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Abstract

Background: Researchers and clinicians have traditionally relied on elastic caps with markings
to reposition the transcranial magnetic stimulation (TMS) coil between trains and sessions. Newer
neuronavigation technology co-registers the patient’s head and structural magnetic resonance
imaging (MRI) scan, providing the researcher with real-time feedback about how to adjust the coil
to be on-target. However, there has been no head to head comparison of accuracy and precision
across treatment sessions.

Objective: /Hypothesis: In this two-part study, we compared elastic cap and neuronavigation
targeting methodologies on distance, angle, and electric field (E-field) magnitude values.

Methods: In 42 participants receiving up to 50 total accelerated rTMS sessions in 5 days,

we compared cap and neuronavigation targeting approaches in 3408 distance and 6816 angle
measurements. In Experiment 1, TMS administrators saved an on-target neuronavigation location
at Beam F3, which served as the landmark for all other measurements. Next, the operators placed
the TMS coil based on cap markings or neuronavigation software to measure the distance and
angle differences from the on-target sample. In Experiment 2, we saved each XYZ coordinate of
the TMS coil from cap and neuronavigation targeting in 12 participants to compare the E-field
magnitude differences at the cortical prefrontal target in 1106 cap and neuronavigation models.
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Results: Cap targeting was significantly off-target for distance, placing the coil an average

of 10.66 mm off-target (Standard error of the mean; SEM = 0.19 mm) compared to 0.3 mm
(SEM = 0.03 mm) for neuronavigation (p < 0.0001). Cap targeting also significantly deviated
for angles off-target, averaging 7.79 roll/pitch degrees (SEM = 1.07°) off-target and 5.99 yaw
degrees (SEM = 0.12°) off-target; in comparison, neuronavigation targeting positioned the coil
0.34 roll/pitch degrees (SEM = 0.01°) and 0.22 yaw (SEM = 0.004°) off-target (both p < 0.0001).
Further analyses revealed that there were significant inter-operator differences on distance and
angle positioning for F3 (all p < 0.05), but not neuronavigation. Lastly, cap targeting resulted
in significantly lower E-fields at the intended prefrontal cortical target, with equivalent E-fields
as 110.7% motor threshold (MT; range = 58.3-127.4%) stimulation vs. 119.9% MT (range =
115-123.3%) from neuronavigated targeting with 120% MT stimulation applied (p < 0.001).

Conclusions: Cap-based targeting is an inherent source of target variability compared to
neuronavigation. Additionally, cap-based coil placement is more prone to differences across
operators. Off-target coil placement secondary to cap-based measurements results in significantly
lower amounts of stimulation reaching the cortical target, with some individuals receiving only
48.6% of the intended on-target E-field. Neuronavigation technology enables more precise and
accurate TMS positioning, resulting in the intended stimulation intensities at the targeted cortical
level.

Keywords

Neuronavigation; Neuronavigated rTMS; Transcranial magnetic stimulation; Dorsolateral
prefrontal cortex (DLPFC); Elastic cap targeting; Electric field (E-field) modeling

Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive form of brain
stimulation and is FDA-approved for the treatment of depression [1,2], obsessive-
compulsive disorder (OCD) [3], and smoking cessation [4]. A key factor that affects efficacy
is whether the TMS coil is accurately placed over a biologically relevant cortical target

[5]. The first clinical applications of rTMS in the mid-1990s targeted the prefrontal cortex
by locating the motor cortex and moving a set distance anterior of the motor hotspot (i.e.,
the “5 cm rule”) [6,7]. Researchers utilized the 5 cm rule in the large-scale clinical trials
leading to FDA-approval in TMS for depression [1,2]. Since then, many researchers have
moved toward increasingly personalized brain targets, including probabilistic mapping of
the prefrontal target (i.e., “Beam F3”) [8], individual anatomical locations (e.g., Brodmann’s
area 9/46) [9,10], and functional neuroimaging targets (e.g., the cortical location most
anticorrelated with subgenual anterior cingulate cortex; sgACC) [11-13].

Prior studies have examined the DLPFC target accuracy between anatomical MRI and
Beam F3, finding that both approaches converge on the same DLPFC target in most
patients [14] and that these produce similar clinical outcomes in depression [15]. These
data have important implications as they suggest that increased accuracy of identifying
each person’s DLPFC from individual MRI scans might not be necessary for ensuring
clinically efficacious stimulation. What these prior studies did not test is whether coil
placement variability within any given targeting method differs due to cap-based targeting
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or neuronavigation. Importantly, this question of how to optimally position and reposition
the coil between sessions applies to all targeting approaches; whether using the 5 cm rule, a
probabilistic F3 location, anatomical MRI landmarks, or advanced functional neuroimaging,
the accuracy of reliably stimulating the DLPFC target is reliant on how the coil is placed

on the scalp. The goal of this study was to compare the accuracy of two common methods
of placing the TMS coil on the head as a complement to the discussion of anatomical vs.
probabilistic targeting accuracy [14,15].

Traditionally, researchers and clinicians have utilized an elastic cap that fits over the
patient’s head with markings to physically identify the target [5](Fig. 1). Between sessions,
landmarks such as pen markings at the midline, outlines of the ears, and distance to these
markings help the TMS operator to reposition the cap [6]. This cap-based targeting approach
is inexpensive and scalable, as it does not require any additional equipment or specialized
operator training. This cap approach is further appealing as researchers and clinicians can
mark the coil target determined by the 5 cm rule or Beam F3 method directly on the cap.

A newer alternate method of reliably placing the TMS coil is neuronavigation [16]. In
neuronavigation, the researcher attaches a head tracker with calibrated reflective fiducial
markers to the participant’s head. These fiducial markers are viewed by an infrared camera,
allowing the patient’s head to be co-registered to their anatomical magnetic resonance
imaging (MRI) scans based on ear and nose landmarks in real time (Fig. 1). As a reflective
tracker with calibrated markers is also attached to the TMS coil, the TMS operator can track
and adjust the relative positioning between the patient’s head and the TMS coil in real time.

