combined component that accounts for a good amount of
variance. Akaike’s Information Criterion (AIC) was used to estimate the best model fit, i.e.
the best trade-off between over- and under-fitting the outcome measure (i.e., the number of
exceptions): with the best model being the one producing the lowest AIC. A permutation
test was then performed on the best fitting model to approximate a p-value for it. The
original images were permuted across condition for each subject to gather information on
the number of exceptions to a monotonic increase in subject scores. An OrT analysis was
performed on each permuted sample, as on the original image set. Two hundred analyses of
these permuted images were performed. Leading to a distribution in exception values, and
the p-value being the relative frequency of the permuted exception values exceeding that of
the best fit model. To test the robustness of voxel loadings in the pattern associated with

the best-fit model, a bootstrapping procedure was used. The data were resampled without
breaking the subject-condition assignment, and the test estimated the natural variability
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under the real distribution that the sample was drawn from. The algorithm that produced the
loadings in the pattern associated with the best-fit model was applied to resampled data over
500 iterations, leading to a normally distributed z-statistic for every voxel. This z-statistic
gave an estimate of reliability of the voxel weight in the best-fit pattern.

2.5. Comparison of Structural and Functional Targets

Lastly, we sought to compare the within-subject reliability of either structurally or
functionally-defined targets (based upon seed-based correlations using either tractography or
functional connectivity) to predict the activity see in our target site, subgenual cortex. This
within-subject reliability reflects the degree to which we “hit our target”, i.e., the effective
stimulation site in the scanner matched the planned stimulation target as computed with
either structural or functional connectivity analyses. We first summarized the stimulation
effect across all subjects by calculating the linear slope of a line predicting component size
reflecting the effect in BA25 at each of three stimulation intensities (80%, 120%, 140%
MT). Euclidean distance from the center of gravity of the stimulation spheres to either the
tractography-based targets or functional connectivity targets was calculated, and compared
to the stimulation effect in order to determine if the proximity of the stimulation spheres

to either the tractography- or functional connectivity-based targets best predicted the size of
the stimulation effect. Thus, a significant negative slope suggests that if we had closed the
distance between the planned and actual stimulation site (during the in-scanner positioning,
which can be cumbersome), a stronger effect in BA25 might have been observed.

1.9. Results

1.10. DTI Tractography to obtain TMS targets

Within all subjects, probabilistic tractography from a BA25 seed (Figure 3) elucidated a
clear and consistent pathway to ipsilateral cortex at a highly accessible scalp site. These
group tractography data show ipsilateral connectivity to two targets in the medial frontal
pole, one superior to the other by about 1 cm. The path to medial frontal pole (BA10)
was judged the shortest to a TMS accessible site. All subjects showed similar ipsilateral
connectivity between the BA25 seed area and the medial frontal pole as estimated by
diffusion tractography. Thus, for each subject, the TMS stimulation site was chosen as the
scalp location that was closest to the cortical site of strongest connectivity to the seeded
BAZ25 region.

In addition to the tractography-derived stimulation sites, the actual TMS coil placement in
the scanner prior to and after interleaved TMS—-fMRI was obtained using fiducial markers,
and served to provide a ground-truth estimate of the spatial location of targeting (notice that
this degree of precision is often absent from most TMS applications because of the lack of
general quantitative reporting). Because of individual variation in DTI-determined targets,
the coil placement was slightly different for every subject (Figure 4). When transformed
into standard space the group average location was X'=12.9 mm, Y'=85.2 mm, and Z

= 7.1 mm, and the individual stimulation sites fell within a 5 cm diameter area on the
forehead centered on those coordinates, with a mean distance from center of 10.1 #8.1
mm. Fiducial measures also confirmed that the difference in the site determined by DTI
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and the site of coil placement at the beginning of the scan was less than 2 mm. Further,

on average, as determined from the fiducial measures and from motion correction during
functional analysis, head movement across scans was not greater than 2 mm in any direction
for each of the ten subjects.

1.11. Whole-brain analysis of stimulation intensity

Both whole-brain and ROI analyses were performed for the contrasts of 100%, 120%, and
140% conditions with the 80% baseline; ROI analyses were performed at four locations: the
deep target BA 25 and corresponding BA 25 in the contralateral (left) hemisphere, and the
right hemisphere frontal pole region that contained the TMS stimulation site, and a dorsal
prefrontal cortical site that did not show connectivity with the seeded region (Figure 2).
Whole-brain results, summarized in Table 1, demonstrate a highly selective effect in right
hemisphere BA 25 showed activation for both supra- threshold stimulation levels (120%
and 140%) relative to 80%, though only the former survived cluster correction for multiple
comparisons (z-score threshold t > 2.78 and cluster significance p < 0.1), showing an
increase in activation in our BA25 centered region of interest (Figure 5A). This subgenual
cluster of activated voxels encompassed the BA 25 gray matter bordering the starting point
of the DTI tracing, centered on MNI coordinates of -6, 14, —6.

