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a r t i c l e i n f o 
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TMS-affected Cortical points Visualization on 

MRI-based Brain Model. The software tool is 

implemented using the Python language and 

runs on the Blender software platform. It uses 

a subject-specific 3D model of the brain’s 

cortical surface reconstructed from MRI data. 

The software marks the points of TMS 

application on the cortical surface 

Keywords: 

Navigated transcranial magnetic stimulation 

TMS 

Neuronavigation 

Motor-evoked potentials 

Phosphenes 

Blender 

Neurovisualization 

a b s t r a c t 

Highly accurate visualization of the points of transcranial magnetic stimulation (TMS) applica- 

tion on the brain cortical surface could provide anatomy-specific analysis of TMS effects. TMS is 

widely used to activate cortical areas with high spatial resolution, and neuronavigation enables 

site-specific TMS of particular gyrus sites. Precise control of TMS application points is crucial 

in determining the stimulation effects. Here, we propose a method that gives an opportunity to 

visualize and analyze the stimulated cortical sites by processing multi-parameter data. 

• This method uses MRI data to create a participant’s brain model for visualization. The MRI 

data is segmented to obtain a raw 3D model, which is further optimized in 3D modeling 

software. 

• A Python script running in Blender uses the TMS coil’s orientation data and participant’s brain 

3D model to define and mark the cortical sites affected by the particular TMS pulse. 

• The Python script can be easily customized to visualize TMS points task-specifically. 
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Method details 

Transcranial magnetic stimulation (TMS) is a non-invasive method for stimulating the brain using a magnetic field [ 1 ]. By applying

magnetic pulses to specific areas of the cortex, TMS can activate cortical neurons and modulate brain activity. TMS has broad

applicability and is widely used in research and clinical settings to investigate cortical and corticospinal excitability, perturbations 

in excitation and inhibition balance, as well as to estimate neural impulse propagation speed [ 2 ]. In addition, TMS is utilized as a

treatment for various conditions, such as depression and Parkinson’s disease, etc. [ 3 ]. 

This brain stimulation method involves placing a TMS coil near the scalp. The coil generates a brief, high-intensity magnetic

field that freely passes through the skull and reaches the brain cortex, where it induces an electric current [ 4 ]. TMS offers high

spatial resolution and can activate neural tissue in a small volume of roughly 2–3 cm 

3 [ 4,5 ]. The effects of TMS stimulation is largely

dependent on the specific cortical area that is activated, as different brain regions are involved in different functions. The relative

orientation of the magnetic field and cortical neurons also plays a crucial role in the effectiveness of TMS stimulation, as neurons

from the gyral crown, gyral lip, and sulcus are influenced differently by TMS [ 6 ]. Therefore, precise coil placement is crucial to target

the desired brain region, and the coordinates of the cortical points where TMS was applied should be analyzed afterwards in order

to gain insight into the stimulation effects. To guide the placement of the TMS coil, TMS neuronavigation (NN) systems are used to

control its location and orientation [ 7 ]. These systems reconstruct a 3D model of the brain using the patient’s magnetic resonance

imaging scans. The referencing procedure involves identifying several anatomical landmarks (fiducial), such as the nasion (the point 

between the eyebrows), the tragus (a small pointed eminence of the external ear, situated in front of the concha), and anatomical

brain structures such as the anterior and posterior commissures (AC and PC), or they may use artificial markers, such as small beads

attached to the head [ 8 ]. The same points on the subject’s head are registered using an optically tracked pointer. The coordinates

of both the brain’s 3D model and the patient’s head are aligned through the use of a transformation matrix generated during the

referencing procedure. The positioning of the brain’s 3D model relative to the patient’s head is determined in real-time through the

use of infrared lasers, cameras, or other sensors that can track the position and orientation of the TMS coil and the fiducials. 

Despite the ability to track the stimulated cortical points in real-time during a TMS session, there are currently no tools available

for offline analysis and visualization of the results of a TMS session. In practice, even a small shift of the TMS coil over the motor

cortex by a few mm can result in significant variations in evoked potential amplitudes, indicating the crucial importance of precise

knowledge of the coil position [ 7 ]. Since online monitoring of coil position is aimed at reproducing the hot spot or detecting a

specific anatomical area, precise mapping of TMS effects to stimulated cortical point coordinates can only be performed offline after

the experiment. Offline analysis of the cortical sites affected by TMS is therefore no less important than on-line monitoring during the

stimulation session. While the NN software can provide large dataframes with the TMS coil position and orientation coordinates, it does

not provide the coordinates of the brain cortical areas affected by TMS. Standard NN software solutions providing the visualization

TMS session results are inconvenient and not customizable, thereby the resulting images cannot be tailored to specific needs (see

Fig. 1 , left). Customization tools, such as the ability to colorize TMS-affected cortical points, could be crucially useful. For example,

cortical points could be colored based on motor-evoked potential amplitudes, which reflect the excitability of the primary motor area

[ 3 ], or the color of a TMS point on the cortex could reflect the brightness and size of phosphenes elicited with stimulation of the

visual cortex [ 9 ]. 

Currently, there are limited tools available for analyzing and visualizing the results of TMS mapping. While there are some tools

available for processing magnetic resonance imaging (MRI) data and producing neuroimaging visualizations, such as Freesurfer [ 10 ], 

none of them are designed for TMS mapping results analysis and visualization after TMS session. 