However, despite the theoretical advantages of neuronavigation, it remains unclear whether
there is a substantial enough benefit to warrant the cost of neuronavigation equipment

or requiring patients to receive MRI scans. While dependent on the vendor and country,
neuronavigation equipment currently costs approximately $60,000. In addition, the gold
standard method of neuronavigation uploads each person’s MRI scan to the computer

and requires training to become proficient at using the neuronavigation software. A prior
published abstract found that the distance and angle deviation from target was reduced in
neuronavigation, especially in untrained operators [17]. However, a handful of studies found
conflicting results on whether single pulses of neuronavigated TMS over the left primary
motor cortex produced larger or more consistent motor evoked potentials (MEPS), which
would suggest more consistent coil placement at the motor hotspot [5,18,19]. These prior
studies valuably added to the literature but compared neuronavigation vs. cap targeting at
a single timepoint only. Here we studied the impact of neuronavigation vs. cap targeting at
multiple timepoints in two accelerated rTMS studies with up to 50 total sessions in each
person, allowing us to capture any coil drift over time that might occur in clinical TMS
between sessions.

In this two experiment study, our goal was to: 1) Address whether neuronavigation or
cap-based targeting more reliably places the coil at the intended target, and 2) Quantify
the repercussions of being off-target by measuring how much stimulation reaches the
cortex using electric field (E-field) modeling. In Experiment 1, we compared the effects

of neuronavigation and cap-based targeting by measuring the distance and angle deviations
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when utilizing the two approaches in each session. In Experiment 2, we tested the impact of
off-target TMS coil positioning using E-field modeling. We computed E-field models on a
subset of participants with individual structural MRI scans and saved XYZ coil coordinates
from neuronavigation and cap-based targeting to quantify any differences in how much
stimulation reached the intended cortical target. We hypothesized that neuronavigation
would yield coil placements significantly closer to the intended target compared to cap-
based targeting, as evidenced by lower distance and angle deviations from the target. We
further predicted that the increased precision of neuronavigation-based coil placement would
result in higher E-fields at the left dorsolateral prefrontal cortex (DLPFC) target.

2. Methods

2.1. Participants

We recorded cap and neuronavigation data in participants in two IRB-approved accelerated
rTMS studies totaling 42 participants (NCT04123496 and NCT04655963). In one study, 28
healthy adult participants (14 women, average age = 27.5, SEM = 1.25, range = 22-53)
received 50 accelerated rTMS sessions over 5 days (10 sessions per day). In a second study;,
14 participants with chronic stroke (10 women, average age = 65.1, SEM = 2.19, range =
48-78) received 24 accelerated rTMS sessions over 3 days (8 sessions per day). Both sets of
accelerated rTMS stimulation parameters were within previously reported safe ranges [20].
We acquired distance and angle data for each participant, and entered participant diagnosis
as a random intercept in statistical analyses to control for variance between populations. In
total, we recorded 10,224 measurements (3408 distance and 6816 angle measurements), and
computed 1106 anatomically accurate E-field models.

2.2. MRI scan acquisition

Both TMS studies included baseline multimodal MRI scanning, including T1w and T2w
structural MRI scans that were used for E-field modeling. The T1w scan was additionally
uploaded for use in neuronavigation software in 36 of 42 participants. In 6 participants, a
template MRI scan (MNI-152) was used. This MNI-152 scan comprised 152 T1w scans and
was included in the Brainsight neuronavigation package and had voxel size = 1.0 mm?3. MRI
scans were acquired on a Siemens PRISMA 3T scanner with a 32-channel head coil and the
following parameters: T1w scan: TR = 2300 ms, TE = 2.26 ms, flip angle = 8°, field of view
=256 x 256 x 256 mm, voxel size = 1.0 mm3; T2w scan: TR = 9000 ms, TE = 91 ms, flip
angle = 150°, field of view = 256 x 256 x 256 mm, voxel size = 1.5 mm3.

2.3. TMS operators

Six trained TMS operators delivered stimulation across the two studies. TMS operators had
an average of 2.6 years of TMS experience (SEM = 1.2, range = 0.25-8) prior to delivering
their first treatment. TMS operator was entered as a random intercept in statistical analyses
to control for any inter-operator differences. TMS operators were blind to the purpose of
this study and were asked to position the coil as accurately as possible with both targeting
procedures.
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2.4. rTMS parameters

rTMS was administered using a Magventure MagPro R30 with Cool B65 A/P Coil (figure-8
coil with 65 mm windings) for all sessions in this study. We applied rTMS in both parent
studies at the following parameters: 600 pulses of intermittent theta burst (iTBS) stimulation
with 50 Hz triplet bursts repeated at 5 Hz (15 pulses per second) for 2s on, 8s off for 192

s iITBS was delivered at 120% resting motor threshold (rMT). rMT was determined on Day
1 of treatment with stimulation over the left motor cortex and visual observation of thumb
movements in the right anterior pollicis brevis (APB) muscle in 5 out of 10 trials.

2.5. Stimulation target

The target location for stimulation was the 10-20 electroencephalography (EEG) coordinate
F3, which represented a probabilistic location for the left DLPFC. We identified this

target location using the Beam F3 method [8], drawing an outline of the TMS coil

on the elastic cap and sampling this target F3 location in the neuronavigation software.
Therefore, this Beam F3 target was the intended stimulation location for both the cap-based
and neuronavigation-based coil positioning. Using this same F3 target for both targeting
techniques enabled us to directly compare any differences in cap and neuronavigation
targeting on distance, angle, and electric field models. The coil angle was positioned at 45°
to the sagittal plane. Notably, TMS operators measured the cap and neuronavigation distance
and angle values prior to the start of any stimulation. Thus, while we delivered theta burst
stimulation in this study, the principles underlying any cap or neuronavigation differences on
coil placement accuracy apply to any stimulation frequency.