Outside of these a priori regions, activations at each stimulus intensity showed strong and
diffuse activation patterns outside the tractography-generated regions of interest as well.
Anecdotally, we observed strong auditory cortex activation and midbrain activation at all
stimulation levels, but this is also obvious from the targeted contrasts in Figure 5. In
contrast, the right hemisphere stimulation site showed a significant decrease in activation in
the 140% - 80% contrast (Figure 5B). This deactivation was uncorrelated (across subjects)
with the BA25 effect (r = 0.06) and therefore represent relatively independent phenomena.
Nonetheless, this deactivation is interesting because it suggests that for studies interested in
exciting cortical surface underneath the coil (arguably, the majority of TMS-fMRI studies),
TMS intensity does not scale linearly with the BOLD response in the underlying cortex;
more dose-response experiments are clearly needed. Nonetheless, our analysis was focused
on subcortical BA25 activation, which we explore further below.

More targeted ROI-level results revealed the same pattern. As shown in Figure 6, increasing
TMS intensity produced increased a significantly greater (z = 1.65, p < 0.05) number of
activated voxels in both the left and right BA25 target ROIs. No significant activations were
seen in the control ROI. A similar pattern can also be seen when BOLD activation in the
four ROIs is plotted (Figure 6B): again, an increasing activation with TMS intensity is found
in the target right BA25 ROI, activation in left BA25, although with no increase with TMS
intensity, and deactivation with increasing intensity in the frontal pole stimulation site and
frontal control site.

Additionally, to ensure that the effects observed were not attributable to individual
differences in effective dose due to relative differences in scalp-to-cortex distance at M1
and the BA10 stimulation site, we calculated the difference in scalp-to-cortex distance (as
estimated by the Euclidean distance between the site of stimulation and the nearest cortex
surface) at each location. This linear scaling factor (across subjects mean difference =
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1.34mm + 2.97) was uncorrelated with both the delivered electric field (r = 0.39; p = 0.27) or
the BOLD increase at the target BA25 site (Left BA25: r = 0.05, p = 0.89; Right BA25: r =
0.12, p=0.74).

1.12. OrT covariance analysis

Beyond a group level analysis, we sought to confirm the stimulus intensity dependence

of activation in our deep brain target within individual subjects. To achieve this, an OrT
analysis was performed to test for a monotonically increasing activation resulting from
stimulation at increasing (80%, 120%, and 140%) TMS intensities. The best-fit model
leading to the lowest AIC value resulted from the combination of the first three principal
components, in which 90% of the subjects showed monotonic increases in their subject
scores associated with each intensity condition in this model (Figure 7). Permutation testing
estimated a significant p-value for this model (p < 0.03).

The voxel pattern associated with the best-fit model, includes BA 25, and is displayed

in Figure 8, and the estimated z-values from the bootstrapping procedure for the regions
of greatest activation and deactivations are listed in Table 2. As can be seen in both the
table and the figure, the deep target BA 25 site is significantly activated within the pattern;
it should be emphasized here that there were no a priori spatial constraints on the data

in this multivariate analysis, in other words, the emergence of BA25 activation and its
increasing activation across TMS intensity condition emerged naturally from the whole
brain data. Since the model thus reflects monotonic BA25 increases as TMS intensity
increased, this result is in line with the findings in the whole brain and ROI analysis above,
but demonstrates the increases of activation with TMS intensity on an individual basis
(Figure 7). Also in line with the ROI findings, the right frontal pole stimulation site shows
decreasing activation with increasing TMS intensity (see Figure 8, Table 2).

1.13. Seed-based functional connectivity validation

We evaluated the similarity of cortical targets suggested by seed-based functional
connectivity and targets identified above via tractography. Group analyses revealed a
strongly selective pattern of functional connectivity with the BA25 seed, limited to regions
of the ventrolateral PFC and bilateral hippocampal cortex (Figure 9). However, these
patterns are largely descriptive, as the effective use of fMRI connectivity was to find the
individual’s peak of activation within BA10 that was near (within 20mm or the cortical
surface (see Methods); individual functional peak locations (i.e., targets) are visualized in
Figure 10B. Next, we sought to evaluate to proximity of the actual site of stimulation to
the target sites suggested by structural and functional connectivity. As out- lined above,
reliable neuronavigation within the MR environment is challenging for many reasons; we
were nonetheless able to correct for any error in coil placement and locate the precise site
of stimulation using MR-sensitive fiducial markers. We evaluated the Euclidean distance
between cortical stimulation sites suggested by either tractography-based or functional-
connectivity-based targets and the actual site of stimulation. We compared this distance
with the over- all stimulation effect (the slope of the increase in stimulation effect from the
OrT described above), and found a significant negative association between the stimulation
effect and the discrepancy distance for the functional (r;g = -0.64, p <0.05), but not
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structural targets (r1¢9 = —0.16; Figure 10D). This result suggests that deviation from a

the functional target decreases the degree of subgenual recruitment via deep-brain TMS.
Subject-specific targets based on tractography information demonstrated a greater spatial
precision (mean eccentricity: 5.2 +2.5) than targets derived from functional connectivity
(mean eccentricity: 12.7 #7.1), and therefore suggested a more consistent cortical tar- get for
TMS. Nonetheless, this degree of spatial variation amongst individuals may nonetheless be
an important predictor of treatment response, and suggests functional information should be
incorporated in future applications of connectivity-based targeting.

