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Abstract:

Transcranial magnetic stimulation (TMS) offers possibilities to modulate function in regions of
interest (ROI) in the brain via an induced electric field (E-field). The ROI E-field can be
maximized using individualized computational head modeling to find an optimal scalp coil
placement. We present a TM S targeting and analysis pipeline (TAP) software that uses an
MRI/fMRI-derived brain target to optimize a coil placement considering experimental
requirements such as subject’ s hair thickness and coil placement restriction. The coil placement
optimization isimplemented in SMNIBS 3.2 for which an additional graphical user interface
(TargetingNavigator) is provided to visualize and adjust procedural parameters. The optimized
coil placement information is prepared for neuronavigation software (Brainsight) which supports
the targeting during the TM S experiment. The neuronavigation system can record the coil
placement during the experiment and these data can be processed in TAP to evaluate

retrospectively and visualize the TM Stargeting accuracy.
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Highlights (85 characters with spaces for each bullet point):

e Automated TMS coil targeting pipeline based on MRI/fMRI data and E-field model
e Convenient adjustment for experimental requirements and targeting parameters

e Accuracy assessment of experimental TM S coil placement based on neuronavigation


https://doi.org/10.1101/2021.05.09.443339

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.09.443339; this version posted May 10, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Introduction

Precise placement of non-invasive brain stimulation devices[1,2,3], such astranscranial
magnetic stimulation (TMS), offers promising avenues to understand basic [4] and higher
cognitive [5] brain functions. In neuroscience experiments, TM S coil placement is often
landmark-referenced and supported by neuronavigation technology [6,7], targeting a particular
brain region of interest (ROI). These ROIs can be determined by means of anatomy [6] or brain
activity measurements such as EEG or fMRI [1, 5, 8] for each experimental participant. Prior to
aTMS session, individualized computational modeling of head tissues and the electric field (E-
field) induced in the ROI [9] allows for identification of an optimal TMS coil placement on the
scalp [1, 2]. We previously developed the fast auxiliary dipole method (ADM) for software-
assisted TM Stargeting to maximize E-field delivery to an ROI [2], and ADM isnow part of the
SImNIBS E-field ssmulation software package [10]. However, it remains challenging to combine
ADM with individual functional or anatomical targeting data, subsequent experimental

application using neuronavigation, and visualization and evaluation of the experimental accuracy.

We present a TM S targeting and analysis pipeline (TAP) software that hel ps bridge the gaps
between individual imaging data, SImNIBS, and neuronavigation. SmNIBS can robustly
generate head tissue models [10] from MRI data. The ADM method in SIimNIBS finds the
optimal TMS cail position and orientation on each participant’s scalp to maximize the magnitude

or adirectional component of the ROI E-field [2]. To add to SmNIBS' basic functionality for
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adjustment and visualization of ROIs, the coil, and desired E-field parameters, TAP offersa

graphical user interface (GUI), called ‘ TargetingNavigator’.

TAP can be used for prospective targeting optimization before an experiment and/or
retrospective targeting analysis after an experiment. The first step, in a prospective approach for
TMS coil placement or E-field smulation, isto extract an ROI center from a volumetric target
mask (i.e., anifti file) for SMNIBS. In this approach, TAP generates specifically formatted
ASCII text files readable by the TM S neuronavigation software [11]. The presented
implementation is for the Brainsight neuronavigation system (Rogue Research, Canada), but
TAP can be adapted to other systems as well. TAP can also control practical aspects of the coil
placement such as the coil handle direction, which ideally should not block the TM S coil tracker
or the participant’s sight and which may need adjustment to control the induced E-field direction
in the cortex. Retrospective analysis uses TM S coil placement data from an existing experiment
recorded by neuronavigation software. In retrospective analysis, TAP can detect problematic cail
distances from the scalp, such as a coil placement being too far from or entering the scalp surface
due to inaccurate coil—scalp co-registration; this analysis can incorporate measurements of the

subjects’ hair thickness[5], if such are available.