2.6. Elastic cap placement procedure

Prior to the first TMS session, the TMS operator placed a white Lycra elastic cap on the
participant’s head (Fig. 1). Once the cap was centered, the operator used a permanent marker
to denote the outlines of the ears, midline at the front of the cap with distance to the nasion,
and the vertex, as measured by the intersection of the nasion-to-inion and ear-to-ear lines
(Fig. 1). After measuring the Beam F3 location, the operator centered the coil on the F3
location and drew an outline of the front of the figure-8 coil to show where to place the coil.
Between sessions, TMS operators used these landmarks to reposition the elastic cap and
TMS coil. Within a day, the TMS operators were instructed to reposition the cap as needed
to make each cap recording as accurate as possible. Importantly, the TMS operators were
instructed to not look at the neuronavigation computer while positioning the coil based on
the cap location, in order to remove any bias that this feedback would have introduced.

2.7. Neuronavigation procedure

We used a Brainsight Neuronavigation system (Version 2.4.7) in this study. Prior to each
session, the operator registered the TMS coil to the system using a calibration block

and TMS coil tracker securely attached to the coil with custom open source 3D-printed
parts [21]. When the participant arrived, the researcher placed a subject tracker on the
participant’s head, which was secured with an elastic band (Fig. 1). The operator registered
the participant’s head to the structural MRI scan by touching a pointer to the left and right
tragus and the nasion. Following this, the operator placed the center of the TMS coil at
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the F3 location and sampled this for reference. The neuronavigation software features a
bullseye, allowing the operator to visualize the deviation from the sampled F3 target in three
parameters: 1) Distance, in mm; 2) Angle 1, a combination of roll and pitch angle deviation
from the sampled 45° target; 3) Angle 2, the yaw angle deviation from the sampled 45°
target (Fig. 1). The TMS operator was instructed to recalibrate the subject tracker any time
the elastic cap was repositioned (which necessitated moving the subject tracker band) or
when the subject tracker band noticeably moved.

2.8. Cap distance and angle recording procedure

After placing the cap and registering the participant’s head in Brainsight, the operator placed
the TMS coil on the head using only the elastic cap markings. The TMS operator was
instructed to place the cap as accurately as possible and to not look at the neuronavigation
computer screen. When satisfied with the TMS coil positioning, the operator then looked at
the computer screen and noted the distance, roll/pitch angle, and yaw angle deviation from
the sampled F3 target (Fig. 1). We took the absolute value of the angle measurements for
analysis.

2.9. Neuronavigation distance and angle recording procedure

Following the cap-based targeting distance and angle measurements, the operator placed

the TMS coil on the head while looking at the neuronavigation computer screen. The TMS
operator used the bullseye on the screen to locate the sampled F3 location (Fig. 1). Operators
placed the coil on the head, and once satisfied with the TMS coil positioning, recorded the
distance, angle 1, and angle 2 from the F3 target.

2.10. Neuronavigation measurements using individual MRI scans vs. template MRI scan

While standard neuronavigation approaches utilize individual MRI scans for each person,
we explored the possibility of using a template MNI-152 scan warped to fit the participant’s
head for neuronavigated rTMS. In Supplementary Section 1, we statistically compared the
distance and angle differences between the 6 template MRI scan participants and the 36
individual MRI scan participants using linear mixed effects models.

2.11. Experiment 2: electric field (E-field) modeling procedure

Experiment 2 aimed to determine the impact of off-target rTMS, as a function of how
much stimulation reached the cortical target via E-field modeling. E-field modeling is an
approach that uses each person’s individual MRI scans, segmented tissue layers, and tissue
conductivities, to simulate how much noninvasive stimulation reaches the cortex [22]. Prior
findings comparing E-field simulations to actual implanted electrode recordings have found
that E-field models of noninvasive brain stimulation can accurately estimate how much
stimulation actually reaches the cortical level [23-25].

In a subset of 12 healthy participants receiving 50 sessions of accelerated rTMS, we
sampled the XYZ coordinate of the TMS coil at the elastic cap and neuronavigation-targeted
locations. This resulted in up to 50 cap and 50 neuronavigation targets per person (Cap
average: 46.6; SEM = 1.88, range = 30-50; neuronavigation average: 45.6, SEM = 1.88,
range = 30-50) for a total of 1106 models.
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For MRI scan segmenting and meshing, we used headreco (https://simnibs.github.io/
simnibs/build/html/documentation/command_line/headreco.html) [22], an open source
program that uses SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and CAT12
(https://neuro-jena.github.io/cat/) to segment each scan into different tissue layers (skin,
bone, cerebrospinal fluid, white matter, grey matter, and eyes). Per recommendations and
data-driven best practices, we used both T1w and T2w MRI scans to produce more accurate
segmentation and meshing results, which can impact the E-field magnitudes [22,26,27].
Following segmentation, headreco created anatomically accurate head meshes by combining
the tissue layers. We visually determined that each participant’s tissue mesh contained
accurately segmented and delineated tissue layers prior to E-field modeling by comparing
MRI scans and segmentations and determined that there were no outliers in tissue volume
that might indicate incorrect differentiation of tissue layers, in line with previously published
methods [28]. The tissue conductivity values were as follows: skin: 0.465 S/m, bone: 0.01
S/m, cerebrospinal fluid: 1.654 S/m, grey matter: 0.275 S/m, white matter: 0.126 S/m,

and eyeballs: 0.50 S/m, and with a mesh density of 0.5 nodes per mm2. We note that

this mesh density resolution is lower than the 0.1 mm resolution reported in Brainsight
neuronavigation software.