Discussion

In the present study, we used a novel combination of fMRI- and DTI-based methods

to find scalp targets to a seed region deep in the brain near BA 25. Both fMRI- and
DTI-based connectivity from this region showed direct connections in all subjects with
cortical targets in frontal pole cortex. Owing to their greater spatial precision, we used
diffusion tractography-based targets as a basis for localizing stimulation within the MR
scanner. Single pulses of TMS to these individualized frontal sites during fMRI recording
significantly activated the deep targets. This activation increased with TMS intensity,
providing evidence that the deep targets were directly activated transynaptically via TMS.
The increasing activation in BA25 was demonstrated in two different measures using an
ROI analysis, and also in a multivariate analysis of whole brain data. Existing technology
for focal deep brain stimulation is invasive because it requires surgical implantation of
electrodes and pulse generators. Existing techniques for noninvasive brain stimulation are
focal but superficial (as in the case of conventional TMS), or they are deep but nonfocal (as
in the case of TMS coils specialized for deeper brain stimulation, or transcranial electrical
stimulation). The present results suggest a new technique for brain stimulation technology
that has all three of the following features: it is (1) noninvasive, (2) target-specific and

(3) deep, providing a means of studying brain-behavior relationships of neurocircuits that
involve deep regions.

Three other studies have reported modulation of BA25 while employing interleaved TMS/
fMRI (Dowdle et al., 2018; Oathes et al., 2018; Vink et al., 2018). While testing a within-
scanner sham technique, Dowdle et al. (2018) reported that single TMS pulses to DLPFC
resulted in activation of subcortical structures, including an anterior cingulate cortex (ACC)
region that included BA25. While stimulating at four different intensity levels (90%, 100%,
110% and 120% of MT) similar to those used in the present study, they did not find any
significant differences in activation between dose levels, while these were found here. Two
factors may explain this difference: first, Dowdle et al. used a scalp-based targeting method
(using the site F3 from the International 10/20 EEG System) rather than basing targeting
on individualized brain imaging, as was done using DTI here, and second, DLPFC was
stimulated, which may have more limited direct connectivity with BA25 than the frontal
pole. Vink et al. (2018) also stimulated DLPFC, using two intensity levels (60% and 115%
MT), and reported activation in BA25 when contrasting the two intensity levels, but only in
four of the ten subjects. Here too, the use of TMS targeting method (an anatomical landmark
on structural MRIs) rather than individualized connectivity measures, and targeting DLPFC
rather than frontal pole, most likely led to differences with the present study. Oathes et al.
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(2018) did use a resting state connectivity measure, again targeting DLPFC, but instead

of modulating TMS intensity, employed an alternative strategy of using multiple spatial
targets. They found a not quite significant decrease in BA25 activity with TMS. A fourth
study using TMS/fMRI interleaving also stimulated DLPFC, using four TMS intensity levels
(80%, 90%, 100% and 110% of MT), and using resting state connectivity to target with
(Tik et al., 2017). They reported dose-dependent activation of an ACC region near BA25,
although contrary to the present study, the activation decreases from 90% to 110%, with
the latter showing deactivation, similar to that seen by Oathes et al. (2018). This difference
in dosage dependency is again most likely attributable to the difference in connectivity of
BA25 with DLPFC and with frontal pole, although the Tik et al. report was a published
meeting abstract, and more details are needed for a useful comparison.

All of these studies have used DLPFC as a superficial stimulation site, and none have
made use of DTI, which provides a more direct anatomical measure. Another group
should be mentioned which has used frontal pole as a stimulation target to successfully
activate a target subcortical structure in an interleaved TMS/fMRI study (Hanlon et al.,
2013), although scalp-based targeting was used (electrode site FP1), only a single TMS
intensity level was used, and the subcortical targets did not include BA25. The frontal pole
stimulation did activate orbitofrontal cortex and ACC, although BA25 wasn’t specifically
differentiated. Overall, these interleaved TMS/fMRI studies all demonstrate in principle the
use of network-connectivity based targeting of subcortical structures, which the present
study has added DTI-based targeting and a significant TMS dosage dependency in the
targeted subcortical activation.

4.1 Definition of superficial targets using neuroimaging

From its inception, the concurrent use of TMS and brain imaging has demonstrated that
stimulation of superficial cortical targets can result in measurable effects at remote sites
including those that are deep from the surface of the brain. For example, TMS to motor
cortex, besides activating the stimulated region, also produced significant activation effects
bilaterally in premotor cortex, in contralateral motor cortex, and in SMA, areas known to
be directly connected to motor cortex. Motor cortex stimulation also produced responses
in deeper regions as well, for example in the putamen, thalamus and cingulate cortex
(Bestmann et al., 2004; Denslow et al., 2005). In general, inter- leaved TMS-fMRI studies
demonstrate widespread effects of rTMS applied to deep cortical regions, including effects
in orbitofrontal cortex, hippocampus, and other limbic regions. Furthermore, TMS-induced
subcortical activity was found to be dependent upon the structural integrity of the white
matter fiber tracts (Kearney-Ramos et al., 2018).