In this paper, we describe TAP and illustrate its use in five TM S subjects who participated in a

study of writer’s cramp dystonia.
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Figure 1. (A) Diagram of the TM S targeting and analysis pipeline (TAP) integrating different

hardware and software components for prospective targeting. The dashed arrows indicate
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optional steps that are not required for prospective targeting. (B) SImNIBS software coordinate
convention (green) with origin at the volumetric center, X’ and Y’ axes flipped with respect to the
MRI RAS convention (X, Y, Z, inred), and a TMS coil coordinate system (X'",Y'", Z'"). (C)
Brainsight neuronavigation coordinate convention (blue) with pitch X"’ = —X" and yaw

Z'"" = —Z" flipped compared to the SImNIBS convention. The nasion and right/left periauricular
points (RPA/LPA) are typical registration points for neuronavigation. (D) A screenshot of the
TargetingNavigator GUI: aMATLAB-based SmNIBS 3.2 add-on to adjust and visualize

simulation parameters in prospective and retrospective TM S analysis.

Material and methods

Asdiagrammed in Figure 1A, TAP combines existing software packages, including SmNIBS
v3.2[10] for TM S-induced E-field simulations and Brainsight v2.5b2 [11] for neuronavigation,
with custom MATLAB code (R2018a, [12]). The following sections describe the different

methodological aspects of TAP.

Experimental participants, MR imaging, and target selection

In this study-specific example, five participants in astudy of writer’s cramp dystonia underwent
structural MR imaging acquisition (T1, T2, and DTI) for anatomical reference and generation of
individualized head models for E-field smulations. fMRI was also acquired to identify voxels of

peak brain activity while performing a writing task. The fMRI data were then used to select two
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ROIs, onein premotor cortex (PMC) and onein primary sensory cortex (PSC), for repetitive
TMS (rTMS). These ROIs were then used in TAP to create volumetric masks for computation of
optimal TMS cail placements. This information was imported in Brainsght and used as targets
during the rTM S sessions (active and sham for PMC and active only for PSC). Each session
consisted of 4 blocks of 1000 pulses each. More details are available in the Supplementary

Material.

Coordinate system transformations

Generally, coordinate transformations are needed to integrate all different software pieces (MRI,
SimNIBS, and Brainsight) in the pipeline mediated by a custom MATLAB code. The coordinate

transformations are defined as 4 x 4 matrices (denoted as T; ; withi,j = 1, ..., 4) which contain

submatrices for rotation (T; ; with i, j = 1,2, 3) defining axes rotations (with |[T. ; | =1 for
j=1,2,3) andtrandation (T; ; withi = 1,2,3;j = 4 inunitsof mm; T, , = 1) adding a
coordinate offset that moves the origin of a current coordinate system to the specified desired
one. The matrix T; ; is used to map locations such as ROl and TM S coil center, coordinate space
rotations (i.e., colored arrows or letters in Figure 1A—C), and coil coordinate transformations

within a defined space denoted as‘ Coil matrix’ in Figure 1A.

Preparation and launch of SImNIBS
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TMS coil placement optimization can be launched with TAP by executing the run_simnibs(s)
command from the MATLAB prompt providingaMATLAB struct object swith different data

fields, which should be initialized with the default struct opt_struct(‘ TMSoptimize’).

