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SUMMARY

Transcranial magnetic stimulation (TMS) is used to treat multiple psychiatric and neurological
conditions by manipulating activity in particular brain networks and circuits, but individual
responses are highly variable. In clinical settings, TMS coil placement is typically based on
either group-average functional maps or scalp heuristics. Here, we found that this approach can
inadvertently target different functional networks in depressed patients due to variability in their
functional brain organization. More precise TMS targeting should be feasible by accounting for
each patient’s unique functional neuroanatomy. To this end, we developed a targeting approach,
termed “TANS” (Targeted Functional Network Stimulation). The TANS approach improved
stimulation specificity in silico in 8 highly sampled patients with depression and 6 healthy
individuals, and in vivo when targeting somatomotor functional networks representing the upper
and lower limbs. Code for implementing TANS and an example dataset are provided as a resource.

eTOC

Transcranial magnetic stimulation (TMS) is used to treat multiple psychiatric and neurological
conditions by manipulating activity in particular brain networks and circuits. Lynch et al.
demonstrate that more precise TMS targeting is possible by accounting for each patient’s
unique functional neuroanatomy and cortical folding patterns using their method called Targeted
Functional Network Stimulation (“TANS”).
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INTRODUCTION

Repetitive transcranial magnetic stimulation (TMS) is a neuromodulatory technigque used
to treat multiple psychiatric and neurological conditions (Baeken et al., 2014; Carpenter et
al., 2012; Connolly et al., 2012; Hanlon et al., 2015; Lefaucheur et al., 2020), including
major depression, by manipulating activity in particular brain circuits and networks. Clinical
response to TMS is variable, however, with only 30 to 40% of patients with treatment-
resistant depression achieving remission in response to conventional protocols (Avery et
al., 2008; Gaynes et al., 2014; Luborzewski et al., 2007; McGirr et al., 2021). The lack of
response in some patients may be due in part to a failure to engage the desired functional
networks, since individual human brains exhibit an idiosyncratic functional organization
(Gordon and Nelson, 2021b; Gordon et al., 2017a; Mueller et al., 2013; Wang and L.iu,
2014) and spatial targeting in TMS protocols is not usually individualized (Cash et al.,
2020; Cocchi and Zalesky, 2018; Klooster et al., 2021). In this report, we examine
functional neuroanatomy in two datasets comprising 8 highly sampled individuals with
major depression and 6 individuals with no reported history of depression. In both samples,
we show how individual variability in their functional brain organization interacts with the
ability of TMS to selectively target specific brain circuits. We go on to develop a new
method for more precise individualized targeting and validate it in vivo.

Precision functional mapping — the practice of delineating functional brain organization at
the individual level using resting-state functional magnetic resonance imaging (fMRI) — has
accelerated rapidly in recent years (Braga and Buckner, 2017; Braga et al., 2019; Gordon

et al., 2017a; Gratton et al., 2019; Hacker et al., 2013; Lynch et al., 2020a; Poldrack et al.,
2015; Wang et al., 2015; Zheng et al.). Multiple studies of highly sampled individuals have
revealed features of an individual’s functional brain organization that deviate from central
tendencies in large groups (Kraus et al., 2021; Seitzman et al., 2019) and have also shown
how different functional networks can be represented in the same cortical area (Gordon and
Nelson, 2021a; Gordon et al., 2017a; Laumann et al., 2015) or subcortical zone (Greene et
al., 2019; Marek et al., 2018; Sylvester et al., 2020; Xue et al., 2021; Zheng et al.) across
individuals. Studies have also reported that the functional connectivity (Cash et al., 2019,
2021; Fox et al., 2012; Hopman et al., 2021; Siddiqi et al., 2021; Weigand et al., 2018)

or network properties (Siddiqi et al., 2019) of the TMS stimulation site affect treatment
outcomes. These findings have created an expectation that targeting the same anatomical
area with TMS could inadvertently engage different functional networks in different patients
(Gratton et al., 2019; Lynch and Liston, 2020), which might in turn contribute to variability
in treatment responses.

Although there is increasing interest in using functional connectivity to inform target site
selection in basic research settings (Eldaief et al., 2011; Halko et al., 2014; Lynch et al.,
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2018; Wang et al., 2014) and for TMS interventions (Cash et al., 2019; Cole et al., 2022; Fox
etal., 2012; Klooster et al., 2021; Siddiqi et al., 2022), most conventional TMS protocols
are not guided by the individual patient’s functional brain organization. Instead, generic
coil placements based on scalp heuristics (Beam et al., 2009; Mir-Moghtadaei et al., 2022)
or stereotaxic coordinates derived from group-average functional maps (Blumberger et al.,
2018; Weigand et al., 2018) have been used. One reason for these generic approaches

is that reliable mapping of functional networks at the individual level can require large
quantities of data per subject when using traditional single-echo fMRI methods (Gordon
etal., 2017a; Laumann et al., 2015; Lynch et al., 2020a), which is a significant obstacle

in clinical settings. We recently found that less data per subject is needed for precision
functional mapping when using multi-echo fMRI methods (Kundu et al., 2017; Lynch et
al., 2020a, 2021), which should increase the feasibility of individualized TMS targeting in
clinical settings (Gratton et al., 2019).

This paper consists of three parts. In the first section, we present maps of functional
networks in 8 depressed patients and 6 non-depressed individuals and use E-field modeling
to demonstrate how a standard TMS targeting approach would likely engage multiple
different functional networks in each individual, exactly the kind of variability that from
first principles might not always produce the desired clinical outcome. Next, we propose

a new technique, which we call “TANS” (Targeted Functional Network Stimulation), that
leverages knowledge of each individual’s unique functional topology and cortical folding
patterns to find a coil placement on the scalp and that will stimulate a given target functional
network with as little off-target stimulation as is possible. The level of stimulation specificity
that can be obtained using TANS is evaluated in silico and compared to alternative targeting
approaches. Finally, we validate the TANS approach in vivo by using it to selectively engage
somatomotor functional networks corresponding to the upper and lower limbs in three
healthy individuals. The targeting workflow and code complete with an example dataset has
been made available online as a public resource (Lynch, 2022).

Targeting the same brain area may engage different functional networks across patients

We first examined the extent to which delivering TMS in a manner consistent with current
clinical practice (placing the stimulating coil directly above the same anatomical area) is
likely to stimulate different functional networks in different patients. The primary goal of
this first experiment was to evaluate the need for a targeting approach that is guided by how
functional networks are arranged spatially in each patient’s brain.