Increasingly, the capacity of TMS to affect regions remote from the point of stimulation

has been exploited in TMS-fMRI studies examining connectivity and network function (e.g.,
Feredoes et al., 2011; Silvanto et al., 2006; Ruff et al., 2006, 2008, 2009). For example, in

a series of studies (Ruff et al., 2006, 2008, 2009) it was shown that TMS to the frontal eye
fields affected fMRI activation of occipital visual areas, along with perceptual function, in

a topographic manner, and that these effects on visual cortex differed from those caused by
TMS to intraparietal sulcus. The present study adds to the use of interleaved TMS-fMRI to
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investigate brain network function by demonstrating the use of DTI to enable the targeting of
TMS to BA25, a region inaccessible to direct TMS. Presumably, the technique used here can
be generalized, guiding TMS to stimulate any brain region of interest, no matter its depth.
Just as important, this targeting can be done on an individual basis. As has been shown
previously, the use of imaging data to adjust targeting TMS using individual differences

can have a dramatic effect on the potency of the stimulation (Sack et al., 2009), and that
there can be large differences between individuals in where stimulation should be applied

to influence deep targets (Fox et al., 2012). As illustrated in Figure 4, the location of TMS
coil placement, determined by the end point of the individual DTI pathway, varied between
subjects across a range of 5 cm. Targeting by group means would have meant that the point
of greatest stimulation could have been off in some individuals by over 2 cm, dramatically
reducing the effective stimulation over the actual area most directly connected in those
individuals to white matter tracts revealed by DTI that were connected to the deep target.

Lastly, while the present analysis has focused on second-step connections to subcortical
regions, access to subcortical targeting has motivated the development of TMS coils with
deeper penetration than conventional coils that are limited to brain regions lying close

to the surface (Levkovitz et al., 2007; Roth et al., 2007). These H-coil designs have

shown promise and are now FDA approved for treatment of MDD and OCD. However,

the drawback is that these coils only increase the electric field penetration depth up to 1

cm deeper compared to conventional figure-8 coils, and therefore not enough to induce a
suprathreshold electric field in BA25 (Deng et al., 2013, 2014). While tantalizing in its
simplicity, we nonetheless believe that the most promising approaches for DBS lie in a more
fundamental understanding of structural and functional network properties of the stimulated
cortex, as outlined in the current study.

1.14. Diffusion-based targeting for treatment of depression

Beyond increasing the ability to use combined brain imaging and stimulation to investigate
brain function, the present results suggest that DTI-based TMS targeting can extend the
effectiveness of TMS in therapeutic applications, allowing treatment of disorders with heavy
involvement of brain regions too deep to be directly assessable by conventional TMS caoils.
Models of how cortical-subcortical connectivity could be used to guide rTMS treatment
protocols fall generally under two models: a diagnostic model, and a more mechanistic
cognitive neuroscience model. The diagnostic model uses patterns of functional activation
to identify individualized targets, as discussed above. Such assessments are relatively quick
(resting scans last ~10minus in an MRI), and their generalizability is broad. Alternatively,
the cognitive neuroscience model of a trans-synaptic treatment protocol has been suggested
by the work (e.g., Wang et al., 2014) in which repeated high frequency TMS trains were
applied to superficial parietal cortex to affect a hippocampal memory network over repeated
sessions to create a cumulative change (there, an increase in memory performance). Both

of these approaches have value, and it is likely that the most efficacious protocols will

be a healthy marriage between clinical and cognitive neuroscience principles (Luber et al.,
2017). While the present study is only preliminary, and requires further work to optimize
trans-synaptic modulation of a subcortical structure, such a model seems a reasonable first
approach to developing a therapy.
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In addition, available evidence demonstrates that more focused stimulation, for example by
using imaging to guide TMS coil placement for superficial targets, improves outcomes, in
both basic and clinical studies. Indeed, the effect of TMS on a cognitive task was greatest
when targeted based upon individual fMRI task activation (Cohen’s d=1.13), and this was
superior to structural MRI-targeting (d=0.82), probabilistic targeting (d=0.67), or the 10-20
EEG system (d=0.34) (Sack et al., 2009). fMRI guidance of TMS on an individual basis has
been successfully applied, for example in targeting auditory hallucinations in schizophrenia
(Hoffman et al., 2007), or in the modulation of working memory circuits (Luber et al.,
2008; Beynel et al., 2019). In TMS treatment of depression, MRI-guided stereotaxic coil
placement (Fitzgerald et al., 2009; Rusjan et al., 2010) is beginning to be adopted, and

has contributed to higher response rates than the standard targeting (Downar & Daskalakis,
2013). In the present study, we have extended this image-guided targeting approach beyond
the refinement of superficial targeting to targeting in depth, informed by connectivity with
deep brain structures, and furthermore we have verified target engagement using interleaved
TMS—MRI.

