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Abstract

Background: Clinical transcranial magnetic stimulation (TMS) for depression routinely relies 

on the scalp-based Beam/F3 targeting method to identify stimulation targets in the dorsolateral 
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prefrontal cortex (dLPFC). Scalp-based targeting offers a low-cost and easily implemented 

method for TMS coil placement, enhancing treatment availability. However, limited anatomical 

and functional specificity of the Beam/F3 method may affect treatment outcomes, motivating 

assessment of the clinical standard.

Methods: In a naturalistic clinical trial of TMS conduced at four Veterans Affairs hospitals, the 

authors evaluate the Beam/F3 method using neuroimaging incorporated before TMS, after five 

treatment sessions, and after all thirty sessions. Personalized anatomical and electric field (E-field) 

models were developed to assess target location and network engagement, as well as subsequent 

effects on clinical outcomes.

Results: Anatomical models demonstrate that the Beam/F3 method produced reliable targets 

in the dLPFC across individuals and repeated treatment sessions. E-field models revealed that 

baseline anticorrelation between the stimulation center and the sgACC was associated with 

antidepressant symptom response after five TMS sessions (p = 0.032, r2 = 0.100, N = 46) and 

at the end of treatment (p = 0.042, r2 = 0.107, N = 39). Relatedly, E-field magnitude at the 

sgACC-anticorrelated peak in the prefrontal cortex correlated with symptom response throughout 

treatment (early treatment: p = 0.001, r2 = 0.220, N = 46; end of treatment: p = 0.026, r2 = 0.127, 
N = 39).

Conclusions: This work establishes that scalp-based targeting can produce reliable targets in the 

dLPFC and be successfully evaluated using a combination of neuroimaging and E-field modeling 

in pragmatic, multisite applications. Importantly, this investigation also found that significant 

network effects occur early in treatment and that Beam/F3 targets can engage functional 

mechanisms in TMS.
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1. Introduction

Clinical transcranial magnetic stimulation (TMS) is an evidence-based treatment for 

pharmacoresistant depression [1–3]. In TMS, an electric coil is placed against the side of 

the head to noninvasively administer electromagnetic pulses to the brain through the skull. 

TMS electric fields effectively stimulate activity in cortical neurons, achieving both acute 

and long-term neuroplastic effects in the brain [4–8].

Most commonly, TMS is applied to the dorsolateral prefrontal cortex (dLPFC) to treat 

depression. The dLPFC comprises a relatively large region of the prefrontal cortex, and 

the task of targeting precise anatomical and functional sites to optimize clinical outcomes 

remains a pressing challenge [9–12]. Since the Food and Drug Administration’s original 

clearance of TMS for depression in 2008, several studies have demonstrated that symptom 

improvement relates to both the anatomical location as well as the functional network 

relationships of the TMS target site. These findings have driven the development of 

increasingly precise and personalized TMS targeting strategies [13–19], but clinical practice 

continues to primarily rely on scalp-based coil placement.
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The most prevalent scalp-based targeting method is the modified Beam/F3 technique, 

adapted from the 10–20 system for the placement of EEG electrodes. In this method, 

personalized skull measurements are used to place the TMS coil above the stereographic 

F3 site, which corresponds to the dLPFC in most individuals [20,21]. Variability in patient 

anatomy drives differences in the exact cortical targets that are achieved using scalp-based 

heuristics [21–24]. The correspondence of Beam/F3 targets to individual brain anatomy 

and subject-specific functional organization of the cortex likely influences TMS efficacy in 

clinical settings [8,25]. There is an urgent need to systematically evaluate the precision of 

scalp-based targeting and its ability to engage mechanisms of antidepressant response in 

clinical TMS.

TMS induces a distributed electrical signal over the cortical surface, which further 

complicates the assessment of TMS targets [26,27]. Previous studies have assumed that 

the focal point of stimulation lies directly below the coil center, but whether this assumption 

is valid remains unclear. Personalized electric field (E-field) models offer the advantage 

of estimating a continuous distribution of stimulated tissue based on physical laws of 

electromagnetic induction. Typically, the use of these models has been restricted to research 

settings, particularly those equipped to record coil position in real time using frameless 

stereotaxy. Adapting E-field modeling for clinical TMS offers a unique opportunity to 

characterize the brain areas that are stimulated by scalp-based targeting.