Using the finite element method (FEM), SimNIBS (Version 3.2.3) simulated the TMS-
induced E-fields [29]. Each model was simulated using the XYZ coordinates for the

actual coil positioning (either cap or neuronavigation-based targeting), at each participant’s
individually determined stimulation intensity of 120% rMT converted to dl/dt values, and
at a 45° angle that automatically corrected for coil positioning using custom MATLAB
scripts in each model. The coil model used was the MagVenture_MC_B70 included in

the SImNIBS software package and contains identical coil winding architecture to the
Magventure coil used in the experiment.

In each E-field model, we measured the magnitude of the E-field that reached the cortical
DLPFC target (measured in VV/m). To measure this, we extracted a region of interest (ROI)
using a 10 mm radius spherical ROI that was centered at the most superficial cortical grey
matter voxel directly underneath the coil and using a grey matter mask. Each ROI was
individually placed to ensure accuracy. We used the same within-subject DLPFC ROl in
every model, allowing us to measure the differences in how much stimulation reached the
cortical target in each cap or neuronavigation-based TMS coil positioning.

In a second analysis, we simulated an on-target E-field magnitude using the same ROI with
the Beam F3 coil location and the 120% rMT stimulation intensity. We then converted each
individual model’s E-field value to a percentage of motor threshold using the following
formula:

Cap or Neuronavigation E — Field
On — Target F3E — Field

Equivalent Motor Threshold Percentage = * 120%

This formula converted each E-field magnitude from cap or neuronavigation-based coil
positioning into a percentage of motor threshold value, in which 120% represented the same
stimulation intensity of the 120% rMT stimulation intensity that was delivered.
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2.12. Statistical analyses

In Experiment 1, we used three linear mixed models to test the effects of cap or
neuronavigation placement on distance, roll/pitch angle, and yaw angle (Experiments 1A—
B). Fixed factors were condition (cap or neuronavigation) and session number to test

the change in coil position over subsequent sessions. Random factors at level-1 were

TMS operator, participant population (healthy or stroke), and participant. We additionally
examined the influence of operator on cap and coil placement fidelity with three linear
mixed models with dependent variables of distance, roll/pitch angle, and yaw angle,

fixed factor of operator placing the cap and random factors of participant population and
participant (Experiment 1C). Finally, we used three linear mixed models to examine the
dependent variables of distance, roll/pitch angle, and yaw angle on the fixed factor of session
within a day (i.e., 1e10 for healthy controls and 1e8 for stroke participants). Supplementary
Sections 1-3 further examined the relationship between the use of template scans vs.
individual MRI scans, correlations between session number and deviation from the cap
target, and before vs. after effects of cap placement in subsequent sessions.

In Experiment 2, we used a linear mixed model with the dependent variable of E-field
magnitude in VV/m, with fixed factors of condition (cap or neuronavigation), session number,
and random factor of participant. All statistical analyses were conducted in IBM SPSS
Version 27.0.

3. Results

3.1. Overview

In the 28 healthy control participants, we recorded an average of 49.6 cap sessions (SEM =
0.36, range = 40-50) and 49.0 neuronavigation sessions (SEM = 0.47, range = 40-50) out of
50 possible sessions per person. In the 14 stroke participants, we recorded an average of 23.4
cap sessions (SEM = 0.57, range = 16-24) and 23.2 neuronavigation sessions (SEM = 0.58,
range = 16-24) out of 24 possible sessions per person. Each session involved a distance,

a roll/pitch angle, and a yaw angle measurement for 10,224 total datapoints. No data were
excluded; rather, any missing data were due to time constraints or technical limitations at the
time of acquisition.

3.2. Experiment 1: cap vs. neuronavigation distance and angle deviation from the F3

target

3.2.1. Experiment 1A: distance measurements—Cap targeting had a significantly
greater distance from target (mean = 10.66 mm, SEM = 0.19 mm, range = 0.3-42.0 mm)
than neuronavigation targeting (mean = 0.30 mm, SEM = 0.03 mm, range = 0-2.2 mm),
F(1, 3335.4) =5121.7, p < 0.0001 (Fig. 2). There was also a significant effect of session,
F(49, 3246) = 1.95, p < 0.0001 and method by session interaction, F(49, 3335.4) =1.93, p <
0.0001, particularly at sessions 21 and 30 (both p < 0.001).

3.2.2. Experiment 1B: angle measurements—Additionally, cap targeting had a

significantly higher roll and pitch angle deviation from the target (mean = 7.79°, SEM
=1.07°, range = 0-36.3°) than neuronavigation-based targeting (mean = 0.34°, SEM
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=0.01°, range = 0-2.6°), F(1, 3302.3)cant effect of session,= 3993.3, p < ¢ goo1 (Fig-

3). There was also a significant effect of session, (49, 2978.6) = 1.88, p < 0.001 and method by
session interaction, F(49, 3302.3) = 1.81, p < 0.001. Post-hoc Tukey corrected comparisons
revealed that session 11 had a significant difference between cap and neuronavigation roll/
pitch angle deviation (p < 0.01).

Furthermore, cap targeting had a significantly higher yaw angle deviance from target (mean
=5.99°, SEM =0.12°, range = 0-31.0°) than neuronavigation targeting (mean = 0.22°,
SEM = 0.004°, range = 0-1.8°), F(1, 3301.7) = 2344.4, p < 0.0001 (Fig. 4). There was no
significant effect of session, F(49, 3301.6) = 1.35, p = 0.055 or targeting method by session
interaction, F(49, 3301.6) = 1.14, p = 0.23.

3.3. Experiment 1C: Inter-Operator Accuracy of Cap Placement on Distance, roll/pitch
angle, and yaw angle

In Experiment 1C, we measured the cap deviation of distance, roll/pitch angle, and yaw
angle from the F3 at the first session on each day, for 374 total cap repositioning events
at session 1. By looking at session 1 accuracy on each day, we captured the effects of
inter-operator differences on elastic cap placement and its repercussions on accuracy. Of
the 6 total TMS operators, 5 placed the elastic cap on at least one day (Operator 1: 130,
Operator 2: 82, Operator 3: 78, Operator 4: 30, and Operator 5: 54 cap repositioning
events). See Table 1 for average and SEM values separated for each operator on cap and
neuronavigation accuracy.