Functional networks were mapped in 8 patients (N=3 females, mean age = 28.97 + 7.06
years) with a mood disorder diagnosis and 6 individuals with no reported psychiatric
history (N=6 males, mean age = 34.6 + 9.30 years) using InfoMap (Rosvall and Bergstrom,
2008), a widely-used community detection algorithm, and the precision functional mapping
routine used in (Gordon et al., 2020, 2021). Consistent with other studies of highly sampled
individuals (Gordon et al., 2017a, 2017b; Laumann et al., 2015), we observed variability

in the topology (size, shape, spatial arrangement) of functional networks in patients (see
Figure 1A). Functional networks were mapped using each individual’s entire resting-state
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fMRI dataset (9.42 + 9.94 hours of data per-subject, range: 0.72 to 29.86 hours). However,
highly similar maps could be obtained with as little as 30-minutes of data from the first
study visit (see Figure S1A-B), indicating that smaller clinically-tractable quantities of
multi-echo fMRI data are sufficient for delineating patient-specific functional neuroanatomy
for individualized TMS targeting.

Next, we modeled how a generic targeting approach might engage functional networks

in each individual using E-field modeling (Thielscher et al., 2015), the primary method

by which the spatial distribution of TMS effects can be estimated. The MNI coordinates
X=-42, Y=44, Z=30 — a stimulation target used in multiple recent TMS studies (Cash

et al., 2019; Fox et al., 2012; Weigand et al., 2018) — were transformed into each
individual’s native image space. These coordinates correspond to peak subgenual cingulate
anticorrelation in group-average resting-state fMRI data. E-field modeling was performed
using SImNIBS (Thielscher et al., 2015). To mimic how TMS is typically administered,
the coil center was positioned directly above the target with the handle oriented posteriorly.
The E-field generated by this coil placement is displayed on each patient’s inflated cortical
surface (Figure 1B). The E-field “hotspot” (where the E-field is maximal) was defined using
a range of percentile based thresholds (99% to 99.9%, in 0.1% steps). Multiple functional
networks were observed in the E-field hotspot in each patient (Figure 1C). For example,

in patient MDO02, the E-field hotspot was primarily on the frontoparietal network (35% of
the E-field hotspot), but the salience and cingulo-opercular networks (28% and 29% of the
E-field hotspot, respectively) also received relatively high levels of stimulation. In other
patients, such as MD01 and MDO04, the salience network received more stimulation than
the frontoparietal network (42% vs. 4% and 27% vs. 12% of the E-field hotspot in MDO1
and MDO04, respectively). The stacked horizontal bar plot summarizes the percentage of the
total E-field hotspot surface area that was occupied by each functional brain network in all
8 patients (Figure 1D). A similar pattern was observed in the 6 non-depressed individuals
(Figure S1C-F).

In summary, this first analysis revealed two findings that motivated the targeting approach
introduced in this paper. First, highly reliable patient-specific functional maps could be
obtained with as little as 30-minutes of multi-echo fMRI data per patient (see Figure S1A),
indicating that individualized network mapping for TMS targeting should be feasible in
clinical settings. Second, different functional networks were observed inside the E-field
hotspot across individuals when using a generic targeting approach, despite the same
anatomical area being specified as the stimulation target, and frequently multiple functional
networks were simultaneously targeted within an individual. Because the efficacy of TMS
is thought to depend on engaging specific functional networks underlying a patient’s
symptoms (Cash et al., 2020; Siddiqi et al., 2019; Williams, 2016), the findings presented
in Figure 1 suggest that a generic targeting approach may not be optimal for selectively
engaging any specific functional network in patients. Thus, we sought to develop an
individualized targeting approach that leverages information about how functional networks
are arranged spatially in each patient’s brain in order to more selectively stimulate a

given target network. In the following section, we describe this approach, termed “TANS”
(Targeted Functional Network Stimulation).
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The targeted functional network stimulation (“TANS”) approach

A graphical representation of the four main steps in the Targeted Functional Network
Stimulation (“TANS”) approach is provided in Figure 2. The first step is to find the

largest piece of the target functional network that is located on a gyral crown. Attempting

to stimulate pieces of the target network in a sulcus would inevitably result in greater
stimulation of whichever functional networks are represented on the nearest gyrus because
the E-field is strongest on the gyral crown (Bungert et al., 2017; Siebner et al., 2022;
Thielscher et al., 2011) (this effect is demonstrated in Figure S2A-B). An assumption of this
first step is that it is important to stimulate within a particular functional network, and not
any particular point within the network. In the second step, a search grid of coil placements
is created on the scalp surface above the centroid of the target network cluster identified

in Step 1. Subsampling is used to reduce the search grid density and reduce runtime. In

the third step, E-field modeling is performed at each point in the search grid (multiple
orientations are considered at each site at an angular resolution specified by the user) and
the strength of the E-field generated by each simulation is mapped to the cortical surface.

In the final step, the percentage of the E-field hotspot surface area occupied by the target
network (referred to as the on-target value) is calculated for each threshold separately and
then averaged. An avoidance region can be specified in order to avoid stimulation of a
specific non-target region or network. If no avoidance region is provided, stimulation of any
non-target network is penalized equally. The coil placement that maximizes the on-target
value on average across E-field hotspot thresholds is considered the optimal choice. TANS is
able to identify the optimal coil placement without the user specifying a specific stimulation
intensity because the strength of the E-field varies linearly with dl/dt (the speed of variation
of the current throughout the coil) and, for this reason, it has no effect on its spatial
distribution (including where it is maximal, see Figure S2C). However, once the optimal coil
placement has been identified, a range of possible stimulation intensities can be optionally
modeled and the portion of the suprathreshold E-field that is on-target at each intensity level
(given some absolute threshold representing the neural activation threshold, inferred from
motor evoked potentials or some other means) can be estimated.

The TANS approach incorporates elements of other E-field based TMS targeting approaches
(Gomez et al., 2021; Weise et al.), including use of the SimNIBS E-field modeling

software (Thielscher et al., 2015) and a grid-search procedure (evaluating many different
coil positions and orientations on the scalp above the target). The TANS approach is
distinguished from other targeting frameworks in two important ways. First, existing
approaches attempt to maximize the E-field strength in a single spherical ROI defined in the
volume. A sphere is generally ill-suited for describing the complex topology of functional
networks in cortex defined at the individual level (Braga and Buckner, 2017; Gordon and
Nelson, 2021b). Furthermore, because functional networks are multifocal and span multiple
cortical zones (Power et al., 2011; Yeo et al., 2011), it is not known a priori where this

ROI should be set for best results. Second, existing approaches do not penalize for off-target
stimulation. In other words, they are designed to find a coil placement that maximizes the
E-field strength at a single target location, even if that means another non-target region or
network inadvertently receives equivalent or even greater stimulation.