The correspondence of E-fields induced by scalp-based targeting to potential resting state 

network mechanisms in TMS may provide insight into factors determining clinical outcome 

[4,8,25,28]. Several studies have demonstrated that stronger anticorrelation between the 

stimulation target and the subgenual anterior cingulate cortex (sgACC) is associated with 

symptom response, suggesting the presence of a dLPFC-sgACC functional brain axis that 

can be therapeutically modulated using TMS. Although these studies report a range of effect 

sizes (.003 ≤ r2 ≤ .28), they nevertheless provide a framework to systematically evaluate the 

extent to which Beam/F3 stimulation engages functional mechanisms relevant to treatment 

outcome [29–32].

Here, we present a model-driven investigation of the scalp-based, modified Beam/F3 

targeting method (hereafter referred to simply as Beam/F3) used to deliver TMS in 

clinical settings at four Veterans Affairs (VA) hospitals. Data were acquired as part of 

the pragmatic B-SMART-fMRI trial, which implements magnetic resonance imaging (MRI) 

during a routine course of clinical TMS [33]. Imaging was acquired before treatment, 

after five sessions, and after all 30 sessions. To start, we reconstructed 3D anatomical 

models from structural MRI to assess the precision of Beam/F3 targets across subjects and 

repeated treatment sessions. Next, we developed personalized E-field models by combining 

subject-specific anatomical models with individualized coil placement and stimulation 

parameters. The magnitude of the TMS E-field was analyzed to characterize the spatial 

distribution of the stimulation produced by Beam/F3 targeting. Lastly, we integrated resting 

state functional MRI (fMRI) to evaluate whether Beam/F3 stimulation effectively engaged 

baseline neural connectivity mechanisms of antidepressant response. Specifically, we tested 

whether pretreatment functional connectivity between Beam/F3 stimulation sites and the 

sgACC was associated with symptom reduction, hypothesizing that E-field models would 
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more robustly reveal a relationship between functional sgACC engagement and treatment 

outcome when compared to anatomical models alone.

2. Methods

2.1. Study Design

As part of the parent B-SMART-fMRI trial (NCT04663481), veterans with treatment-

resistant depression were recruited from four sites participating in the VA Clinical TMS 

Program [34]. As part of the VA program, veterans receive thirty sessions of daily 10 

Hz TMS. Study participants additionally underwent structural and functional MRI at three 

timepoints: before the start of treatment (Baseline), after the first five TMS sessions (Early 

Treatment), and after thirty sessions (Post Treatment). Symptom severity was assessed at 

each timepoint using self-reported questionnaires. VA sites (and academic partners for MRI 

data collection) are the Palo Alto VA (Stanford University), the Minneapolis VA (University 

of Minnesota), the Providence VA (Brown University), and the White River Junction VA 

(Dartmouth College). The parent trial includes additional endpoint measures, a planned 

interim analysis [35], and a planned evaluation of the Beam/F3 method, which is the focus 

of the present analysis.

2.2. Sample

Participants met DSM-5 MDD criteria and qualified as treatment-resistant by failing to 

respond to at least one prior, adequate antidepressant trial. Standard exclusion criteria for 

TMS were applied, and subjects were required to meet criteria for MRI compatibility. 

Subjects maintained preestablished medication regimens throughout study involvement. For 

details, refer to the published protocol paper [33].

Participants provided informed, written consent in accordance with site Institutional Review 

Boards. By December 1st, 2023, n = 50 participants were enrolled in standard TMS across 

the four sites. Specific criteria for inclusion in the present analysis were collection of 

pretreatment resting state fMRI and at least one follow-up assessment of symptom severity. 

Additionally, one participant was excluded due to poor structural image quality, which 

prevented accurate segmentation and modeling. Per these criteria, n = 46 participants were 

eligible for analysis at the Early Treatment timepoint, and n = 39 participants were retained 

Post Treatment. See Supplementary Material for CONSORT diagram (Fig. S1). Sample 

demographics were representative of VA patients (Table 1).

2.3. Beam/F3 measurement

At a pretreatment visit, the principal TMS administrator at each site applied the modified 

Beam/F3 method to identify the Beam/F3 scalp target on a sized TMS cap. The nasion-

to-inion distance, tragus-to-tragus distance, and head circumference were recorded in 

centimeters using a tape measure [20]. Measurements were inputted into the modified 

Beam/F3 algorithm, accessed through a web-based interface [36]. The outputted X and 

“Adjusted” Y coordinates were used to locate the Beam/F3 target on the scalp [21]. 