Regarding elastic cap accuracy, there was a significant effect of operator on distance from
the F3 target on session 1 on each treatment day, F(4, 174.5) = 4.25, p = 0.003 (Fig. 5A).
While the most accurate TMS operator placed the coil an average of 6.60 mm (SEM = 1.50
mm) off-target, the least accurate TMS operator placed the coil a mean of 12.43 mm (SEM
=1.96 mm) off-target, an average difference of 5.83 mm more off-target. We also found a
significant difference of operator on roll-pitch angle deviation from the F3 target, F(4, 179.0)
= 3.13, p = 0.016 (Fig. 5C). Finally, there was no significant difference of operator on yaw
angle deviation from the intended F3 target, F(4, 160.9) = 1.94, p = 0.11 (Fig. 5E).

For comparison, we analyzed the same data to examine the inter-operator differences on
neuronavigation at the same timepoints. With neuronavigation, there were no significant
differences between inter-operator deviation from the F3 target on distance, F(4, 47.46) =
2.23, p = 0.079 (Fig. 5B) and roll/pitch angle, F(4, 62.6) = 2.03, p = 0.10 (Fig. 5D). The
same two TMS operators who had an average of 5.83 mm difference in cap-based coil
positioning placed the TMS coil an average of 0.33 mm (SEM = 0.02 mm) vs. 0.40 mm
(SEM = 0.03 mm) off-target with neuronavigation guidance, an average difference of only
0.07 mm. Yaw angle did significantly differ between operators using neuronavigation, F(4,
95.5) = 3.03, p = 0.021 (Fig. 5F). However, all average yaw angle deviations were under 0.3
off-target for each operator.

Taken together, the large inter-operator differences in cap-based coil placement accuracy
compared to the small inter-operator differences in neuronavigation accuracy point to the
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utility of neuronavigation in enabling even less skilled operators to reliably place the TMS
coil on-target.

3.4. Experiment 2: cap vs. neuronavigation electric field modeling comparisons

3.4.1. Raw Electric Field Magnitude Values—Neuronavigated TMS produced
significantly higher E-fields at the DLPFC target (mean = 95.83 VV/m, SEM = 0.60 V/m,
range = 55.06-139.8 V/m) than cap-based TMS (mean = 88.36 VV/m, SEM = 0.58 V/m,
range = 44.29-143.0 V/m), F(1, 1005) = 39.49, p < 0.0001 (Figs. 6-7; Supplementary
Video). There was no effect of session, F(49, 1005) = 0.22, p = 1.0 or interaction between
cap and session, F(1, 1005) = 0.18, p = 1.0.

3.4.2. Electric field values as a percentage of motor threshold—Our second
E-field analysis compared converted raw values to a percentage of motor threshold, in
which 120% represented the intended amount of stimulation reaching the cortex. Cap-based
targeting produced lower E-fields than neuronavigated rTMS. With the cap approach,
stimulation was delivered at the equivalent of 110.7% MT TMS at the on-target prefrontal
target (SEM = 0.50%, range = 58.3-127.4%) when intended stimulation intensity was 120%
MT (Fig. 8). In comparison, neuronavigated TMS at 120% MT TMS produced equivalent E-
fields as 119.9% MT TMS (SEM = 0.05% range = 115-123.3%) (Fig. 8). As we converted
the raw E-field values into the MT percentage values, the statistical outcomes are identical
(p < 0.0001 difference in E-field magnitude; p = 1.0 for effect of session and interaction
between cap and session).

4. Discussion

In this study, we investigated the impact of standard elastic cap TMS coil placements

Vs. neuronavigation-based TMS coil targeting in 11,230 distance, angle, and electric field
modeling measurements. In Experiment 1, we determined that cap-based targeting with
trained TMS operators positioned the TMS coil significantly more off-target in terms

of distance, roll/pitch angle, and yaw angle deviation from the scalp target compared

to neuronavigation-based targeting. Furthermore, in the distance and roll/pitch angle
measurements, there was a significant effect of session, with greater coil drift over time
(Figs. 2 and 3, and Supplementary Section 2). Thus, in the many TMS clinics worldwide
utilizing cap-based coil targeting, there is likely significant deviation in the coil placement
between rTMS sessions. Logically, if the stimulation is not placed at the intended target,

the neural circuit of interest may be suboptimally stimulated and this could affect clinical
outcomes. Direct comparison of cap-based targeting vs. neuronavigation within the Beam F3
or anatomical MRI targeting framework is warranted further elucidate the therapeutic impact
of coil drift from elastic cap-based targeting.

In addition, we tested the influence of TMS operator on elastic cap placement in session

1 on each stimulation day, and its subsequent effects on the distance, roll/pitch angle, and
yaw angle deviation from the F3 target. We found that there were significant differences
between TMS operators on each value for cap placement but not for neuronavigation (Fig.
5). Specifically, neuronavigation had no significant operator differences on distance and roll/
pitch values; while there were operator differences on yaw values for neuronavigation, all
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average yaw angle deviations from the stimulation target were within 0.3°. Taken together,
these results point to the utility of neuronavigation to reduce inter-operator differences

on TMS coil placements. Cap-based placements are not only significantly more off-target
(Experiments 1A-B), but also are more variable between TMS operators (Experiment 1C).
As noted in Supplementary Sections 2-3 there was increased coil drift over subsequent
sessions and the cap repositioning event appears to underlie increases in coil deviation from
the intended target. Taking these data together, neuronavigation is productive for reducing
inter-operator variability on TMS coil placement in experimental and clinical settings and
does not appear to be as prone to operator skillset as cap-based coil positioning.