In adding the engagement and modification of deeper targets to the brain stimulation toolbox
for possible use in treatment of psychiatric illnesses, its use in treating depression might be
questioned. As noted in the Introduction, the DLPFC has limited direct connectivity with
critical nodes in the depression neurocircuit based on tract-tracing studies in animals and
DTI studies in humans (Price and Drevets, 2010; Gutman et al., 2009; Haber et al., 2006;
Haber and McFarland, 1999). Yet stimulation of DLPFC has been shown to be efficacious
in treating depression- suggesting that clinical improvement is driven by something other
than anatomical connectivity between the cortical target and the network that needs to be
modulated. A case can be made that the antidepressant effects of DLPFC stimulation may
have to do with the modulation of cortical networks involved with emotional regulation,
leading to indirect changes in deeper networks (e.g., Luber et al., 2017). However, as we
discuss in the introduction, there is evidence that direct action (for example with DBS)

on deeper structures can have a profound antidepressant effect, and, based on this, we
suggested that one potential use of transsynaptic stimulation might be to directly target
deeper structures and so directly modulate deeper networks involved with depression in a
potentially more efficacious way.

It is also relevant to note that resting-state correlations between DLPFC and subgenual
cortex are consistently negative (Fox et al., 2014; Fox et al., 2012). While an anticorrelation
is in itself not a basis for therapeutic inference, this body of research proceeds on the sound
justification that “the clinical effects of brain stimulation are related, if not dictated, by the
connectivity of the target site” (Cash et al., 2021a). This pattern has been further interpreted
to suggest that TMS to a targeted, anticorrelated DLPFC region is effective because it

takes advantage of this anticorrelated pattern, and exaggerates it, possibly dampening the
subgenual response (Cash et al., 2021b). Nonetheless, such a mechanistic interpretation

is largely speculative, and will remain so without reliable concurrent stimulation and
neuroimaging information (e.g., TMS-fMRI) that affords the ability to directly assess the
effects of stimulation on BOLD activity and connectivity.
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The relationship between functional connectivity in the BA10 stimulation sites and
subgenual cortex (BA25) was consistently positive in our resting state analyses, in contrast
to the negative relationship between DLPFC and BA25. While it is difficult to draw lasting
implications of this relationship, this finding points to a larger gap in our understanding of
why such connectivities predict treatment efficacy. We believe that any reliable conjecture
on the putative mechanism of (either positive or negative) correlations between stimulation
and target sites, (with either BA10 or DLPFC stimulation sites, respectively), and their
outcomes for therapeutic intervention would rely on two principle characteristics: a) a
reliable characterization of the cognitive functions subsumed by the stimulation site, and
b) a thorough using both resting state and task related fMRI (preferably using emotionally
relevant tasks). This is no small challenge, as both BA10 and DLPFC are highly multimodal
regions which are responsible for a wide array of cognitive functions (Davis and Cabeza,
2015; Kievit et al., 2014) and thus difficult to characterize. Thus, as targets for therapy
continue to evolve and develop in light of their clinical efficacy, it is also critical that the
theoretical explanations for the effective selection of such targets continues apace.

1.15. Specificity of targeting in TMS-fMRI

While the phrase “target-specific” was used to describe the use of the tractography-guided
technique to activate BA25, the “specific” aspect deserves some qualification. As described
above, a TMS pulse not only affects the brain beneath the coil to a depth determined by

the effective electric field it produces (Figure 1), but other regions the stimulated area is
connected to. This can be seen in the present study in the other areas significantly activated
and listed in Table 1, with, for example, activations in medial PFC and insular cortex
which are likely due to direct connections with the frontal pole (Liu et al., 2013). Besides
regions directly connected with the stimulated region, the TMS pulse causes a number

of other effects in the brain: for example, activations in auditory (temporal) cortex due

to the clicking of the TMS coil, in somatosensory cortex due to stimulation of sensory
nerves in the scalp by the electric field and vibration of the coil, and in midbrain, due

to stimulation of the trigeminal nerve and to the startle reflex, while activations in insula,
brainstem, and dorsal anterior cingulate cortex may have occurred due to pain responses
(Table 1). However, in the present study focal targeting was meant to denote the capacity
to intentionally activate a deep target transynaptically via TMS based on DTI from a seed
in that target, and to do so in a dosage-dependent manner, as was successfully achieved
with BA 25. Furthermore, cortical targets suggested by diffusion tractography were more
spatially precise (lower eccentricity across participants) than targets suggested by resting-
state functional connectivity. Cortical sites based on white matter anatomy generally have
a greater generalizability across subject populations, and are likely to be more reliable than
connectivity-based methods of establishing functional networks within subjects (Bennett &
Miller, 2010). Nonetheless, besides activating the intended target region, it is important to
keep in mind that TMS clearly activates other anatomically and functionally related regions
as well, and that activation of other regions can also contribute to TMS-induced effects.
Future improvements in coil design to reduce ancillary stimulation effects like acoustic noise
would be useful in lowering some of these confounding effects.
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In addition to questions of focality, another aspect of targeted TMS is how direct the
stimulation was. The simplest reason a region that is closely connected to a stimulated

area might show activation is that it is responding to a volley of action potentials due

to the stimulation. However, an area functionally related to the stimulated region can

show imaging changes in activation without being directly stimulated in this sense. For
example, subthreshold TMS to motor cortex, which is not expected to directly generate
action potentials in cell axons, typically results in activations of directly connected motor
areas such as ipsilateral premotor cortex and SMA (Bestmann et al., 2003; Fox et al.,

2006; Hanakawa et al., 2009; Speer et al., 2003). Even with transcranial direct current
stimulation, remote activation of ventral midbrain regions has been found with prefrontal
cortex stimulation (Chib et al., 2013). Clearly, modulation of activity with brain stimulation
in one part of a distributed network can affect other closely-connected regions without
volleys of action potentials caused by stimulation, for example through compensatory shifts
in the balance of activity (Lomber et al., 1999). In the present study, the response of BA

25 was measured as the intensity of TMS to the frontal pole was parametrically varied
across four levels, from well below motor threshold (and assumed to be below excitability
threshold in frontal pole) to three higher supra-MT levels that might be expected to generate
increasingly larger volleys of action potentials to the monosynaptically connected BA25.