Clinicians participating in the VA Clinical TMS Program undergo standardized training 

Rajasekharan et al. Page 4

Brain Stimul. Author manuscript; available in PMC 2025 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT04663481


consisting of both online modules and an in-person skills development workshop at the Palo 

Alto VA, supervised by co-author MRM and partly instructed by co-author NSP.

2.4. TMS protocol

During treatment, the coil was centered on the Beam/F3 target and placed parallel to 

the scalp, with the coil handle oriented 45° away from the midsagittal plane. Stimulation 

intensity was prescribed at 120% of the subject’s pretreatment motor threshold; occasionally, 

operators reduced intensity if the subject had difficulty tolerating stimulation. In each 

session, a repetitive TMS (rTMS) protocol consisting of 3000 pulses was administered in 

the form of 75 trains delivering 40 pulses at a frequency of 10 Hz. Trains were separated 

by an inter-stimulus interval of 11–26 s. Over the course of six weeks, participants received 

treatment once a day for five days a week, resulting in thirty total sessions.

2.5. Neuroimaging

2.5.1. Structural scans: Participants underwent MRI at three distinct timepoints (i.e., 

Baseline, Early Treatment, and Post Treatment), as previously described. At each timepoint, 

a T1-weighted structural scan was acquired with a 0.8 mm isotropic voxel, 320 axial slices, 

224 × 320 acquisition matrix, TE of 3.77 ms, TR of 2.84 s, and flip angle of 8°. Importantly, 

each subject wore their TMS cap into the scanner with a high-contrast gel capsule attached 

to the Beam/F3 target.

2.5.2. Functional scans: Resting state fMRI was collected at each timepoint using a 

multiband acquisition scheme. A total of 60 axial slices were acquired per volume with 

a 2.4 mm isotropic voxel, 90 × 90 acquisition matrix, TE of 3.1 ms, TR of 710 ms, flip 

angle of 54°, and multiband factor of 6. Data collection was divided into two sequences 

lasting 7.90 min each with opposite phase-encoding directions. Field maps were collected 

at each session. Resting state fMRI data was preprocessed using fMRIPrep for motion and 

slice-time correction, as well as susceptibility distortion correction using field maps [37]. 

XCP-D was applied for global signal regression, regression of motion and non-gray matter 

signal confounds, and spatial smoothing using a 6 mm FWHM Gaussian kernel [38].

2.5.3. sgACC definition: A sgACC mask was defined as previously described in the 

work of co-author LMW [39]. In brief, a search for the term “threat” was conducted in 

the meta-analytic database, Neurosynth [40]. Peak coordinates were identified for clusters 

surviving false discovery rate correction (p < 0.01). A sgACC peak was identified at x = 4, y 
= 26, and z = −10 in MNI space, and an ROI was defined to contain all neighboring voxels 

within 10 mm.

2.6. Clinical measures

Clinical depression severity was evaluated at each timepoint using the Quick Inventory of 

Depressive Symptomatology questionnaire via self-report (QIDS-SR) [41].

2.7. Anatomical modeling

To localize the Beam/F3 scalp target to the cortical surface and perform E-field modeling, 

we generated 3D anatomical models from structural MRI for each participant in subject 
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space. Cortical targets were subsequently mapped to the volumetric MNI template and the 

surface-based Glasser atlas for group-level analysis and comparison. For additional details, 

see Supplementary Material.

2.7.1. Constructing head models: Structural scans from each timepoint were 

averaged into a single, denoised image using fMRIPrep. Then, we applied the FreeSurfer 

recon-all tool to perform automated, surface-driven segmentation of the brain tissue [42]. 

The surrounding cerebrospinal fluid, meninges, skull, and scalp were segmented using the 

CHARM tool, distributed as part of SimNIBS 4.0 [43]. We combined the results from 

the two segmentation tools into a single multi-label segmentation, delineating a total of 

8 tissue classes: gray matter (GM), white matter (WM), cerebrospinal fluid (CSF), blood, 

compact bone, spongy bone, eyeballs, and skin. For each subject, we spent an average of 

4–6 h manually correcting segmentation errors at the CSF-skull boundary near the prefrontal 

cortex, given its proximity to the TMS coil. All corrections were performed by first author 

DR and checked by senior author NSP. Lastly, CHARM was used to convert the segmented 

image volume into a finite element mesh consisting of linear tetrahedral elements.