If shasthe datafield entry s.target_direction, ADM or the direct solver in SmNIBS will find the
coil placement that maximizes the average E-field induced in the ROI along s.target_direction,
or otherwise the overall magnitude, as specified. The ROI center location in SIMNIBS spaceis
assigned to datafield s.target. The ROI size (s.target_size) considers all tetrahedral gray matter
elementsthat fall within this radius (from the point specified in s.target). In our example, an ROI
size value between 3—4 mm was chosen for all participants to ensure the ROI covers a significant
part of the sulcal wall but not any part of a neighboring gyrus controlled for by visual inspection
in TargetingNavigator. The ROI target direction is determined following these main steps:

(1) project the ROI center onto the brain surface;

(2) use Freesurfer’ s surface curvature information (files: Ih.sulc, rh.sulc; value range:
between —2 and 2) to find the closest brain surface mesh point that is numerically closest
to zero;

(3) compute an outwards-pointing nodal normal by averaging the triangle normal vectors for
the point of previous step; and

(4) project the ROI center point from (1) to the closest scalp surface mesh point, compute its
nodal normal, asin (3), and use the corresponding plane it defines to project the normal
direction from (3) onto it.

The resulting vector is a better approximation of the desired E-field direction paralldl to the

scalp-tangential plane of the cail.
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For robust estimation of the scalp-tangential plane, we added adatafield to the s structure
(availablein SMNIBS 3.2.5), namely s.scalp_normals_smoothing_steps (TAP default is 20), to

adjust scalp-coil tangentiality and visualize it in TargetingNavigator.

SimNIBS allows constraining the scalp search space for possible coil center positions and
orientations, which TAP setsto the default values of s.search_radius = 25 mm,
s.gpatial_resolution =1 mm and s.search_angle = 1°. For atypical SmNIBS head model and
those default values, the optimal coil placement search takes about 2 minutes on aregular laptop

(Intel Corei5 1.6 GHz, 8 GB RAM) running ADM.

For prospective TM S dosing, the subject’s hair thickness is often unknown beforethe TMS
session but can be measured at the beginning of the session [5]. Therefore, multiple runs of
SImMNIBS s ADM are required for arange of hair thickness values. The default setting in TAP

iterates through a reasonable range of hair thicknesses from 0 to 7.5 mm in steps of 0.5 mm.

Neuronavigation files

TAP generates different types of files that can then be visualized in Brainsight:
(1) scalp and brain surface of the SmMNIBS head model converted to MRI/Brainsight space,
(2) SMNIBS/Freesurfer preprocessed T1-weighted MRI data set,

(3) ROI/scalp coil center converted to MRI/Brainsight space, and
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(4) optimal coil placement (4 x 4 matrices) converted to Brainsight space and saved in atext
file
For retrospective analysis, the experimenter can save TM S coil placement recordings astext files
(sameformat asin step (4)) that can beread into MATLAB and visualized in

TargetingNavigator.
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Figure 2. (A) Diagram of TAP as used for retrospective dosing analysis based on TM S coil
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scalp placement data recorded via Brainsight. Dashed arrows indicate optional steps that are
not required for retrospective TMS analysis. (B)—G) Violin plots and medians of the
differencesin coil placement and induced E-field between prospectively-optimized and
neuronavigation-recorded targeting in 5 subjects for 3 rTM S sessions of 4 blocks each.
Deviation distance of (B) the coil center along the coil normal (yaw axis) direction
(positive/negative values represent coil surface above/below the scalp surface) and (C) the coil
center in the plane tangential to the scalp. Angular deviation of (D) the coil normal (yaw axis)
and (E) the cail orientation about its yaw axis. (F) Magnitude and (G) angular deviation of the
E-field vectors for each finite element in the ROI. Violin plots represent 99.3% of the raw data
(x 2.7 standard deviations assuming normal distribution) with outliers excluded; the thin black
and thicker cyan vertical lines represent the 95% confidence interval and the interquartile

range, respectively [13].

