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Abstract— Computational electromagnetic modeling is
a powerful technique to evaluate the effects of electrical
stimulation of the human brain. The results of these
simulations can vary depending on the specific segmentation
of the head and brain generated from the patient images.
Using an existing boundary element fast multipole method
(BEM-FMM) electromagnetic solver, this work evaluates the
electric field differences modeled using two neuroimaging
segmentation methods. A transcranial magnetic stimulation
(TMS) coil targeting both the primary motor cortex and
the dorsolateral prefrontal cortex (DLPFC) was simulated.
Average field differences along a 100 mm line from the
coil were small (2% for motor cortex, 3% for DLPFC)
and the average field differences in the regions directly
surrounding the target stimulation point were 5% for the
motor cortex and 2% for DLPFC. More studies evaluating
different coils and other segmentation options may further
improve the computational modeling for robust TMS treatment.

Clinical relevance— Patient-specific computational modeling
will provide more information to clinicians for improved local-
ization and targeting of neuromodulation therapies.

I. INTRODUCTION

Magnetic and electrical brain stimulation therapies are a
widely used method to treat neurodegenerative disorders.
One of the commonly used non-invasive techniques is trans-
cranial magnetic stimulation (TMS) that employs magnetic
induction to stimulate the brain to improve symptoms for dis-
eases such as depression. Computational modeling has been
used to assess the efficacy and safety of TMS. A detailed
brain model is available to allow for these assessments [1];
however, the model is only based on one subject. In order
to allow for careful planning of a given treatment regimen,
modeling needs to be completed on a per-patient basis.

A patient-specific brain model can be created using med-
ical imaging data. Magnetic Resonance Imaging (MRI) is a
commonly used structural imaging technique and there are
a variety of semi-automatic segmentation methods available
[2], [3], [4], [5] that can generate a 3D head model using
a set of T1- and T2-weighted images. Segmentation varies
across different methods [6], [7]. Therefore, it may affect
electric field distributions in electric-field modeling [8].

In this study, we performed computational modeling of
TMS with sixteen different patients targeting both the pri-
mary motor cortex and the dorsolateral prefrontal cortex
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(DLPFC). We then compare the electric fields from the two
independent segmentation methods.

II. MATERIALS AND METHODS

A. MRI Data and Segmentation

MRI T1- and T2-weighted images were used from sixteen
Human Connectome Project healthy subjects [9] with an
isotropic resolution of 0.7 mm per voxel. Two pipelines
within the SimNIBS software package v3.2 [10] were used
for segmentation: headreco [11] and mri2mesh [12]. Both
of these segmentation methods offer surface and volume
segmentation of brain and head structures including gray
matter (GM), white matter (WM), cerebrospinal fluid (CSF),
skull, and skin.

The surface meshes were generated using the default
options from SimNIBs for both segmentation methods. The
default surface resolution yields surface meshes containing
a combined total of roughly 800,000 facets.

B. Electromagnetic Simulation

Fig. 1: An example placement of the TMS coil targeting
the subject’s left motor cortex is shown. The black line
runs perpendicular to the coil and is used for electric field
extraction.

A boundary element fast multipole method (BEM-FMM)
solver was used for electromagnetic modeling [13]. The
solver utilizes the generated surface meshes for field estima-
tion. A figure-eight TMS coil was modeled with a diameter
of 90 mm for each loop. The coil model was a replica of
the commercial coil (MRiB91 of MagVenture). The coil was
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placed to target both the patient’s primary motor cortex (the
hand knob) and the DLPFC via a projection approach and
sulcus-aligned mapping. These regions were chosen because
they are common targets for TMS therapy [14]. An example
positioning of the coil is shown in Figure 1. The same set of
two target points were used for each subject, located within
the primary motor cortex and the DLPFC. The coil position
was determined using three steps. First the coil was placed
so that the centerline passed through the given target point
on the gray matter interface. Second, the coil centerline was
made to be perpendicular to the skin surface. Lastly the coil
position was adjusted so that the dominant field direction
was roughly perpendicular to the sulci.

C. Analysis

Average differences between mesh surfaces generated
based on the headreco and mri2mesh segmentation were
compared across the sixteen subjects for the gray matter,
white matter and CSF surfaces. The electric field values
were compared by extracting the values in a 100 mm line
perpendicular to the TMS coil axis, along the black line
shown in Figure 1. These values were extracted for both
of the target points for each subject. The average electric
field difference, maximum absolute difference, and maxi-
mum percentage difference were compared for all sixteen
subjects. The average field difference at the target point for
both the motor cortex and DLPFC was tested for statistical
significance using a paired t-test.

Fig. 2: Average distance between headreco and mri2mesh
surfaces in millimeters across all 16 subjects for CSF, GM,
and WM.

III. RESULTS

The surfaces were successfully reconstructed using both
segmentation methods. The average surface differences are
summarized in Figure 2. Surface difference was calculated by
taking the mean of the shortest distance from every triangle

Fig. 3: Motor Cortex: Axial cross section of a subject with
the target stimulation point in magenta. The thick contours
show the mri2mesh field results and the thin contours show
the headreco field results. Color indications for surfaces are
red for skin, orange for skull, yellow for CSF, cyan for gray
matter, and purple for white matter. The dotted white line on
the axial cross section is a projection onto the XY plane of
the 100mm line running along the axis perpendicular from
the coil. The electric field result from the dotted white line
was extracted as shown at the bottom of the figure. The
dotted black line indicates the location of the target point of
stimulation.

centroid of the relevant surface from one segmentation
method to all triangle centroids of the surface from the
other segmentation method. Average distances were only
calculated for regions of the brain located in the superior
cerebral cortex. The CSF surface difference was three times
more than the white matter surface, with an average dif-
ference of 0.9 mm for the CSF and 0.3 mm for the white
matter. All the surfaces are overlaid on a subject T1-weighted
image in Figure 3. The cortical thickness calculated from
the mri2mesh method was thicker than that of the headreco
method.