Neuron. Author manuscript; available in PMC 2024 October 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynch et al. Page 6

Evaluating stimulation specificity achieved by TANS in silico

Next, we evaluated in silico how selectively TANS could stimulate one of the functional
networks most often targeted in depression (based on the results shown in Figure 1D) —
the frontoparietal network. Figure 3A shows the optimal coil placement found using TANS
for stimulating the frontoparietal network (in either hemisphere) in each patient. Circular
heatmaps describe how the on-target value changes with the coil handle orientation (the

coil handle orientation displayed in Figure 3A is the one that maximized the on-target
value). The E-field associated with the optimal coil placement and boundaries of the target
functional network (black borders) in each patient is shown in Figure 3B. On average, 71.2%
+ 12.4% of the E-field hotspot associated with the optimal coil placement was on-target. All
functional networks in the E-field hotspot are shown in Figure 3C (the 99.5% threshold is
used for visualization purposes). A stacked horizontal bar plot (Figure 3C) summarizes the
percentage of the total E-field hotspot surface area that is occupied by each functional brain
network. The same pattern was observed in the 6 non-depressed individuals (Figure S3).

It is notable that the TANS approach achieved higher on-target values in some individuals
than others. For example, only 57% and 55% of the hotspot was on-target in MDO01 and
MDO08 versus 78% and 93% in MDO05 and MDO06. Further analysis revealed that this was
largely explained by differences in the target network size across the patients (larger target
network associated with better on-target values). The correlation between total surface area
occupied by the target frontoparietal network cluster and on-target value was r=0.75 (see
Figure S3E), indicating that off-target stimulation occurs when the size of the E-field hotspot
exceeds the largest piece of the target functional network. With this caveat in mind, the
findings presented in Figure 3 suggest that TANS can be used to find a coil placement that
can selectively stimulate a target functional network.

Comparison to other TMS targeting approaches

To contextualize these findings, we compared the performance of TANS to another E-field
based targeting algorithm, the fast computational auxiliary dipole method (ADM; (Gomez
etal., 2021). ADM is designed to quickly find a coil placement that maximizes the E-field
strength in a single spherical ROI defined in the volume. ADM does not evaluate the E-field
outside of this ROI, and functional networks other than the target could potentially receive
equivalent or even greater levels of stimulation than the target network. These properties
lead to an expectation that ADM would likely deliver more energy to the target location
inside the target network, but that TANS would probably deliver more energy overall to a
particular target network, and also less energy to non-target brain regions and networks.

In each individual, we first calculated the percentage of the E-field hotspot that is occupied
by each functional network when using the generic (Figure 4A), ADM (Figure 4B), and
TANS coil placements (Figure 4C). The relative improvement within each patient is shown
in Figure 4D. TANS increased the on-target value by 51% * 21% when compared to the
generic approach (paired t-test, [t(13) = 9.61, p < 0.001]) and 31% + 16% compared to
ADM (paired t-test, [t(13) = 5.76, p < 0.001]). The same pattern was observed in the
non-depressed individuals (Figure S4). The strength of E-field inside the spherical ROI (set
at the target network cluster centroid) was on average 28% + 23% greater when using ADM
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(paired t-test, [{13) = 4.09, p = 0.001], see Figure 5A), indicating that the ADM approach
was working as expected. We note that in some patients (for example, MDO04) that difference
in E-field strength at the target centroid can be attributed to the fact that the TANS coil
placement delivered stimulation to a part of the functional network that was distant from its
centroid.

Next, we calculated the total E-field strength summed across the vertices of each functional
network within the E-field hotspot for each individual when using the ADM and TANS
approaches. The E-fields associated with the TANS and ADM coil placements are shown
on each patient’s inflated cortical surface in Figure 5B. Total on-target and off-target
stimulation (the sum V/m for all target and non-target network vertices inside the E-field
hotspot when dl/dt = 1 A/us) is shown for each patient in Figure 5C. The amount

of on-target stimulation increased by 24% + 16% on average when compared to the

ADM approach (paired t-test, [t(13) = 5.36, p < 0.001]). TANS also decreased off-target
stimulation by 45% * 23% on average when compared to the ADM approach (paired t-test,
[t(13) = 6.26, p < 0.001]). In five of the eight patients (MDO1, MD02, MD04, MDOQ7

and MDO08) and five of the six non-depressed individuals (MEO1, MEO3, ME04, MEQ5,
and MEO06), non-target functional networks actually received a comparable or greater level
of stimulation than the target network. Data associated with the non-depressed individuals
is shown in Figure S5. These findings collectively suggest that TANS and ADM can be
used to address different goals. Specifically, TANS aligns where the E-field is maximal
(the “hotspot™) with the target functional network. In contrast, ADM maximizes the E-field
strength at a single location inside the network, which in some cases leads to simultaneous
stimulation of adjacent non-target regions and networks.

Finally, we repeated our main analyses using an absolute threshold to define the
suprathreshold portion of the E-field. This allowed us to evaluate the stimulation specificity
that would be achieved by TANS relative to other targeting approaches given a particular
stimulation intensity level and assumed neural activation threshold (Figure 6). In all 14
study participants, we calculated the percentage of the E-field hotspot (when the neural
activation threshold is set to 100 V/m) that is occupied by the frontoparietal network when
using the generic (Figure 6A), ADM (Figure 6B), and TANS coil placements (Figure

6C) over a range of stimulation intensity levels (from dl/dt = 1 A/us to 155 A/us, which
corresponds approximately to the possible range of realized dl/dt on our MagPro X100
machine when using the B70 coil). The relative improvement in frontoparietal network
stimulation specificity within each patient is shown in Figure 6D. TANS increased the
on-target value by 50% + 19% when compared to the generic approach (paired t-test, [t(13)
=9.27, p <0.001]) and 32% * 16% compared to ADM (paired t-test, [t(13) = 6.06, p <
0.001]). A similar pattern was observed in the 6 non-depressed individuals (Figure S6). We
repeated this analysis using a lower absolute threshold (see right column of Figure 6) and
observed a similar pattern of results, indicating that our evaluation of TANS relative to the
other targeting approaches is robust to the choice of absolute threshold.
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Validation of the TANS approach in vivo

In our final analysis, we tested in vivo the prediction that the TANS approach can improve
stimulation specificity. Single pulses of TMS administered to motor cortex (M1) can elicit
a contraction in contralateral muscles, referred to as a motor evoked potential (MEP)
(Bestmann and Krakauer, 2015; Wassermann et al., 1992). There are functional networks
represented in M1 that can be delineated using resting-state fMRI at the individual level
(Gordon et al., 2017a) that correspond to the foot, hand, and mouth regions (Barch et al.,
2013; Buckner et al., 2011). We reasoned that MEPs could be used as a readout of both
on-target effects (movement in target limb) and off-target effects (movement in non-target
limb), and in this way test the prediction that the TANS approach can be used to more
selectively engage a particular functional brain network.