A previous study used single pulses of TMS and looked at the fMRI response of directly
connected brain regions to two levels of intensity, above and below motor threshold, finding
increased activation with intensity (Shitara et al., 2011). Across the four intensity levels of
the present study, TMS dosage dependency of activation in BA25 was demonstrated in two
ways. First, percent volume of significantly activated voxels increased monotonically with
TMS intensity (Figure 7). Second, ordinal trends covariance analysis produced a network
whose activation was significantly related to increasing TMS dosage, with BA 25 being one
of the most significant nodes of that network. While we conclude that our dosage effects

on BA25 activation were a result of its direct anatomical connectivity with the stimulated
frontal pole, further development of this method should compare the effects of anatomical
and functional connectivity on subcortical target engagement.

1.16. Diffusion- versus functionally-based targeting

A secondary goal of this analysis was to determine the efficacy of tractography-based
targeting compared to functionally-based targeting for deep-brain targets in TMS. A
number of previous studies have demonstrated that functionally based targeting, based on
resting state correlations with a deep-brain seed region, provide meaningful targets for
neuromodulation which may predict treatment response (Cash et al., 2019; Fox et al.,
2012; Wang et al., 2014). The logic of this method of targeting is based on the idea that
nodes within a consistently activated cortical network should demonstrate resonance within
that network when receiving an outside stimulus. It is relevant to note that resting-state
correlations between DLPFC and subgenual cortex are consistently negative (Fox et al.,
2012c). While an anticorrelation is in itself not a basis for therapeutic inference, this body
of research proceeds on the sound justification that “the clinical effects of brain stimulation
are related, if not dictated, by the connectivity of the target site” (Cash et al., 2021).

This pattern has been further interpreted to suggest that TMS to a targeted, anticorrelated
DLPFC region is effective because it takes advantage of this anticorrelated pattern, and
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exaggerates it, possibly dampening the subgenual response (Cash et al., 2021). Nonetheless,
such a mechanistic interpretation is largely speculative, and will remain so without reliable
concurrent stimulation and neuroimaging information (e.g., TMS-fMRI) that affords the
ability to directly assess the effects of stimulation on BOLD activity and connectivity.

Cortical targets based on DTI, in contrast, follow a similar but complimentary logic, though
the basis for activation is anatomical, not functional. The current analysis is the first to
explore which method should provide greater efficacy in stimulating a deep-brain target.
We found that, as might be expected from an anatomical target, DTI-based target locations
were more tightly clustered than functional targets. At a group level, structurally-defined
targets resulted in more spatially homogenous pattern of cortical targets (Figure 10A)

than functionally-based cortical targets (Figure 10B), which had greater eccentricity in our
population. This different could be due to many factors, but mostly likely due to the fact that
white matter anatomy, at a gross scale, is highly conserved across individuals. Nevertheless,
more explicit comparisons of these alternative techniques is necessary. The advance of
electric field modeling techniques (e.g., Figure 1) have shown that even small changes in
coil positioning and orientation have clear impacts on treatment response (Caufield et al.,
2021). Nonetheless, the efficacy of a particular targeting technique is likely to benefit from
more consistent cortical positioning across subjects, as greater eccentricity to a standard
targeting location is likely to introduce errors in positioning across individuals. To this

end, we next evaluated the extent to which this eccentricity was functionally meaningful.
As depicted in Figure 10D, we found that a greater stimulation effect was associated

with a smaller distance between the stimulation site and the cortical target suggested by
functional connectivity. A similar relationship was not present for cortical targets suggested
by tractography methods; this null relationship might be due to restricted range explainable
by the DTI based targeting approach. This result suggests that the greater eccentricity
introduced by functional targeting techniques may introduce a consistent confound in
potential treatment efficacy. Nonetheless, the present data are underpowered and suggest
that a combination of diffusion-based and functional-connectivity-based information are
still necessary for optimum target placement. Nonetheless, given the evidence for dosage-
dependent activation of BA 25 related to frontal pole stimulation one synapse away, we
conclude that DTI-guided TMS of superficial cortex did indeed directly activate a selected
deep target beyond the immediate influence of the effective electric field. Further, the
dosage-dependent response in BA25 suggests a mechanism for titration of deep target
modulation in potential therapeutic applications of noninvasive brain stimulation.