For the target point located in the motor cortex, the electric
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TABLE I
Average percentage difference in the electric field for target points in the motor cortex and DLPFC for the 100 mm line and the average percentage
difference in the region surrounding the target stimulation point (5 mm on either side). Average percentage difference ranges from 82% to 112%

Subject 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Motor (All) 1.02 0.98 1.00 1.03 0.96 0.97 0.97 0.95 0.99 1.04 1.01 0.97 0.99 0.92 0.99 0.94
Motor (Target) 1.04 1.07 1.12 0.90 0.89 0.90 0.91 1.00 0.89 0.96 1.03 0.90 0.94 0.90 0.89 0.82
DLPFC (All) 0.97 1.08 1.07 0.95 1.03 1.00 1.01 1.08 1.12 1.04 1.04 1.06 1.01 1.03 0.99 0.96
DLPFC (Target) 0.94 0.98 1.03 0.95 1.05 0.99 0.92 0.93 1.11 1.09 1.00 1.01 0.96 0.92 0.91 0.95

fields showed similar distributions for both segmentation
methods. There was an average difference in magnitude
of 0.8 V/m and a maximum difference of 61 V/m. The
percentage differences were 2% on average. In the region
of interest within 5mm of the target point, the average
percentage difference was approximately 5%.

For the target point located in the DLFPC, there was an
average difference in value of 0.8 V/m and a maximum
difference of 50 V/m. The percentage differences were 2.8%
on average. In the region of interest within 5mm of the target
point, the average percentage difference was approximately
1.8%.

The electric field difference across all 16 subjects at the
target point between the two segmentation methods was
statistically significant (p = 0.004) for the motor cortex. The
electric field difference at the target point for the DLFPC was
not significant (p = 0.16). The average percentage difference
in the electric field for each subject and each target point is
shown in Table I.

IV. DISCUSSION AND CONCLUSION

Comparison of the surface meshes from mri2mesh and
headreco showed visible differences. The first difference in
the surfaces can be seen at the CSF boundary, where the
CSF surface was estimated consistently closer to the gray
matter for the headreco segmentation. The cortical thickness
for the headreco segmentation was also on average thinner.
Such segmentation-dependent surface differences are in line
with results shown in previous studies (cf., [15], [8]). In
particular, Seiger et al. 2018 demonstrated that Freesurfer
was more accurate in its calculation of cortical thickness
however CAT12 based methods (such as headreco) were
faster and yielded reliable results [16].

A comparison of the electric field values against the
surface meshes shown in Figure 3 revealed that the electric
field value was lower when the cortical thickness was thinner,
as was the case for the headreco mesh. In both the motor
cortex and the DLFPC, the low average percent difference in
the electric field suggests that the effect of the segmentation
method differences is minimal. Although the overall differ-
ence was low, the localized field difference near the target
point across all 16 subjects was statistically significant for the
motor cortex and could affect the intended stimulation there.
The field difference for the DLFPC was not significant and
the fields were qualitatively more similar between the two
segmentation methods as shown in Figure 4.

Fig. 4: DLPFC: Axial cross section of a subject with the
target stimulation point in magenta. The thick contours show
the mri2mesh field results and the thin contours show the
headreco field results. Color indications for surfaces are red
for skin, orange for skull, yellow for CSF, cyan for gray
matter, and purple for white matter. The dotted white line
on the axial cross section is a projection onto the XY plane
of the 100mm line running along the axis perpendicular from
the coil. The electric field result from the dotted white line
was extracted as shown at the bottom of the figure. The
dotted black line indicates the location of the target point of
stimulation.
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The percent difference in the electric field for the DLPFC
was similar to that of the motor cortex along the entire 100
mm line for all sixteen subjects. However, the region directly
surrounding the target point showed lower variability for the
DLPFC target compared to the motor cortex. This can be
seen in Figure 4 and is a also evident in the average percent
difference in the 5 mm region surrounding the target point.
This implies that there may be more surface variability in
the motor cortex.

Analysis of the extracted electric field in Figure 3 showed
sudden changes in the field from the headreco segmentation
at a distance of 40 mm from the coil. This was not observed
in the mri2mesh segmentation and is a result of the segmenta-
tion differences. For example, the headreco surface estimated
sulci deeper compared to the mri2mesh surface in the region
that the result was extracted. These sudden electric field
changes resulting from segmentation differences can affect
TMS therapy because the resulting neuronal excitation is a
function of the electric field gradient rather than the electric
field magnitude. Additional work that directly evaluates the
gradient of the electric field will provide more insight into
the effect of the segmentation on the TMS therapy.

Coil positioning was critical to the resulting electric field.
In this study, coil positioning was determined automatically
based on the topology of the input meshes used. The pre-
processing steps to select the proper coil position may differ
significantly between segmentations.

The resulting field differences for each coil position
were small but measurable. Additionally the small field
differences seen in average along the observation line are
masking larger localized changes in the field of a larger
percentage difference as shown in both Figure 3 and 4. This
research demonstrates a need for patient-specific modeling
considering that various previous studies have shown cortical
thickness differences across age [17] and sex [18]. Future
studies with different types of TMS coils and different
segmentation methods may further improve computational
modeling approach for robust treatment for TMS and other
modalities.
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