TMS coil placements for targeting the somatomotor-hand and somatomotor-foot networks
in three healthy individuals (see Figure 7A for MEO1, study author CJL, and Figure S7TA
for MEO2 and MEOS, study authors JDP and IE) were generated using both ADM and
TANS. Consistent with the modeling results reported earlier (Figure 5), E-field simulations
predicted better stimulation specificity when using TANS (see white arrows in Figure 7B
and the difference in total non-target stimulation summarized in Figure 7C). For this reason,
we expected that TANS would be associated with less off-target stimulation than ADM —
particularly when targeting the somatomotor-foot network (Figure 7C, top panel). We tested
this prediction by administering TMS single pulses (intensity ranging from 35% to 80% of
maximum stimulator output, 5 pulses per intensity) to the right somatomotor-hand (cyan)
and somatomotor-foot (dark green) functional networks using optimal coil placements
prescribed by ADM and TANS for each individual. Both the subject and the individual
administering the TMS were blinded to target identity and the method used to generate
each coil placement. The TMS administrator monitored visually for movements in the
contralateral upper or lower limbs, and muscle contractions were confirmed using surface
electrodes placed on the left first dorsal interosseus muscle and tibialis anterior muscles,
which are connected to a 2-channel electromyography (EMG) device incorporated into the
BrainSight neuronavigation system.

The results of this experiment were consistent with our predictions. In all three subjects,
TANS produced a MEP in the target limb, and no movement in a non-target limb was
observed at any stimulation intensity level. In contrast, ADM produced a MEP in a
non-target limb in two of the three subjects, consistent with the E-field modeling results
predicting non-target network stimulation in those instances. We describe the results
observed in the first subject (MEOL) in more detail below (see Figure 7D-F). The results for
the two replication subjects (ME02 and MEOQ6) are reported in Figure S7.

When targeting the somatomotor-foot network in MEO1 (see the top row of Figure 7D

and Figure 7E), only the TANS coil placement elicited MEPs in the contralateral foot,
whereas the ADM coil placement elicited MEPs in the contralateral hand, as expected

given the high level of off-target stimulation predicted in the top panel Figure 7C. No hand
movement was observed at any intensity level when using the TANS coil placement to

target the somatomotor-foot network (see top right panel of Figure 7D), suggesting that there
was no off-target stimulation. In contrast, when targeting the somatomotor-hand network
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(Figure 7F), the ADM and TANS coil placements both elicited MEPs in the contralateral
hand (see the bottom row of Figure 7D and Figure 7F) and neither elicited MEPs in the
contralateral foot (at any intensity level), indicating target engagement for both methods
with no off-target effects in this case. ADM actually elicited hand MEPs at a slightly lower
intensity than TANS in MEO1 (40% vs. 45% MSO), consistent with earlier simulations
indicating that ADM can sometimes maximize stimulation intensity at a single location
(Figure 5A), but at the cost of off-target stimulation (Figure 5C). A similar set of results
was observed in MEO2 and MEO6 (see Figure S7). Collectively, these results confirm the
prediction that the TANS approach improves stimulation specificity, whereas ADM is prone
to also stimulating non-target brain regions or networks.

DISCUSSION

In the first part of this paper, we mapped functional brain networks precisely in 14 highly-
sampled individuals (8 patients with depression and 6 healthy individuals) and found that
administering TMS in a manner consistent with current clinical practice (positioning the
stimulating coil directly above the same anatomical area) would likely engage different
functional networks in different individuals due to variability in their functional brain
organization (Figure 1). Although individual differences in functional network topology
have now been characterized extensively in healthy populations (Braga and Buckner, 2017;
Gordon et al., 2017a; Laumann et al., 2015), they have not been studied extensively

in a clinical population, and they were critical to establishing how TMS would likely
engage functional networks in patients for whom treatment with TMS is indicated. This
finding led us to develop a new TMS targeting approach, referred to here as “TANS”
(Targeted Functional Network Stimulation), that leverages individual-specific functional
network maps and cortical folding patterns to find the coil placement that will maximize
stimulation specificity (Figure 2). In simulations, TANS achieved significantly more
selective stimulation of the frontoparietal network in 8 patients with depression (Figures
3-6) and 6 non-depressed individuals (Figures S3-6). In a prospective proof-of-principle
demonstration, we confirmed that TANS performs as expected in vivo when targeting
somatomotor functional networks corresponding to the upper and lower limbs in three
healthy individuals (Figure 7 and Figure S7). Collectively, these findings demonstrate the
feasibility of delineating and selectively targeting functional brain networks at the level of
individual patients using TANS.

TMS is thought to alleviate symptoms of psychiatric illnesses, including major depressive
disorder, by manipulating activity in the particular brain circuits responsible for them (Cash
et al., 2020; Lynch and Liston, 2020; Siddiqi et al., 2019). Consistent with this possibility,
(Siddigi et al., 2019) recently found that patients with symptoms of sadness and anhedonia
responded best to TMS when a functional circuit resembling the cingulo-opercular or dorsal
attention network was stimulated, whereas the frontoparietal and default mode networks
were more effective stimulation targets in patients with anxiety and somatic symptoms. The
results of our experiment summarized in Figure 1 reveal how there are likely multiple and
distinct sets of functional networks stimulated in different patients — even when coordinates
corresponding to the same anatomical location are targeted — because of individual
differences in how functional networks are arranged spatially in the region targeted by TMS.

Neuron. Author manuscript; available in PMC 2024 October 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynch et al.

Page 10

In general, stimulating different functional networks across patients or multiple functionally
distinct networks simultaneously within a patient is not desirable to the extent it contributes
to variability in the treatment response to TMS. At the same time, it is unclear at this time
whether the same functional network will be the best TMS target for treating depression

in all patients. Individuals with depression present with varying clinical symptom profiles,
which may relate to distinct pathophysiological mechanisms (Feighner, 1981; Lynch et

al., 2020b), and it might instead be beneficial to stimulate different functional networks

or specific combinations of functional networks. The TANS approach should be useful
independent of which functional network or networks need to be targeted in each patient,
and would be especially impactful if different subtypes of depression turn out to benefit
from targeting different functional networks.

A major outstanding conceptual question in this paper is whether TMS neuromodulation
should prioritize energy to a fixed site or prioritize selective stimulation of a site or
functional network. In certain contexts, stimulation of a fixed site would seem sensible,
such as when eliciting a motor response (Bestmann and Krakauer, 2015) or interfering with
processing in the visual word form area (Pattamadilok et al., 2019). If energy to a fixed
site is the priority, algorithms optimizing E-field strength at a single location will serve
that purpose well. However, in other contexts the specific site may be less important than
the kind of tissue being targeted. The human brain is organized into large-scale, distributed
networks that can be delineated in resting-state fMRI, networks that are recapitulated via
coordinated coactivation in a variety of task settings (Cole et al., 2014; Power et al., 2011,
Smith et al., 2009), and which are implicated in psychiatric and neurological disease. If
the goal is to selectively modulate activity in a distributed multi-nodal network, our work
indicates that targeting a single stereotaxic coordinate based on group-average maps or
applying the ADM approach to an individualized target are prone to producing substantial
off-target effects. The main contribution of the present work, from this perspective, is the
development of the network-centric TANS approach.