In Experiment 2, we used E-field modeling to substantiate the impact of off-target coil
positioning using cap-based targeting. This experiment considered whether off-target coil
placements matter in terms of whether the cortical stimulation target (i.e., left DLPFC)
received the intended stimulation dose at the brain level. Using MRI scans and XYZ
coordinates, we determined that the raw neuronavigation-based average E-field of 95.83
V/m was significantly higher than that of cap-positioned TMS of 88.36 V/m (p <

0.0001). This quantitative difference was substantiated by visual observation, in which

an example participant showed noticeably more cap-based E-field deviation compared to
neuronavigation-based E-fields (Fig. 7, Supplementary Video). When we converted the raw
E-field values to a percentage of motor threshold, we found that at an intended stimulation
intensity of 120% MT, neuronavigation targeting produced an average E-field equaling
119.9% MT, with a relatively restricted range of 115e123.3% MT; in contrast, cap targeting
elicited an average E-field of only 110.7% MT, with a large range of 58.3e126.4% MT.

4.1. Contextualizing the impact of neuronavigation vs. elastic cap accuracy differences

These findings have several wide-reaching implications for both experimental and clinical
TMS. Firstly, regarding experimental brain stimulation, much of the foundational research
in single pulse TMS [30, 31], high frequency rTMS [32, 33], theta burst stimulation
[34,35], and other forms of noninvasive brain stimulation such as transcranial direct current
stimulation (tDCS) [36] using single pulses of TMS over the motor cortex to record motor
evoked potentials (MEPs) from the contralateral hand without the use of neuronavigation.
While this research was crucial for evaluating whether stimulation reached the cortex,

and how different pulse patterns, stimulation intensities, and electrode polarities affect the
cortical response, it is important to consider how cap-based target variability within- and
between-subjects may have contributed to these findings. MEPs are often characterized

by poor signal-to-noise (SNR) ratio, with only moderate within-subject reliability between
sessions [37]. Part of the variability from MEPs may be due to the replicability of TMS
coil placement, as prior studies have demonstrated that the reliability of within-subject

coil placement can significantly alter MEP amplitudes [5,18,19]. With this in mind, tDCS
and TMS experimental and meta-analytic findings reporting high inter-subject and inter-
study variability in MEP amplitude changes from stimulation might in part be due to
cap-based coil placements in some studies [38—40]. Given our findings demonstrating the
variability inherent to cap-based targeting, we propose that it is essential to consider how
coil positioning could have played a role in some TMS and tDCS findings and variability
between studies and between participants. Nonetheless, it is encouraging that even with poor
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SNR from variable coil positioning due to cap-based targeting, the literature still reports
significant pre-to post-stimulation MEP effects from different brain stimulation techniques.
Further research is needed to determine the extent to which cap positioning impacts MEP
results and whether using neuronavigation could result in more consistent experimental
TMS results.

It is also important to consider the potential clinical TMS implications of these large scale
cap vs. neuronavigation distance, angle, and E-field measurements and whether stimulating
at subthreshold intensities impacts treatment response in some patients. The 120% MT
stimulation intensity commonly used in TMS clinics was informed by seminal research
suggesting that patients older than 55 years old, with increased scalp-to-cortex distances,
did not respond to 100% MT stimulation [41], and that up to 141% MT was needed

for stimulation to reach the cortex based on physical properties of the TMS machine-coil
output [42]. Furthermore, recent research suggests that the average person needs 133.5%
MT prefrontal stimulation to produce equivalent E-fields as 100% MT stimulation over the
motor cortex [43]. Therefore, by stimulating at only 110.7% MT on average, cap-based coil
placement may impact clinical outcome as this amount of stimulation may not reach the
prefrontal cortex in many individuals [43]. Moreover, while some cap-based targeting in
our E-field modeling analysis had relatively consistent E-fields that were not very dissimilar
from withinsubject comparisons to neuronavigation targeting (e.g., Fig. 8, Participant 8),
there was wide variability in many others (e.g., Fig. 8, Participants 1, 3, 4, 7, 10).
Neuronavigation might be particularly useful when less skilled operators place the TMS
coil. Further research in this area is needed to determine the functional and clinical impact of
coil placement variability.

It is additionally critical to consider how these cap vs. neuronavigation data fit into the
broader move toward more personalized brain stimulation treatments. We discuss these
applications of personalized brain stimulation in the context of this study’s data to highlight
the importance of considering neuronavigation in each of these emerging themes. Amongst
these considerations for how to individualize clinical rTMS are where to stimulate, at what
intensity to stimulate, and how to ensure adequate target engagement. Regarding where

to stimulate, much attention has justifiably been given to personalizing the stimulation
target, which appears to be clinically impactful [44] but must be tested further in future
double blind studies. The stimulation target tends to be more lateral and anterior within

the DLPFC(7). Post-hoc fMRI analyses of patients treated with rTMS have revealed that
some symptom clusters may respond preferentially to different stimulation targets [45,46],
opening the possibility of prospective, individualized rTMS targeting. While more head-to-
head comparisons of targeting techniques are warranted, personalizing the rTMS target
based on baseline fMRI may lead to higher than conventional response rates of up to 90.5%
in an open label setting [47], and 85.7% in a double-blind, sham controlled study [48].
However, it is important to note that these two studies by the same group, the researchers
concurrently delivered other stimulation parameters that differ from convention (i.e., 1800
pulses/day for 50 accelerated iTBS sessions).

A second key question is at what intensity to stimulate. The most common rTMS protocol is
to apply 120% MT stimulation over the left DLPFC, making the typical stimulation intensity
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range relatively limited. Despite the group-level efficacy of this commonly used intensity,
some researchers have pointed out that the dose-response curve of multiple TMS parameters
follows an inverted U-shape with peak efficacy in the middle [49]. Others have suggested
that using prospective E-field dosing would help to further reduce the dose variability at

the cortical level by taking tissue composition and conductivity into consideration [50]. In
both instances, it is critical to ensure that the intended stimulation intensity is actually being
delivered by making sure the coil is on-target.