2.7.2. Reconstructing TMS targets: We recorded the coordinates of the center of the 

gel capsule in all available structural images. In the anatomical model, the closest scalp 

vertex to the capsule was identified as the Beam/F3 scalp target in subject space. The scalp 

target was projected orthogonally across the scalp (i.e., parallel to the coil axis) onto the 

cortex to generate a Beam/F3 cortical target in subject space.

2.7.3. Transforming Beam/F3 targets to template spaces: For each participant, 

the Beam/F3 cortical target in subject space was transformed to the volumetric MNI 

template for functional connectivity analysis and the surface-based Glasser atlas for 

anatomical classification [44].

2.8. E-field modeling

For each subject, we used SimNIBS 4.0 to simulate the maximum E-field induced during a 

single pulse of rTMS [45].

2.8.1. Coil position: A separate simulation was run for each imaging timepoint, 

approximating the E-field distribution at the preceding treatment session. The center of 

the TMS coil in simulation was placed at the location of the Beam/F3 scalp target, derived 

from the gel capsule position in the corresponding session image.

2.8.2. Coil orientation: We modeled the coil orientation using a series of geometric 

calculations, dictated by the clinical positioning guidelines. Using the reconstructed 

anatomical surfaces, we identified the tangent plane to the scalp at the Beam/F3 target and 

labeled its outward unit normal n. Then, we projected the posterior-to-anterior axis (denoted 

v) onto the tangent plane, or

v = v − (v ⋅ n)n .
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Finally, we rotated the vector v = v v  45° clockwise in-plane to estimate the direction of 

the coil handle, w, as

w = v
2 − n × v

2 .

2.8.3. Stimulation parameters: The maximum slope of the TMS current pulse, dI*
dt , 

was approximated from the prescribed stimulation intensity for each individual and used to 

parameterize the E-field simulation (for details, see Supplementary Material).

2.8.4. Simulating electric fields: Using SimNIBS, the E-fields induced by TMS were 

numerically approximated by assuming linear conducting materials and quasi-magnetostatic 

fields. Given the dosing parameter dI*
dt  and a model of the coil [46], SimNIBS computes the 

time derivative of the magnetic vector potential, ∂tA , which acts as a forcing function in the 

quasi-magnetostatic formulation of Maxwell’s equations [53], or

∇ ⋅ σ ∇ Φ − ∂tA = 0.

Here, σ is the tissue electrical conductivity and Φ is a scalar potential field. The scalar 

potential at each node in the mesh is solved using the finite element method, allowing the 

E-field vector to be inferred at each node as

E = ∇ Φ − ∂tA .

We used the default scalar isotropic electrical conductivities available in simNIBS for each 

tissue class.

2.9. Analysis

2.9.1. Precision across treatment sessions: The precision of Beam/F3 targets 

across treatment sessions was quantified as the root-mean-square (RMS) distance of the 

session targets ( xs, ys, zs ) to the average target ( x, y, z ), or

1
S ∑

s ∈ S
xs − x 2 + ys − y 2 + zs − z 2,

where S denotes the set of all available images with a visible gel capsule attached to the 

Beam/F3 target.

2.9.2. E-field magnitude and overlap in the dLPFC: The dLPFC was defined 

according to the Glasser atlas, comprising areas 8C_L, 8Av_L, i6–8_L, s6–8_L, SFL_L, 

8BL_L, 9p_L, 9a_L, 8Ad_L, p9–46v_L, a9–46v_L, 46_L, and 9–46d_L. We calculated the 

mean E-field in the dLPFC as well as the overlap between the dLPFC and the electrically 
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stimulated region. We defined a mask V containing cortical voxels stimulated at ≥95th 

percentile of the cortical E-field and computed its intersection with the dLPFC mask D as

V ∩ D
D .