Retrospective Analysis

The Brainsight neuronavigation system can digitize the coil position and orientation for each
TMS pulse. However, for fast rTMS trains the data saving may not work properly, so a reduced
sampling rate may be needed—in our setup we recorded every fifth pulse during the 10 Hz trains.
TAPreadsin (read brain_sight_file) the Brainsight-space exported text files and converts each
line, corresponding to one digitized coil placement defined by a4 x 4 transfer matrix, to
SimNIBS modeling space (convert_coord brainsight 2 simnibs). To avoid possible errorsin the
coil—scalp co-registration resulting in the coil center being inside the scalp, it is recommended to

use Brainsight’s " Snap to Scalp” option when exporting [12]. TAP then extrudes these snapped
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coil centers outwards along the scalp normal to account for the measured hair thickness. If hair
thickness measurement is unavailable, TAP defaultsto a value of 2 mm [5]. The distance
between the hair-thickness-extruded coil center and the original experimentally recorded coil
center without snapping and hair-thickness extrusion is determined along the recorded cail
normal direction (‘normal coil deviation’ in mm). The hair-thickness-extruded coil center isthen
compared against the computationally optimal coil center on the scalp’s tangential plane
(‘tangential coil deviation’ in mm). TAP uses the computationally optimal coil placement to also
check if therotational part of the experimental coil placement matrices aligns, and sign-flipsthe
components for minimal angular discrepancy. The scalp normal direction is used to assess the
deviation of the coil plane from the scalp-tangential plane (‘normal coil deviation’ in ° equal to
the arccosine of the dot product of the scalp and coil normals). Finally, the experimental coil
placement is projected onto the scalp-tangential plane and the difference between the
experimental and optimal coil orientation is computed (‘tangential coil deviation’ in °). When a
targeted optimal coil placement isnot available, TAP can still analyze the experimental TMS

coil placements recorded with Brainsight.

As a second step, TAP evaluates the difference in induced E-field between the optimal (if oneis
provided) and all experimentally recorded coil setups. Since one E-field simulation requires
several minutes of computation time, TAP chooses a median representative of the coil
placements within an experimental block to simulate the E-field in the entire head model and
then extracts the ROI E-field (using SmNIBS ‘target.msh’). The median coil representation is
chosen by evaluating the mediansfor the X'"”,Y'" and Z'"" coordinates separately and picking the

recorded coil placement with the smallest Euclidean distance from these median coordinates.
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TAP then computes the deviation in magnitude and angle of the E-field vector in each tetrahedral
ROI element between the smulations for the median experimental coil placement and the

optimal coil placement.

Results and Discussion

Figure 2B—G quantifies of the deviation between the computationally optimized coil placement
that was set as atarget during the rTM S sessions and the actual placements recorded by the
neuronavigation system. The plots exclude clear outliers that likely occurred due to brief
disruptions in the coil tracking (see Supplementary Material). Across all subjects and sessions,
the median position and orientation deviations were 0.29 mm and 1.60° relative to the scalp
normal (Figure 2B, D) and 2.26 mm and 1.20° in the scalp tangentia plane (Figure 2C, E),
respectively. The corresponding median E-field magnitude and direction deviations (Figure 2F,G)
were 9.66% and 1.25°, respectively, even though some of the individual medians were
significantly larger. Furthermore, the positional deviation of up to ~ 6 mm along the scalp
normal (Figure 2B) was larger compared to the tangential deviation (Figure 2C). Thisislikely
due to the fact that the normal deviation isrelative to the estimated absolute location of the
individual’s hair surface, and thus incorporates registration errors, whereas the tangential
deviation is only relative to the registered coil target location. These values are comparable to
neuronavigation error and deviation estimates in the literature. For example, cumulative
inaccuracies from the head tracker registration to scalp landmarks and subsequent dlight
movements of the tracker relative to the head might reach 5-10 mm [14]. Excluding errors from

the registration and shifts of the head tracker relative to the head, median tangential deviation of


https://doi.org/10.1101/2021.05.09.443339

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.09.443339; this version posted May 10, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

the coil position and orientation of 1.34 mm and 3.48°, respectively, was reported for a
neuronavigated robotic coil holder [7]. Moreover, inter-session position error of about 2.5 mm

was reported for neuronavigated manual coil placement [15].

Conclusions

TAP enables prospective and retrospective TM Stargeting analysis based on E-field simulations

coupled with individual imaging and neuronavigation data.
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