There has been significant interest in leveraging patient-specific functional neuroanatomy to
select targets for stimulation interventions (Cash et al., 2020; Gratton et al., 2019; Greene

et al., 2019; Klooster et al., 2021; Lynch and Liston, 2020; Siddiqi et al., 2022). Only
recently have multiple lines of research advanced sufficiently to set the stage for the TMS
targeting framework introduced in this paper. Early efforts using individual differences in
functional connectivity to guide stimulation site selection were challenging due in part to the
poor signal characteristics and limited reliability associated with smaller quantities of fMRI
data (Fox et al., 2013). Acquiring larger amounts of fMRI data from single individuals as
opposed to smaller quantities of data from many individuals has enabled reliably delineating
functional networks at the individual level for the first time (Gordon et al., 2017a; Laumann
et al., 2015; Poldrack et al., 2015). When combined with a multi-echo acquisition and
denoising framework (Kundu et al., 2017; Lynch et al., 2020a, 2021), reliable individual-
specific functional network maps may be obtained in cortex from clinically feasible
quantities of data per-patient (approximately 30-minutes, see Figure S1A-B) and used to
guide stimulation interventions (Gratton et al., 2019). A sufficient amount of high-quality
fMRI data per-patient is a prerequisite for precision functional mapping. In parallel, the
development of easy-to-use tools for computational modeling of the E-field created in the
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brain by TMS (Thielscher et al., 2015) allows prospectively determining which brain regions
will likely be engaged by a particular coil placement. These advancements have made
personalizing the administration of TMS to patient-specific functional neuroanatomy more
feasible.

The TANS approach has the potential to be useful in basic research settings as well.

For example, TMS is commonly used in cognitive neuroscience to study the cognitive

or behavioral effects of modulating activity within particular brain networks or regions
(Sandrini et al., 2011). These experiments often control for the non-specific effects of

TMS with an active control that can produce comparable scalp and auditory sensations,

but different transcranial brain stimulation (Bergmann et al., 2021). In principle, the ideal
active control should be a functionally distinct area that is close in proximity to the target of
interest. However, the closer the active control is to the target of interest, the more difficult
it becomes to selectively stimulate the two sites. A useful feature of the TANS approach

is the option to specify avoidance regions, which will help ensure that the two brain areas
are selectively stimulated. The results of the validation experiment (see Figure 7 and Figure
S7) — where two somatomotor functional networks were selectively engaged using TANS
— are consistent with this possibility. By enabling more specific stimulation of networks
or regions of interest, while avoiding other regions or networks, TANS has the potential to
facilitate the design of more sophisticated TMS experiments.

Several aspects of this work warrant additional consideration. First, the modeling
experiments performed in this investigation indicate that selective stimulation of a functional
network with TMS requires that the network has sufficient size and representation on a
gyral crown (Figure S3E). Smaller networks or those more often represented in a fissure

or on the medial surface of the brain, such as the cingulo-opercular network, may be

less amenable to stimulation than larger networks with prominent representations on the
lateral surface of the brain, such as the frontoparietal network. A related point is that the
geometry of the coil (here we used the figure-of-eight MagVenture B70 coil) will determine
in part how precisely TMS can be used to stimulate a given functional network (Deng et

al., 2014; Hanlon, 2017). For example, coils with a double-cone geometry will create a
stronger but also less focal E-field when compared to a figure-of-eight style coil (Deng

et al., 2013; Schecklmann et al., 2020). Second, the TANS approach involves aligning
spatial characteristics of the E-field (specifically, where it is maximal) with a specified
target functional network, which alone may not be sufficient to predict a neuronal response
to TMS (Aberra et al., 2019; Casula et al., 2018; Hannah and Rothwell, 2017; Peterchev

et al., 2012). Other temporal parameters (such as the stimulation waveform, intensity, and
frequency) and biological factors (neural activation thresholds) must also be considered
after the optimal coil placement has been identified to achieve the desired effect on the
targeted brain circuit. Finally, the majority of the analyses reported here are simulations
(with the exception of the TMS experiments summarized in Figure 7 and Figure S7), and
no prospective application of TANS was performed therapeutically in patients in order to
evaluate whether the TANS approach would actually improve treatment outcomes. Future
studies involving prospective targeting of functional networks using tools such as TANS will
be an important next step towards validating the use of E-field modeling combined with
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precision mapping as a way to personalize the administration of TMS to better account for
patient-specific functional neuroanatomy.

There is an unmet need for mental health treatments that are personalized to biological
characteristics of individual patients (Insel and Cuthbert, 2015; Williams, 2016). Precise
delineation and targeting of functional networks at the individual patient level has the
potential to enhance treatment response in the growing number of clinical populations where
TMS is indicated. Here, we demonstrated that patient-specific functional networks can be
more selectively targeted in silico and in vivo using a new TMS targeting approach, termed
TANS. As a part of this NeuroResource article, Matlab code for implementing TANS and
example data from the highly sampled non-depressed individuals are provided as a public
resource (Lynch, 2022).

STAR Methods

Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by
the Lead Contact, Conor Liston (col2004@med.cornell.edu)

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

Matlab code for implementing the TANS algorithm has been deposited

online (https://github.com/cjl2007/Targeted-Functional-Network-Stimulation; DOI: 10.5281/
zenodo.6958500). Code for preprocessing multi-echo fMRI data is maintained in a separate
online repository (https://github.com/cjl2007/Liston-Laboratory-MultiEchofMRI-Pipeline;
DOI: 10.5281/zen0d0.6958611).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants—The study sample consisted of five healthy individuals (N=6 males, mean
age = 34.6 + 9.3 years), four of whom were previously a part of separate investigation
(Lynch et al., 2020a), and 8 patients (N=3 females, mean age = 34.6 + 7.06) with a
diagnosis of a mood disorder (N=6 with major depression disorder and N=2 bipolar
disorder Il). These diagnoses were based on the DSM-IV-TR criteria and confirmed by

the Mini-International Neuropsychiatric Interview administered by a trained clinician. Seven
of the eight patients were stably medicated and taking an antidepressant medication (SSRI,
SNRI, or Bupropion). Two patients were additionally taking an augmentation agent (Lithium
or Lamotrigine). Four patients were taking Benzodiazepines. One MDD patient received
Lamotrigine monotherapy. One depressed patient was not taking medications. These eight
patients were scanned longitudinally (for up to 1.5 years), with fluctuating mood symptoms
during this time period (moderate to severe symptoms defined as a HAMD®G6 score greater
than or equal to 5 present during 77% of the total study visits), and received treatment with
their psychiatrists outside the context of the present study.
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METHOD DETAILS