2.9.3. Effect of pretreatment target-sgACC anticorrelation on treatment 
outcome: To assess target-sgACC anticorrelation, we considered two methods for 

identifying the locus of TMS stimulation. As previously described, the Beam/F3 scalp 

target was projected onto the cortical surface to render a first-order estimate. To incorporate 

insights about the distribution of the stimulus from E-field simulations, we used the 

previously defined E-field 95th percentile mask, V, to identify the E-field center of gravity 

(CoG), calculated as the weighted average cortical position of all voxels vi within this mask,

CoG =
∑vi ∈ V r i E i

∑vi ∈ V E i
.

To evaluate baseline functional connectivity (FC) between the TMS stimulation site and 

the subgenual anterior cingulate cortex (sgACC), we quantified the Pearson’s r correlation 

between the resting state BOLD time series in the sgACC and 1) the projected Beam/F3 

cortical target, and 2) the E-field CoG. We analyzed the association between the two 

pretreatment FC measures and the percent change in QIDS-SR score after Early Treatment 

and Post Treatment, compared to Baseline.

2.9.4. Effect of E-field magnitude at prefrontal sgACC-anticorrelated peak on 
treatment outcome: To investigate the possibility that sgACC functional engagement and 

associated antidepressant mechanisms in TMS are related to stimulation of an ‘optimal’ 

functional target, as previously suggested [10,29], we identified the voxel that was 

maximally anticorrelated to the sgACC in the prefrontal cortex and averaged its location 

across timepoints (for details, see Supplementary Material). We tested the association 

between the average simulated E-field magnitude at the sgACC-anticorrelated peak and 

symptom improvement after Early Treatment and Post Treatment.

3. Results

3.1. Precision of Beam/F3 targets

3.1.1. Precision across subjects: Personalized anatomical models were constructed 

from structural MRI for each participant. Using the gel capsule marker, the position of the 

scalp target was assessed relative to patient brain anatomy (Fig. 1a). A cortical target was 

derived by projecting the scalp target orthogonally onto the brain (Fig. 1b). The average 

[±SD] projected cortical target was located at x = −40 [±5.0] mm, y = 34 [±10] mm, and z = 

41 [±7.8] mm in MNI space (Fig. 1c). Across participants, the mean distance to the average 

target was 1.2 cm. In the Glasser atlas, targets primarily fell into Areas 46 [41 %], 8Av [24 

%], 9–46d [9 %], 9–46v [9 %], 8C [4 %] and 8Ad [4 %]. Areas 9a, 9p, IFSp, and i6–8L 
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each contained targets for one participant. Targets corresponded to the dLPFC for 98 % of 

participants (Fig. 1d).

3.1.2. Precision across treatment sessions: With imaging acquired at up to three 

timepoints throughout TMS, variability in the gel capsule position across images was used to 

approximate the inter-session targeting precision of the Beam/F3 method. The median (IQR) 

precision was 5.0 (4.3) mm for scalp targets and 4.6 (4.2) mm for projected cortical targets 

(Fig. 1e and f).

3.2. E-fields induced by Beam/F3 targets

E-field models were generated for each participant using SimNIBS 4.0. Exemplary E-field 

distributions corresponding to the 95th percentile and above are demonstrated for a single 

subject from each site (Fig. 2). The 95th percentile of the cortical E-field reliably overlapped 

with the dLPFC across subjects, ranging from 45.9% at minimum to 78.6% at maximum. 

The mean [±SD] overlap was 68.6% [±7.4%]. The average E-field magnitude in the dLPFC 

was 184 [±57] V/m.

It was evident from simulation that the E-field distribution induced by TMS was not 

symmetric nor centered on the cortical target, as commonly assumed. Instead, the median 

(IQR) distance between the cortical target and the E-field center of gravity was 14.4 (5.0) 

mm. The peak of the E-field distribution aligned somewhat more closely with the cortical 

target, with a median separation of 9.6 (7.7) mm across subjects. While local maxima in the 

E-field distribution occurred at gyral crowns near the cortical target, the ellipsoidal shape 

and inclination of the brain caused the E-field to propagate posteroinferiorly.

3.3. E-field relationships with treatment outcome

Lastly, we evaluated whether clinical TMS efficacy was associated with target engagement 

of sgACC anticorrelation in the prefrontal cortex, as previously reported [29,31,32]. 

We used three distinct metrics—sgACC anticorrelation of the projected Beam/F3 target, 

sgACC anticorrelation of the E-field center of gravity, and E-field magnitude at the sgACC-

anticorrelated peak in the prefrontal cortex—to assess a potential relationship between TMS 

stimulation of sgACC-linked functional nodes and clinical outcome.