As such, a third consideration that this study emphasizes is target engagement, or whether
the stimulation intensity at the cortical level is at the level that was intended. Target
engagement is inextricably linked to the accuracy of TMS coil placement. No matter how
advanced personalized targeting or individualized dosing may be, it is hampered if the TMS
coil is not reliably placed at the intended target between sessions. The data we present

here suggest that neuronavigation is more reliable than using an elastic cap to localize
cortical stimulation targets with a figure-8 coil. Future research that directly investigates the
clinical impact of neuronavigated rTMS in a head-to-head comparison vs. cap-based rTMS
is warranted.

4.2. A critical discussion of the cost of neuronavigation and maximizing elastic cap

accuracy

While these data support the use of neuronavigation, it is important to weigh the cost-benefit
ratio for TMS clinics that do not currently utilize this technique. Neuronavigation systems
cost approximately $60,000 (depending on the vendor and location), a substantial financial
consideration for TMS clinics that might not have a monetary incentive to provide this
service due to the current lack of insurance coverage for this cost. In addition, the gold
standard neuronavigation approach utilizes each person’s individual anatomical MRI scan
for reliable coil positioning, which typically costs approximately $150-200 for a 15 min
scan per person and might not be readily accessible for many TMS clinics. Finally, the
ability to proficiently use neuronavigation requires additional training for TMS operators,
including their ability to correctly identify left and right tragi and the nasion on the MRI
scan and patient’s head, and their understanding of the software and camera interface. To
make neuronavigation techniques more widely utilized, it is apt to consider how to make this
technique easier to adopt. To this point, in Supplementary Section 1, we considered whether
using a template MRI scan in 6 of the 42 participants elicited any differences in distance or
angle deviation from the target compared to individual MRI scans. We found that while the
template MRI scan was slightly less accurate, it was only 0.02 mm, 0.07° roll/pitch angle,
and 0.04° yaw angle more off-target than the individual MRI scans. This finding suggests
that clinics could consider combining the neuronavigation system with a template brain to
make coil deviation more accurate than cap-based placements. This hybrid approach would
alleviate the need to obtain an MRI scan for each patient without substantially affecting the
coil positioning. Moreover, researchers are now developing lower cost alternatives to the
traditional $60,000 neuronavigation systems, finding that a relatively inexpensive $3600
system made from commercially available parts significantly improved coil placement
accuracy compared to cap-based targeting [51]. Further work toward low-cost, high-fidelity
systems would make neuronavigation more accessible.
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Alternatively, it might be useful to consider methods of maximizing cap targeting accuracy
as this might have the greatest clinical impact in lieu of more clinics purchasing
neuronavigation systems. In this study, TMS operators utilized current best practices by
placing the elastic cap on each participant’s head, measuring the nasion-to-inion and
tragus-to-tragus distances and marking the intersection of these lines, marking the midline
and distance between the front edge of the cap and the nasion, and marking the outline

of the ears on the one-size-fits-all cap. In addition to these approaches, perhaps future
studies could consider using different sizes of elastic caps to ensure better fits that are

less prone to movement, or adding additional anatomical landmarks on the cap. Several
groups have additionally suggested that creating individually fabricated TMS helmets
[52,53], in which the TMS coil snaps into position and has limited degrees of freedom

of movement, could increase the reliability of on-target TMS without neuronavigation.
Whether any of these techniques could produce coil placement accuracy that is more
comparable to neuronavigation, and if this would have clinical impact, would need to be
tested prospectively in head-to-head trials.

4.3. Limitations

There were limitations in this study. While we discussed the potential clinical impact of
off-target and unreliable TMS coil positioning due to cap-based targeting, we did not
directly measure the therapeutic impact of utilizing a cap vs. neuronavigation targeting
method. Future head-to-head studies comparing neuronavigation and cap-based targeting
are needed to more fully understand the clinical impact of targeting approach. Notably, the
accelerated rTMS delivery schedules that we used in the parent trials (i.e., 50 sessions over
5 days or 24 sessions over 3 days) are not as widely adopted as conventional once-daily
rTMS. It is unclear how measuring the cap and neuronavigation coil positioning could
have been affected by delivering multiple sessions per day. Additionally, we asked TMS
operators to reposition the elastic cap as needed to ensure the most accurate cap-based coil
placements possible but did not record how many times this occurred or in which sessions,
making it unclear whether this could help to make elastic caps a more accurate targeting
technique. Furthermore, while we computed E-field models in healthy participants, it would
be interesting to evaluate the impact of stroke lesion on off-target E-field magnitude in

the future, as TMS coil positioning over lesioned vs. non-lesioned cortex critically impacts
E-field magnitudes in stroke [54]. It is possible that the E-field magnitude differences that
we observed in this study would be even further exacerbated when stimulating over an
off-target lesion.

5. Conclusions

Large scale distance, roll/pitch angle, and yaw angle measurements demonstrate that cap-
based targeting is an inherent source of coil position variability. In addition, coil positioning
accuracy is significantly more variable between TMS operators when using cap-based
targets than utilizing neuronavigation. E-field modeling data show that off-target TMS coil
positioning produces significantly lower E-fields than neuronavigation, demonstrating the
importance of remaining on-target. These data suggest that some variability in experimental
and clinical TMS response may be due to cap-based targeting approaches and that
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neuronavigated TMS is a productive technique for accurate coil positioning. Future research
is warranted to determine the clinical impact of rTMS delivered using neuronavigated vs.
elastic cap-based targeting in a head-to-head trial.
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Refer to Web version on PubMed Central for supplementary material.
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A —
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C

Fig. 1. Cap vs. Neuronavigation Coil Placement Procedure.