MRI image acquisition—Data were acquired on a Siemens Magnetom Prisma 3T scanner
at the Citigroup Biomedical Imaging Center of Weill Cornell’s medical campus using

a Siemens 32-channel head coil. Multi-echo, multi-band resting-state fMRI scans were
collected using a To*-weighted echo-planar sequence covering the full brain (TR: 1355 ms;
TE;: 13.40 ms, TEy: 31.11 ms, TE3: 48.82 ms, TE4: 66.53 ms, and TEs: 84.24 ms; FOV:
216 mm; flip angle: 68° (the Ernst angle for gray matter assuming a T1 value of 1400

ms); 2.4 mm isotropic voxels; 72 slices; AP phase encoding direction; in-plane acceleration
factor: 2; and multi-band acceleration factor: 6) with 640 volumes acquired per scan for a
total acquisition time of 14 minutes and 27 seconds. This sequence was generously provided
by the Center for Magnetic Resonance Research (CMRR) at the University of Minnesota.
Spin echo EPI images with opposite phase encoding directions (AP and PA) but identical
geometrical parameters and echo spacing were acquired before each resting-state scan.
Multi-echo T1-weighted (TR/TI: 2500/1000 ms; TEq: 1.7 ms, TEy: 3.6 ms, TE3: 5.5 ms,
TE4: 7.4 ms; FOV: 256; flip angle: 8°, and 208 sagittal slices with a 0.8 mm slice thickness)
and T2-weighted anatomical images (TR: 3200 ms; TE: 563 ms; FOV: 256; flip angle: 8°,
and 208 sagittal slices with a 0.8 mm slice thickness) were acquired.

Anatomical preprocessing and cortical surface generation—Anatomical data
were preprocessed and cortical surfaces generated using the Human Connectome Project
(HCP) PreFreeSurfer, FreeSurfer, and PostFreeSurfer pipelines (version 4.3).

Multi-echo fMRI preprocessing—~Preprocessing of multi-echo data minimized spatial
interpolation and volumetric smoothing while preserving the alignment of echoes. The
single-band reference (SBR) images (five total; one per echo) for each scan were averaged.
The resultant average SBR images were aligned, averaged, co-registered to the ACPC
aligned T1-weighted anatomical image, and simultaneously corrected for spatial distortions
using FSL’s topup and epi_reg programs. Freesurfer’s bbregister algorithm (Greve and
Fischl, 2009) was used to refine this co-registration. For each scan, echoes were combined at
each timepoint and a unique 6 DOF registration (one per volume) to the average SBR image
was estimated using FSL’s MCFLIRT tool (Jenkinson et al., 2002), using a 4-stage (sinc)
optimization. All of these steps (co-registration to the average SBR image, ACPC alignment,
and correcting for spatial distortions) were concatenated using FSL’s convertwarp tool and
applied as a single spline warp to individual volumes of each echo after correcting for slice
time differences using FSL’s slicetimer program. The functional images underwent a brain
extraction using the co-registered brain extracted T1-weighted anatomical image as a mask
and corrected for signal intensity inhomogeneities using ANT’s N4BiasFieldCorrection tool.
All denoising was performed on preprocessed, ACPC-aligned images.

Multi-echo fMRI denoising—Multi-echo ICA (ME-ICA,; (Kundu et al., 2013)) denoising
designed to isolate spatially structured T,*- (neurobiological; “BOLD-like”) and Sp-
dependent (non-neurobiological; “not BOLD-like”) signals was performed using the
“tedana.py” workflow (DuPre et al., 2020). In short, the preprocessed, ACPC-aligned echoes
were first combined according to the average rate of T,* decay at each voxel across all

time points by fitting the monoexponential decay, S(t) = Spe "t/ T2*. From these T,* values,
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an optimally-combined multi-echo (OC-ME) time-series was obtained by combining echoes
using a weighted average (Wtg = TE * e “TE/ T2%) as in (Posse et al., 1999). The covariance
structure of all voxel time-courses was used to identify major signals in the OC-ME
time-series using principal component and independent component analysis. Components
were classified as either To*-dependent (and retained) or Sp-dependent (and discarded),
primarily according to their decay properties across echoes. All component classifications
were manually reviewed by author CJL and revised when necessary following the criteria
described in (Griffanti et al., 2017). Mean gray matter time-series regression was performed
to remove spatially diffuse noise. Temporal masks were generated for censoring high motion
time-points using a framewise displacement (FD; (Power et al., 2012)) threshold of 0.3 mm
and a backward difference of two TRs (2 * 1.355 = 2.77 seconds), for an effective sampling
rate comparable to historical FD measurements (approximately 2 to 4 seconds). Prior to

the FD calculation, head realignment parameters were filtered using a stopband Butterworth
filter (0.2 — 0.35 Hz) to attenuate the influence of respiration (Power et al., 2019) on motion
parameters.

Surface processing and CIFTI generation of fMRI data—The denoised fMRI
time-series was mapped to the midthickness surfaces (“wb_command -volume-to-surface-
mapping”, using the “-ribbon-constrained” method), combined into the Connectivity
Informatics Technology Initiative (CIFTI) format, and spatially smoothed with geodesic
(for surface data) and Euclidean (for volumetric data) Gaussian kernels (o = 2.55

mm) using Connectome Workbench command line utilities (Smith et al., 2013). This
yielded time courses representative of the entire cortical surface, subcortex (accumbens,
amygdala, caudate, hippocampus, pallidum, putamen, thalamus, brainstem), and cerebellum,
but excluding non-gray matter tissue. Spurious coupling between subcortical voxels and
adjacent cortical tissue was mitigated by regressing the average time-series of cortical tissue
<20 mm in Euclidean space from a subcortical voxel.