3.3.1. Effect of pretreatment target-sgACC anticorrelation on treatment 
outcome: We used two methods to estimate the locus of functional stimulation in the 

dLPFC—the projected Beam/F3 target and the E-field CoG—and tested whether baseline 

anticorrelation between these nodes and the sgACC was associated with treatment outcome 

(Fig. 3). When incorporating the E-field, we found that stronger baseline anticorrelation 

between the E-field CoG and the sgACC was positively correlated with symptom 

improvement (e.g., percent reduction in QIDS-SR score). This relationship was significant 

after five sessions (p = 0.032, r2 = 0.100, N = 46) and at the end of treatment (p = 

0.042, r2 = 0.107, N = 40). Interestingly, without the E-field data, there were no significant 

associations between baseline target-sgACC connectivity and antidepressant outcomes (after 

five sessions: p = 0.716, r2 = 0.003, N = 46; end of treatment : p = 0.877, r2 = 0.001, N = 

39).
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3.3.2. Effect of E-field magnitude at prefrontal sgACC-anticorrelated peak on 
treatment outcome: Next, we considered the magnitude of E-field stimulation at the 

peak sgACC-anticorrelated node in the prefrontal cortex (Fig. 4). Since prior studies have 

reported fluctuation in coordinates derived from sgACC connectivity over time [47], we 

averaged the location of this node across timepoints to render a more reliable estimate. 

Using this approach, we found that the magnitude of the E-field at the sgACC-anticorrelated 

peak was associated with symptom improvement after both five sessions (p = 0.001, r2 

= 0.220, N = 46) and at the end of treatment (p = 0.026, r2 = 0.127, N = 39). This 

relationship was still significant when the E-field magnitude was normalized with respect to 

the maximum cortical E-field for each subject (after five sessions: p = 0.028, r2 = 0.105, N = 

46; end of treatment: p = 0.040, r2 = 0.109, N = 39).

4. Discussion

TMS is a necessary treatment option for individuals with major depressive disorder who 

do not respond to first-line treatments. Expanding access to TMS requires methods that 

are both cost effective and scalable. Targeting strategies like the Beam/F3 method meet 

these requirements, but whether they achieve the level of personalization needed to engage 

functional mechanisms in TMS remains unclear. Currently, clinical response rates can 

fall below 50%, indicating a pressing need to optimize protocols [48–50]. The effort to 

improve TMS outcomes requires a rigorous evaluation of the clinical standard of scalp-based 

targeting and its ability to effectively exploit neural mechanisms of response [18,28,51,52].

Our investigation of the Beam/F3 method revealed that targets primarily fall within the 

dLPFC. This method enabled consistent placement of the TMS coil across sessions and 

individuals, independent of the TMS operator or treatment center. The nationwide VA 

Clinical TMS Program implements a uniform training program for all clinicians, which we 

consider essential to the reliability of Beam/F3 targets observed in this multi-site study.

To our knowledge, E-field modeling has not been extensively applied to clinical TMS, partly 

due to methodological constraints. Using our model-based approach, we demonstrate that 

the top 95th percentile of the E-field induced by Beam/F3 targeting consistently coincides 

with the dLPFC, whether the coil was centered directly above the dLPFC or not. The clinical 

impact of E-field focality in the dLPFC is an important question for future study. Our 

results indicate that the Beam/F3 method targets multiple brain regions within the Glasser 

atlas, distinguished by their functional network associations. Whether this variation affects 

symptoms modulated by TMS depends on whether the corresponding E-field distributions 

have a normalizing or differentiating effect on network engagement.

Our findings in clinical TMS confirm prior reports that sgACC functional engagement is 

associated with treatment outcome. In this cohort, an effect was not isolated when examining 

the cortical target alone. Instead, several properties of the E-field distribution were needed to 

illustrate the effect of sgACC-linked functional pathways on clinical improvement. First, the 

extent to which the E-field center of gravity was functionally anticorrelated with the sgACC 

at baseline was associated with treatment outcome. Second, the magnitude of the E-field 

at the time-averaged sgACC-anticorrelated peak in the prefrontal cortex was correlated 
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with symptom reduction. These findings indicate that representing TMS stimulation by a 

single point is insufficient—distributed E-field properties conjunctly influence the network 

mechanisms engaged by TMS. Future optimization of the Beam/F3 targeting approach 

should incorporate E-field modeling and is an anticipated future direction for the current 

study.