A. Photographs of Cap vs. Neuronavigation Targeting in a Representative Participant.
Cap-based targeting uses the cap markings to place the TMS coil. In contrast,
neuronavigation-based targeting enables the TMS operator to rely on the bullseye shown

in Panel B. B. Neuronavigation Bullseye. Prior to the first stimulation session, the TMS
operator used the Beam F3 method to place the TMS coil at the left prefrontal cortex and
saved this location in the neuronavigation software. In this example, cap-based targeting
placed the TMS coil 17.0 mm, 6.8° roll/pitch angle, and 1.8°yaw angle from the sampled
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F3 target; neuronavigation-based targeting placed the TMS coil 0.3 mm, 0.3° roll/pitch
angle, and 0.1° yaw angle from the F3 target. Note that this example represents one
stimulation session of the 3408 total stimulation sessions, and that there was variability

of values in both the cap-based and neuronavigation-based TMS coil placements. C. TM S
Coil XYZ Coordinate L ocations. We saved the XYZ coordinates for up to 50 cap and
neuronavigation locations in 12 healthy participants. In this example participant, we show
the cortical projection of the Beam F3 location (green), the cap XYZ coordinates (50x red
projections), and the neuronavigation XYZ coordinates (50x blue projections). We used
these XYZ coordinates for electric field modeling in Experiment 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 2. Distance from F3 Target By Targeting Technique.
Cap targeting placed the coil a significantly greater distance from the F3 target, averaging

10.66 mm off-target compared to 0.30 mm in neuronavigation, p < 0.0001; error bars+/
—SEM. There was also a significant effect of session and interaction between targeting
technique by session (both p < 0.0001).
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Fig. 3. Roll and Pitch Anglefrom F3 Target By Targeting Technique.
Cap targeting placed the coil significantly more off-target in terms of roll/pitch angle,

averaging 7.79° off-target compared to 0.34° for neuronavigation targeting, p < 0.0001; error
bars+/-SEM. There was also a significant main effect of session number and interaction
between targeting technique by session (both p < 0.0001).
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Fig. 4. Yaw Angle from F3 Target By Targeting Technique.
Similarly, yaw angle was significantly more off-target using cap-based targeting (average

=5.99°) compared to neuronavigation targeting (average = 0.22°), p < 0.0001; error bars+/
—-SEM. However, there was no signigcant effect of session or targeting method by session
interaction (both p > 0.05).
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In Experiment 1C, we tested the effects of operator cap placement on the distance, roll/pitch

angle, and yaw angle deviation from the F3 target. Examining the first session of each
day (i.e., immediately after the cap was repositioned), we analyzed each of the 5 TMS
operators who placed the cap on at least one day. There were significant inter-operator

differences on distance and roll/pitch angle from the F3 target (**p < 0.01; Fig. 5A and
C). These inter-operator differences were not present when using neuronavigation (Fig.
5B and D), suggesting that neuronavigation is not only useful for reducing distance and
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angle deviation from the intended target, but also for reducing inter-operator differences that
are present in cap- but not neuronavigation-based targeting. For yaw angle, there was no
significant inter-operator differences for cap-based positioning (due to wide variation for
each operator), but there was a significant difference for neuronavigation-based positioning
(*p < 0.05; Fig. 5E-F). However, the average neuronavigation-based coil placements were
all under 0.3° off-target. In sum, neuronavigation significantly reduces the error in coil
placement for distance, roll/pitch angle, and yaw angle (Figs. 2-4), and additionally reduces
the inter-operator differences in coil placement deviation (Fig. 5).
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Fig. 6. Raw Electric Field Magnitude Values at the Prefrontal Cortical Target.
In Experiment 2, we calculated 1106 electric field models across 12 healthy adult

participants to compare the impact of off-target TMS coil positioning. Left: At a group
level, neuronavigation-based targeting produced significantly higher electric fields at the
dorsolateral prefrontal cortex (DLPFC) target region of interest (ROI), with an average
value of 95.83 VV/m compared to 88.36 VV/m from cap-based targeting (****p < 0.0001;
error bars+/-SEM). Right: Electric field magnitudes widely varied by stimulation technique
and per participant. In each participant, neuronavigation targeting produced more closely
grouped electric fields than cap targeting. The violin plots show the average and inter-
quartile range per participant and targeting technique.
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Session
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Fig. 7. Visualization of Electric Fieldsin a Representative Participant.
In Experiment 2, we collected up to 50 cap and 50 neuro-navigation locations in 12 healthy

control participants receiving 50 accelerated rTMS sessions over 5 days (10 sessions/day).
Here we visually show the electric field distribution from cap vs. neuronavigation-based
targeting in a representative participant with 50 cap and 48 neuronavigation E-field models,
in comparison to the electric field produced form the coil at the targeted Beam F3 location.
Red rectangles indicate the sessions in which the E-field magnitude was >10% lower

than the E-field produced with the coil positioned on-target at the F3 target location. The
E-field magnitude was =10% lower than on-target in 22/50 cap-based coil placements but
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0/48 neuronavigation-based coil placements. There is a noticeably wider distribution of
where is stimulated with cap targeting, compared to that of neuronavigation targeting. See
Supplementary Video for an animated depiction of coil drift in cap-based vs. neuronavigated
TMS. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 8. Intra- and Inter-Subject Variability in Electric Field Magnitude as an Equivalent Motor
Threshold Percentage.
To put the raw electric field magnitude differences into more relatable terms, we converted

the stimulation intensity from 120% motor threshold (MT) stimulation into the MT
percentage that would produce the experienced electric field at the cortical target. The dotted
horizontal lines represent the intended MT percentage of stimulation (120%, black line), the
MT percentage of neuronavigated TMS (blue line), and the MT percentage of cap-based
TMS (red line). Left: Cap-based targeting produced a significantly lower group average MT
equivalent value of 110.7% MT, compared to 119.9% MT from neuronavigation (****p <
0.0001; error bars+/=SEM). On an individual level, cap-based targeting produced cortical
target electric fields with a wide range (range = 58.3%-126.4%), compared to a much

more tightly grouped electric field range from neuronavigated rTMS (range = 115-123.3%).
Off-target coil placements due to cap targeting significantly affect the electric field delivered
to the cortical prefrontal target. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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