Precision mapping of functional brain networks—A functional connectivity matrix
summarizing the correlation between the time-courses of all cortical vertices and subcortical
voxels across all study visits was constructed. Correlations between nodes less than

10 mm apart (geodesic and Euclidean space used for cortico-cortical and subcortical-
cortical distance, respectively) were set to zero. Correlations between voxels belonging to
subcortical structures were set to zero. Functional connectivity matrices were thresholded
in such a way that they retained at least the strongest X% correlations (0.01, 0.02, 0.05,
0.1,0.2,0.5, 1, 2, and 5%) to each vertex and voxel and were used as inputs for the
InfoMap community detection algorithm (Rosvall and Bergstrom, 2008). The optimal scale
for further analysis was defined as the graph threshold producing the best size-weighted
average homogeneity relative to the median of the size-weighted average homogeneity
calculated from randomly rotated networks, as done in (Gordon et al., 2020). Size-weighted
average homogeneity was found to be maximized relative to randomly rotated communities
at the 0.1% graph density. The communities at this threshold were manually reviewed and
functional network identities were assigned by study author CJL.
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Evaluating functional networks stimulated when using a generic target—
Electric field modeling was performed using SImNIBS (version 3.2). High-resolution
tetrahedral head meshes (0.5 vertices per mm) were created from co-registered T1-weighted
and T2-weighted anatomical images using headreco (Nielsen et al., 2018). The coil center
was positioned directly above the stimulation site. The first stimulation site tested was
obtained by converting the MNI152 coordinates X=-42, Y=44, Z=30 used in (Weigand

et al., 2018) to each individual’s native volume space using FSL’s img2imgcoord tool.
These coordinates correspond to peak subgenual cingulate anticorrelation in independent
group-averaged data.The stimulation intensity and coil-to-scalp distance was set to the
default values of dl/dt = 1 A/us and 4 mm, respectively. The prolongation of the coil handle
was oriented posteriorly in the direction of the CP1 landmark from the 10-20 EEG system.
The norm of the electric field was mapped to the midthickness surfaces (“wb_command
-volume-to-surface-mapping”, using the “-ribbon-constrained” method) and combined into
the CIFTI format. The E-field hotspot was defined using a range of percentile thresholds
(99% to 99.9%, in 0.1% steps).

Head model construction—A high-resolution tetrahedral headmesh (0.5 vertices per
mm) was created from the co-registered T1-weighted and T2-weighted anatomical images
using headreco (Nielsen et al., 2018). The skin mesh was converted from STL to

GIFTI format using FreeSurfer’s mris_convert program. The skin mesh was smoothed for
visualization purposes (“wb_command -surface-smoothing” with smoothing strength set
to 0.25 and 500 total iterations). A matrix summarizing the distance in geodesic space
between all skin vertices was constructed using Connectome Workbench command line
utilities (*wb_command -surface-geodesic-distance”). These steps are all performed by the
“tans_headmodels.m” function.

Region-of-interest selection and search grid construction—All elements of the
target network amenable to stimulation (operationalized as vertices on a gyral crown) are
identified. Medial wall vertices are removed from consideration. Optionally, a search space
(e.g., a group of gryal labels from the Desikan-Killiany Atlas (Desikan et al., 2006)) can

be specified in addition to avoid considering locations that are not of interest. The largest
cluster of target network vertices retained after sulcus masking within this search space

was identified and is hereafter referred to simply as the target network region-of-interest
(ROI). These steps are performed by the “tans_roi.m” function. Next, all skin mesh vertices
within a specified distance in Euclidean space (default is 40 mm) of the ROI centroid vertex
were identified. The three-dimensional coordinates associated with these vertices formed the
search grid. Search grid density is decreased to 2 mm to reduce the total runtime. These
steps are performed by the “tans_searchgrid.m” function.

E-field modeling—A TMS simulation is performed at each point in the search grid using
SimNibs (Thielscher et al., 2015). Each simulation involves a number of coil orientations
determined by an angle (in degrees) specified by the user. The stimulation intensity and
coil-to-scalp distance was set to the default values of dl/dt = 1 A/us and 4 mm, respectively.
We note that a fixed stimulation intensity is used during this stage of TANS because the
strength of the E-field varies linearly with dl/dt (the speed of variation of the current
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throughout the coil) and, for this reason, has no effect on its spatial distribution (including
where it is maximal relative to the target network). The coil model used in the simulation
is also specified by the user (the MagVenture B70 coil model was used for all analyses
reported here). These steps are performed by the “tans_simnibs.m” function.

Evaluating the quality of coil positions in the search grid—The quality of each
coil placement in the search grid was evaluated by taking the total surface area of all target
network vertices inside the hotspot in relation to the total surface area of the hotspot. This
measure is referred to as the percentage of the hotspot that is on-target. After the optimal
coil placement is identified, a range of stimulation intensities are modeled and the portion
of the suprathreshold E-field (= 1000 mm?2) that is on-target at each intensity level (given
some absolute threshold representing a neural activation threshold, default value is set to
100 V/m, following (Tendler et al., 2016)) is calculated. These steps are performed by the
“tans_optimize.m” function.

Comparison with other E-field targeting approaches—Performance of the targeted
functional network stimulation (TANS) algorithm was compared to the fast computational
auxiliary dipole method (ADM; (Gomez et al., 2021)). Default parameters for ADM were
used. The 5mm ROI sphere was centered on the centroid of the target network cluster
identified in step 1 of TANS.

Targeting somatomotor functional networks in vivo using TANS—The
somatomotor-hand and somatomotor-foot functional networks in three healthy male adults
(MEOQ1: study author CJL, MEOQ2: study author JDP, MEQ6: study author IE) were

targeted with single TMS pulses using coil placements prescribed by the ADM and TANS
approaches. For TANS, the search space was set to the right primary motor cortex and

the non-target somatomotor network was set as an avoidance region. For ADM, the target
location was set to the centroid of each somatomotor network cluster. The Brainsight 2
Frameless stereotactic system for image guided TMS research (Rogue Research). This
system uses infrared reflectors attached to a headband worn by the subject to coregister the
T1w image with the participant’s head. Single pulses of TMS were applied using a MagPro
x100 device (MagVenture, Inc.) and an actively cooled B70 coil. Stimulation was delivered
using the MAGnetic stimulator Interface Controller (MAGIC) toolbox (Saatlou et al., 2018).
The stimulation intensity (ranging from 30% to 80% of maximum stimulator output, in 5%
steps) and inter-pulse interval (between 4 and 8 seconds) was randomized prior to each run.
There were 5 pulses total per intensity. Muscle contractions in the contralateral upper and
lower limb were monitored for visually and confirmed using surface electrodes (on the left
first dorsal interosseous and tibialis anterior muscle, respectively) connected to a 2-channel
electromyography (EMG) device incorporated into the BrainSight system. Both the subject
and the individuals administering TMS (either study author CJL or IE) were blinded to
target identity and the method used to generate each coil placement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Current TMS targeting approaches stimulate different functional networks
across patients.

A method for selective stimulation of patient-specific functional networks is
introduced.

Targeted Functional Network Stimulation (“TANS”) improves stimulation
specificity.