The effect of sgACC functional engagement on symptom outcome emerged within five TMS 

sessions, highlighting a potential early response biomarker. While scalp-based heuristics 

may not optimize network engagement, they can serve as a first-line approach to identify 

responders early in treatment. Personalized functional targeting can be employed when 

scalp-based heuristics fail to provoke an early response, aligned with a measurement-based 

approach to care. Applying these techniques in tandem allows us to balance accessibility and 

precision, paving the path forward for TMS as an effective depression treatment.

The present analysis is subject to limitations, including a modest sample size. Prospective 

validation in larger cohorts is needed to confirm the importance of sgACC target 

engagement to TMS response, particularly early in treatment. Additionally, we have only 

considered the overall magnitude of the E-field in characterizing its effect on treatment 

outcome—in practice, several physical factors, including the direction of the E-field vector 

and the pattern of induced currents, may determine neural activity within the dLPFC and 

downstream effects on distal brain regions. Methodologically, the validity of our findings 

is constrained by the accuracy of our models: MRI-based anatomical models are always 

subject to improvement, and brain tissue electrical properties require further measurement to 

capture anisotropy and individual variability. Despite these limitations, TMS models provide 

critical insights into treatment mechanism. With continued refinement and validation, 

simulation techniques for TMS have the potential to inform treatment protocols, including 

scalp-based targeting, enhancing treatment outcomes and accessibility.

5. Conclusion

This work demonstrates that the modified Beam/F3 technique is a reliable method 

with a sound neuroanatomical basis. These findings also provide a benchmark for 

comparison to TMS trials using neuronavigation or personalized functional targeting. 

Previous studies have provided mixed evidence for the role of target-sgACC anticorrelation 

in antidepressant outcome, typically using anatomical points to represent the stimulation 

site. This investigation clarifies that TMS-induced E-field distributions may be required to 

explain sgACC engagement and its related antidepressant effect. Furthermore, the clinical 

impact of sgACC mechanisms emerged within five TMS sessions, providing a basis for an 

early response biomarker.
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Fig. 1. The Beam/F3 method produces reliable TMS targets across individuals and repeated 
treatment sessions.
A high-contrast gel capsule (red circle) was used to visualize the Beam/F3 scalp target 

in structural MRI (a). Three-dimensional anatomical models of the scalp and cortical 

surfaces were reconstructed from segmented images; the Beam/F3 scalp target (blue dot) 

was projected orthogonally onto the cortex to derive a Beam/F3 cortical target (red dot) 

(b). For each participant, the Beam/F3 cortical target was registered to the MNI template 

(c) as well as the Glasser atlas (d). Using up to three separate imaging timepoints for each 

participant, the inter-session variability in stimulation targets was quantified as the RMS 

distance of individual session targets to the average target for both the Beam/F3 scalp target 

(e) and the projected cortical target (f). A noncentral t-distribution was fit to the data in 

(e) and (f). Abbreviations: RMS = root-mean-square. All two-dimensional image slices are 

displayed in neurological convention.
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Fig. 2. Beam/F3 stimulation produces asymmetric electric fields, reflected by discordance 
between the Beam/F3 target and the E-field center of gravity.
Sample TMS E-fields induced by Beam/F3 coil placement at each VA hospital are shown on 

the left. Across participants, the peak of the E-field distribution (black triangle) was found at 

gyral crowns, typically located near the center of the TMS coil (black square; corresponding 

to the projected Beam/F3 target). E-fields preferentially propagated posteroinferiorly relative 

to the TMS coil center, such that the E-field center of gravity (black circle) typically 

occurred behind and below the Beam/F3 target. These observations were reflected in the 

distribution of the distance separating 1) the coil center and the E-field peak (top right) and 