Lastly, another possibly relevant finding related to the parametric manipulation of TMS
intensity was that the activation of the stimulated frontal pole cortex decreased with
increasing intensity (Figures 7 and S3). Previous use of single TMS pulses in interleaved
TMS/fMRI has been minimal (Bestmann et al., 2003; Bohning et al., 2000; Hanakawa et
al., 2009; Shitara et al., 2011): most studies using the technique employ bursts of rTMS in
trains lasting from about 0.5-20 s (Siebner et al., 2009). The previous single pulse studies
were performed over motor cortex. All found a small activation for supra-MT intensity
pulses. However, this activation may be confounded with afferent signals resulting from the
TMS-caused muscle twitch (Bestmann et al., 2003). Shitara et al. (2011) found anomalies
in the hemodynamic response function in the cortex regions under the coil due to the TMS
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pulse, and suggested this might result in lowered measured activation. They also raised the
possibility that lowered activation could be due to suppression of neural activity following
the initial excitation caused by the pulse. It has long been known that TMS to motor cortex
produces a silent period in EMG occurring after the initial muscle twitch, and that the
duration of this silent period is proportional to the intensity used, and this has been attributed
to a corresponding silent period in motor cortex activity. A prolonged silent period in neural
activity after an initial burst due to TMS has also been observed in single cell recordings

in cats (Allen et al., 2007). Following Shitara et al. (2011), these lead to the suggestion

that the activation at the stimulation site which decreased with increasing TMS intensity
may be related to a period of relative inactivity in the stimulated area caused by the TMS
pulse and which increases in duration with intensity. On the other hand, a more recent study
found TMS dose-dependent activation beneath the stimulating coil in motor cortex using

a newly-developed multichannel receive MR coil in place of the standard birdcage coil,
suggesting activation directly beneath the TMS coil can be detected with a more sensitive
MRI system (Navarro de Lara et al., 2017).

1.17. Conclusion

In the present study DTI tractography beginning in a brain region too deep for effective
direct TMS was used to find a superficial cortical site one synapse away which could

be effectively stimulated. Then using interleaved TMS-fMRI, it was demonstrated that
DTI-guided TMS could activate the deep target, and could do so in a dosage dependent
manner, thereby demonstrating target engagement. The study has limitations that should

be mentioned. It was performed as an initial proof-of-concept, with only a small sample

of twelve healthy volunteers. Further studies should use a larger sample size. Moreover,
while post hoc imaging analysis supported the engagement of the deep target with TMS
stimulation of the superficial site, a more conclusive study should make use of multiple
stimulation sites, some connected with the deep target, some not. When sham capability is
added to fMRI-compatible coils, a sham condition should also be included in order to more
directly account for activations caused by peripheral stimulation caused by the TMS caoil.
While the parametric use of TMS intensities somewhat obviates these limitations, without a
control stimulation site or sham condition, non-specific TMS effects cannot be ruled out.

As to the relationship between anticorrelations assessed with functional data and DTI,
unfortunately not much can be said. The field is growing to appreciate that functional

and structural connectivity are only weakly correlated (Suarez et al., 2020), and that more
one-to-one predictions are more likely in primary sensory/maotor regions, rather than the
complex association regions investigated in the current study. Nonetheless, it is an open
question as to how structural pathways guide the functional response to cortical TMS, and
the future applications of a confluence of technological, analytic, and theoretical tools opens
fundamentally new opportunities in mapping this relationship.

Overall, however, this preliminary use of DTI-guided TMS suggests a new tool to extend
the utility of non-invasive stimulation, enabling researchers to target deeper brain areas
which previously were thought beyond reach. Here, the deep target was BA 25, which is
hypothesized to be a key node in the neurocircuitry of depression. The successful activation
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of BA 25 in a dosage-dependent manner suggests an initial step towards using DTI-guided
TMS to noninvasively target areas for therapy no matter where they are situated in the brain.
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Figure 1.
Representative simulated electric field distribution caused by a TMS pulse. Electric field is

superimposed on a sagittal structural MRI slice indicating Brodmann Area 25 (pink circle),
a deep brain target of interest in treating depression. Stimulation strong enough to generate
action potentials occurs with electric field strength, E, above the estimated neuronal firing
threshold, Eth Deng et al. (2011), at the border of yellow and green on the scale. Modeling
was performed using the finite element method. The TMS coil (MagVenture MRi-B91) was
modeled based on manufacturer data and X-rays of the coil.
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Figure 2.
Four regions of interest used for functional analysis. Red: stimulation site; purple: dorsal

control site; green: R-BA25 tractography determined region; blue: L-BA25 tractography
determined region.
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Figure 3.
Group tractography results (FA scores > 3 STD above mean of non-zero voxels). BA25 seed

ROI for tractography analysis appears in yellow.
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Figure 4.
Coil positions in scanner. Positions are based on fiducial markings. represented for all ten

subjects as yellow dots whose coordinates have been transformed to MNI standard space A)
on a model head and B) compared to the group averaged DTI tracing (in green).
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Figure 5.
Stimulation-dependent differences in fMRI-activity. Activation (in red) in right BA25

tractography ROl with a significant (|t| > 2.78, cluster significance p < 0.1) for transverse (z
= —-8mm to —2mm) and sagittal (x = 0 mm to18 mm) slices, contrasting stimulation at A)
120%MT vs 80%MT and B) 140%MT vs 80%MT.
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Figure 6:
Group-level Stimulus Effects in Activation. Changes across stimulation intensity (relative to

motor threshold) in A) percent of ROI significantly activated for stimulation in all voxels
demonstrating a positive effect versus baseline (|t| > 2.78), and B) mean BOLD activity in
these same ROIs.
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Subject scores of the best-fit model resulting from the first three principal components of the