Code for implementing TANS and an example dataset is provided as a public
resource.
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Figure 1:
Targeting the same area of the left dorsolateral prefrontal cortex likely stimulates different

functional brain networks in different patients. (A) Functional brain networks were
identified in each patient using a precision functional mapping approach. (B) The electric
field (E-field) generated by the TMS coil when it is set directly over MNI coordinates
X=-42, Y=44, Z=30 in each patient. (C) The E-field hotspot defined using percentile based
thresholds (99% to 99.9%, in 0.1% steps). A representative middle (99.5%) threshold is
selected for visualizing functional networks inside the E-field hotspot in the insets (D).
Variability in functional network stimulation across patients summarized in a horizontal
stacked bar graph.
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Step 1: Find largest target network cluster on gyral crown within search space
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Step 4: Find coil placement that best aligns where the E-field is maximal (the “hotspot”) with the target network
(99.5% threshold shown)
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Figure 2:
The four main steps of the Targeted Functional Network Stimulation (TANS) approach. Step

1 involves discarding target network vertices located in a sulcus in order to identify the
largest piece of the target network on a gyral crown within the search space of interest (in
this case, lateral prefrontal cortex). Step 2 involves creating a search grid directly above the
target cluster centroid identified in Step 1. E-field modeling is performed at each point in
the search grid during Step 3. Step 4 involves identifying the coil placement that best aligns
where the E-field is maximal (the “hotspot”, defined for the purposes of the optimization
using percentile-based thresholds) with the target functional network. The white arrow
highlights off-target stimulation associated with an example non-optimal coil placement.
After the optimal coil placement is found, a range of stimulation intensity levels can be
modeled and the portion of the suprathreshold E-field that is on-target at each intensity level
(given a specified neural activation threshold) is plotted. dl/dt = the speed of variation of the
current throughout the coil.
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Figure 3:
Selective stimulation of the frontoparietal network is achieved using TANS in silico in

data from highly sampled patients with depression. (A) The coil placement that maximized
the on-target value in each patient. The black foci represents the coil center. Circular heat
maps show how the on-target value changes with coil orientation. (B) The electric field
(E-field) generated by the optimal TMS coil placement. (C) The E-field hotspot defined
using percentile based thresholds (99% to 99.9%, in 0.1% steps). The middle (99.5%)
threshold is selected for visualizing functional networks inside the E-field hotspot in the
inset. (D) Variability in functional network stimulation across patients summarized in a
horizontal stacked bar graph. TANS = targeted functional network stimulation.
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Comparing the performance of TANS in silico to two other targeting approaches in
depressed patients. Variability in functional brain network stimulation when using a generic
(A), ADM (B), and TANS (C) coil placement. The relative improvement in the on-target
value (the proportion of the E-field hotspot aligned with the frontoparietal network) within
each patient (D). TANS = targeted functional network stimulation, ADM = auxiliary dipole
method. Circle = Generic, Square = ADM, Triangle = TANS.
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Figure 5:
The TANS approach increases the total amount of stimulation in the target functional brain

network (A) The average E-field strength inside a 5mm ROI sphere set at the centroid

of the target network cluster when using ADM and TANS. Square = ADM, Triangle =
TANS. (B) E-field associated with the optimal coil placements identified by ADM (left)
and TANS (right). Black borders represent the boundaries of the target functional network.
Black arrows highlight stimulation of non-target regions. (C) Total on-target and off-target
stimulation (the sum V/m for all target and non-target network vertices inside the E-field
hotspot) is shown for each patient. All simulation were performed with stimulation intensity
set to dl/dt = 1 A/u. ADM = auxiliary dipole method, TANS = targeted functional network
stimulation.
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Figure 6:
Evaluating the effect of stimulation intensity on stimulation specificity achieved in

silico when using TANS and two other targeting approaches in depressed patients. Two
hypothetical neural activation thresholds are used, 100 VV/m (left column) and 50 V/m
(right column), for the generic (A), ADM (B), and TANS (C) coil placements. A range of
stimulation intensities are considered (from dl/dt = 1 A/us to 155 A/us). (D) The relative
improvement in the on-target value (the maximum proportion of the suprathreshold E-field
hotspot that is aligned with the frontoparietal network) for each patient. The unique colors
represent different study participants. TANS = targeted functional network stimulation,
ADM = auxiliary dipole method. Circle = Generic, Square = ADM, Triangle = TANS.
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Figure 7:
In vivo validation of the TANS approach. Adjacent somatomotor functional networks in

a healthy individual (MEO1) were targeted to confirm TANS can be used to selectively
stimulate functional brain networks. (A) The functional networks represented in the right
somatomotor cortex of MEO1 include the somatomotor-foot (dark green), somatomotor-hand
(cyan), and somatomotor-face (tan) networks. (B) The E-fields associated with the ADM
and TANS coil placements for both the somatomotor-foot (top row) and somatomotor-hand
(bottom row) network targets. For ADM, the target sphere was centered on the centroid

of the target network cluster identified by TANS. White arrows highlight inadvertent
stimulation of somatomotor-hand when using ADM to target somatomotor-foot. (C) The
total amount of on-target and off-target stimulation (the sum V/m for all target and non-
target network vertices inside the E-field hotspot) is increased and decreased, respectively,
in MEO1 when using TANS when compared to ADM. These simulations were performed
with stimulation intensity set to di/dt = 1 A/us. (D) The percentage of single TMS pulses
(stimulation intensity ranging from 35% to 80% of MSO, in 5% steps) delivered to
somatomotor-foot and somatomotor-hand networks that produced a muscle contraction in
either the contralateral lower (dark green) or upper limb (cyan). No movements in the
upper limb were observed at any stimulation intensity when targeting the somatomotor-foot
using TANS, hence the absence of cyan bars in the upper right panel. Similarly, movements
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in the lower limb were not observed at any stimulation intensity during the other three
experiments, hence the absence of green bars in the other three panels. EMG recordings of
the left tibialis anterior muscle and first dorsal interosseous muscle in response to single
TMS pulses delivered to the somatomotor-foot (E) and somatomotor-hand (F) networks
target when using the ADM and TANS coil placements. The vertical red line represents
the onset of the TMS pulse. ADM = auxiliary dipole method, TANS = targeted functional
network stimulation, SM = somatomotor, MSO = maximum stimulator output, EMG =
Electromyography.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and Algorithms
MATLAB MathWorks https://www.mathworks.com/

Connectome Workbench

(Marcus et al., 2013)

https://www.humanconnectome.org/software/connectome-
workbench

Tedana (DuPre et al., 2020) https://tedana.readthedocs.io/en/latest/
FreeSurfer (Fischl, 2012) https://surfer.nmr.mgh.harvard.edu/
Infomap (Rosvall and Bergstrom, 2008) | http://www.mapequation.org/

Targeted Functional Network

Stimulation (TANS)

This manuscript

https://github.com/cjl2007/Targeted-Functional-Network-
Stimulation; DOI: 10.5281/zenodo.6958500
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