2) the coil center and the E-field center of gravity (bottom right) across TMS sessions. A 

non-central t-distribution was fit to these data. Abbreviations: E-field = electric field.
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Fig. 3. Anticorrelation between the electric field center of gravity and the subgenual anterior 
cingulate cortex is associated with early and post-treatment depressive symptom reduction.
Stronger anticorrelation between the sgACC and the stimulation site, identified as the center 

of gravity of ≥95th percentile of the simulated electric field, was associated with improved 

symptom response both early in treatment (top left; p = 0.032, r2 = 0.100, N = 46) and post 

treatment (top right; p = 0.042, r2 = 0.107, N = 39). When the projected Beam/F3 cortical 

target was used as a first-order estimate of the stimulation site (i.e., without electric field 

data), no significant associations between sgACC anticorrelation and treatment response 

were observed either early in treatment (bottom left; p = 0.716, r2 = 0.003,N = 46) or post 

treatment (bottom right; p = 0.877, r2 = 0.001, N = 39). Abbreviations: E-field = electric 

field, FC = functional connectivity, sgACC = subgenual anterior cingulate cortex, QIDS = 

Quick Inventory of Depressive Symptomology.
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Fig. 4. TMS electric field magnitudes at the prefrontal sgACC-anticorrelated peak correlate with 
early and post-treatment depressive symptom reduction.
Higher E-field magnitudes at the peak sgACC-anticorrelated voxel in the prefrontal cortex 

was associated with greater depressive symptom reduction early in treatment (top left; p 
= 0.001, r2 = 0.220, N = 46) and post treatment (top right; p = 0.026, r2 = 0.127, N = 

39). When the E-field at the sgACC-anticorrelated peak was normalized relative to the peak 

E-field induced on the cortex for each subject, this relationship remained significant both 

early in treatment (bottom left; p = 0.028, r2 = 0.105, N = 46) and post treatment (bottom 

right; p = 0.040, r2 = 0.109, N = 39). Abbreviations: E-field = electric field, sgACC = 

subgenual anterior cingulate cortex, PFC = prefrontal cortex, QIDS = Quick Inventory of 

Depressive Symptomology.
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Table 1
Veteran sample characteristics. Abbreviations: SD = standard deviation, GED = General Educational 

Development Test, PTSD = post-traumatic stress disorder, ADHD = attention-deficit/hyperactivity disorder.

Age, mean ± SD 47.39 ± 13.19 N = 46

Race, n (%) White 41 (89%)

Black 2 (4%)

Asian 1 (2%)

Other 2 (4%)

Ethnicity, n (%) Hispanic 4 (9%)

Not Hispanic 41 (89%)

Decline to answer 1 (2%)

Gender, n (%) Male 39 (85%)

Female 7 (15%)

Highest Education, n (%) High School/GED 5 (11%)

Some college 10 (22%)

Associate degree, vocational, or certificate 10

program (22%)

Bachelor’s degree 14 (30%)

Master’ s degree 7 (15%)

Treatment center, n (%) Palo Alto 3 (7%)

Providence 20 (43%)

Minnesota 16 (35%)

White River Junction 7 (15%)

Diagnosis, n (%) PTSD 31 (67%)

Substance Use Disorder 6 (13%)

Alcohol Use Disorder 10 (22%)

Anxiety Disorders 18 (39%)

Obsessive Compulsive Disorder 4 (9%)

ADHD 9 (20%)

Personality Disorder 3 (7%)

Other 1 (2%)

Brain Stimul. Author manuscript; available in PMC 2025 May 28.


	Abstract
	Introduction
	Methods
	Study Design
	Sample
	Beam/F3 measurement
	TMS protocol
	Neuroimaging
	Structural scans
	Functional scans
	sgACC definition

	Clinical measures
	Anatomical modeling
	Constructing head models
	Reconstructing TMS targets
	Transforming Beam/F3 targets to template spaces

	E-field modeling
	Coil position
	Coil orientation
	Stimulation parameters
	Simulating electric fields

	Analysis
	Precision across treatment sessions
	E-field magnitude and overlap in the dLPFC
	Effect of pretreatment target-sgACC anticorrelation on treatment outcome
	Effect of E-field magnitude at prefrontal sgACC-anticorrelated peak on treatment outcome


	Results
	Precision of Beam/F3 targets
	Precision across subjects
	Precision across treatment sessions

	E-fields induced by Beam/F3 targets
	E-field relationships with treatment outcome
	Effect of pretreatment target-sgACC anticorrelation on treatment outcome
	Effect of E-field magnitude at prefrontal sgACC-anticorrelated peak on treatment outcome


	Discussion
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1