OrT Analysis. Express
rm- F=38.66, p< 0.03).

ion of this model increased across TMS intensity (permutation test:
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Figure 8.
OrT analysis results. Peak BA25 activation (z = -16mm). Peak BA10 deactivation (MFP z =

-2mm).
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Figure 9.
Group-level effects of seed-based functional connectivity in BA25 (|t| > 2.78).
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Figure 10.
Efficacy of structural-connectivity-based (A) and functional-connectivity-based (B) targets.

Both targets localize to frontal pole, while structural targets provide a more precise target
than functionally-defined targets (i.e., lower mean eccentricity). As such, we chose to use
structural targets as a basis for localizing the stimulation site for each subject (C). However,
despite a significant stimulation effect (> 50) in 80% of subjects, we found a negative
relationship with the distance from the stimulation site to the functional target (r1g = —0.64),
shown in D, with blue data points and regression line for functional and red for structural
targets. This result suggests that targeting should incorporate both structural and functional
targets for DBS targets.
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Table 1.
Whole-brain effects of stimulation intensity.
Region BA X y z cluster size t
100%RMT vs. 80%RMT
No significant clusters
120%RMT vs. 80%RMT
Subgenual cortex 25 2 20 0 337 3.56
Brainstem 2 -38 | -30 102 3.07
140%RMT vs. 80%RMT
Insula 13 | -42 | -12 2 276 3.67
Amygdala 14 2 -26 92 3.35
Insula 13 44 -14 4 101 3.10
Frontopolar cortex 10 20 68 8 936 -4.38

Page 37

Note: Local maxima determined by FSL during cluster analysis (t > 2.78, cluster threshold p < 0.1) evaluated with the Talairach Daemon Client

(http://www.talairach.org/client.html) to determine their nearest Broadman Area within the range indicated in the “Range (mm)” column.
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Significantly activated and deactivated (z-scores positive and negative, respectively) regions associated with

the best-fit model from the guided PCA analysis.

Region

Whole brain

Insula

Middle temporal gyrus
Cingulate gyrus
Cingulate gyrus
Inferior parietal lobule
Middle temporal gyrus
Cuneus

Insula

Middle frontal gyrus
Postcentral gyrus
Middle temporal gyrus
Claustrum

Cuneus

Inferior frontal gyrus
Inferior frontal gyrus
Middle occipital gyrus
In DTI ROI

Medial frontal gyrus
Medial frontal gyrus
In BA25 explicit Talairach mask
Anterior cingulate
Medial frontal gyrus
Anterior cingulate
Medial frontal gyrus
Anterior cingulate
Subcallosal gyrus
Anterior cingulate

Anterior cingulate

BA X y zZ  z-max
13 -44 -20 16 5.61
21 64 -54 2 3.28
24 4 10 28 3.02
24 0 -10 42 2.79
40 52 -50 42 2.68
21 -60 -56 8 2.79
18 4 =72 22 224
13 52 -32 20 211
10 32 58 2 -7.13
40 -46 -32 52 -3.36
21 -54 -28 -8 -2.98

* =28 16 -2 =232
18 -4 -88 18 -2.23
47 36 20 -6 -2.06

9 -48 8 28 -2.03
19 34 -84 12 -2.02
25 10 16 -16 241
25 10 18 -18 1.66
25 4 4 -4 2.55
25 10 10 -18 2.46
25 2 6 -4 2.15
25 12 14 -18 2.06
25 2 2 -4 1.99
25 6 12 -14 1.98
25 -2 12 -4 1.92
25 -2 2 -4 1.82

Note: z-scores are estimates based on the bootstrapping procedure described in the Methods. Local maxima determined by FSL during cluster
analysis (t > 2.45, cluster threshold p < 0.1) evaluated with the Talairach Daemon Client (http://www.talairach.org/client.ntml) to determine their

nearest Broadman Area within the range indicated in the “Range (mm)” column.
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Regions demonstrating resting functional connectivity with a BA25 seed.

Table 3.

Region BA X y z cluster size t

Cerebellum 5 -82 | -20 1012 -4.33
Hippocampus 12 -6 | -16 85 4.65
Middle temporal gyrus 22 | 68 | -24 | -10 264 4.28
Anterior temporal lobe 38 | -60 4 =24 417 4.07
Anterior Cingulate Cortex | 24 -2 44 22 231 3.67
Middle Cingulate Cortex 32 -2 6 54 136 3.60
ACC/BA10 10 -6 34 -6 2502 3.44
Hippocampus -22 | -14 | -14 143 3.38
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Note: Local maxima determined by FSL during cluster analysis (t > 2.78, cluster threshold p < 0.1) evaluated with the Talairach Daemon Client

(http://www.talairach.org/client.html) to determine their nearest Broadman Area within the range indicated in the “Range (mm)” column.
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