To address this issue, we present a method for matching the exported TMS coil coordinates with a 3D brain model reconstructed

from the participant’s MRI scans. This method allows the recreation of the cortical points that have been stimulated (not to be

confused with the coil coordinates) and provides high-resolution visualization of TMS stimulation experiment results. Additionally, 

the coordinates data for stimulated cortical points can be used by other existing software packages for conducting further analysis. 
Fig. 1. Visualization of the results of TMS mapping of the occipital cortical area: Comparison of Experimental Results Provided by Neuronavigation 

Software (Left) and Generated by the Presented Method (Right and Middle (view from up above)). The area highlighted shows an example of TMS 

pulses falling into the sulcus (indicated by arrows). 
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Fig. 2. Overview of the MRI data processing pipeline: A) MRI data presented in neuronavigation software showing selected fiducials marked on 

different MRI projections (arrows indicate their location). The sagittal projection (lower left) shows the fiducial marking the posterior commissure 

(PC) with corresponding coordinates. B) Exported MRI data from the neuronavigation software displayed in Slicer 3D with fiducial data (arrows 

indicate their location). C) Brain separated from the skull and other non-brain structures. D) 3D model of the segmented brain. E) 3D model of the 

segmented fiducials. 

 

 

 

 

 

 

Method description 

Since the proposed method is designed for visualization of data obtained in a neuronavigational TMS study, it requires the use of

individual MRI data with all fiducials marked via NN software before the start of the TMS experiment (see Fig 2 , A). In this article,

we present a pipeline with example screenshots from the NN software Visor2 (ANT Neuro, Netherlands). This is a commonly used

software with standard tools, so data obtained with other NN packages can also be processed using the presented pipeline. 

Data preprocessing 

1. Create fiducials before starting the TMS session. There are several ways to set them [ 8 ]. In the example shown in Fig. 2 A, there

are nasion, left and right tragus, AC and PC fiducials. Each of these has individual position coordinates that will be needed

later as they create a common coordinate system for the brain model and the TMS coil. It is important to create at least 3

fiducials to align the coordinate systems correctly. 
3 
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2. At the end of the TMS experiment export the MRI data and data containing the coil coordinates from NN software. Make sure

to include the fiducials as part of the MRI data (see Fig 2 , B). 

3. Process the MRI data in Slicer 3D ( http://www.slicer.org , Surgical Planning Laboratory, Harvard University, Boston, MA, USA, 

version 4.11.02) to obtain 3D models of the brain and the fiducials. Separate the brain from other tissues manually or by using

special plugins e.g. Skull Stripper, which automatically creates masks for brain segmentation [ 11,12 ]. see Fig 2 , C). To extract

fiducials, move threshold to maximal value so to extract only white matters (as fiducials are). As we can see on Fig 2 , D, the

ventricular system can be extracted too. 

4. Save the two 3D models (brain and fiducials) as STL files. It is important to mention that Slicer 3D creates a new coordinate

system when exporting, this issue will be dealt with in the next steps. 

5. Brain 3D model pre-processing. The model obtained during segmentation in 3D Slicer may contain artifacts. It is important to

fix them before running the script, as they affect the projection of TMS pulses onto the cortex. It is possible to use any program

that allows the manipulations of the model and its vertices. In this example, Blender version 3.0 or above is recommended

(Blender documentation can be found here https://docs.blender.org/ ). 

1. Deleting unnecessary mesh islands . In case there are unnecessary parts representing scalp or brain meninges or lots of

random unsensed points (vertexes) selecting and deleting mesh islands could be used. Senseful islands are to be selected 

by hovering above them in Edit mode and pressing L on a keyboard. This operation can be repeated to include all target

mesh islands into one selection. To invert selection Ctrl + I could be used resulting in selection of all unnecessary mesh

islands that could eventually be deleted by pressing X (or Mesh/Delete/Vertices). 

2. Fixing normals. The common segmentation artifact is flipped polygon normals: some polygon normals are directed 

inside of the model, others are directed outside of the model. To fix it the Recalculate Outside function can be used

(Edit mode, Mesh/Normals/Recalculate outside or Shift + N in Edit mode). This function recalculates the normals of 

selected mesh so that they point outside the volume that the face belongs to ( docs.blender.org/manual/ 17 dec 2022 ).

Save the fixed model in STL format for the next step. 

Calculation of TMS pulse projections to the cortex in Blender software 

1. Import the 3D models of preprocessed brain and fiducials into Blender. This can be done by using the “File ” menu and selecting

“Import ” followed by the appropriate file type (e.g. STL). 

2. Open the scripting mode and run the first part of the Python script that generates the fiducial meshes (use the fiducial co-

ordinates taken from the NN software). Place 3D models of the brain and fiducials so as to match them with the generated

fiducial meshes. Use Move and Rotation tools to put your fiducials model in the same position as the generated one. Make sure

generated fiducials and MRI fiducials intersect closely. It is crucial to place the brain 3D model in the coordinate system of the

TMS coil coordinates. Apply a new coordinate system of the brain model by pressing Object- > Apply- > Location or Ctrl-A. 

3. Read the data containing the coil position and orientation coordinates (in the script specify a path to files containing the TMS

coil coordinate and orientation data exported from the NN software) and run the second part of the script, which by using these

data generates magnetic field gradient vectors as 3D meshes. These meshes are long rectangles which start from the position

equal to the coil position, and direct along the coil orientation towards the cortical surface. The coil orientation is presented

as a vector consisting of four components: w, x, y, and z. Such mathematical representation of 3D orientation corresponds to

quaternions. The w component represents the angle of rotation, while the x, y, and z components represent the axis of rotation.

One advantage of using quaternions to represent orientation is that they can avoid "gimbal lock’’ which is a phenomenon that

can occur when using Euler angles (see [ 13 ]). To orient meshes of vectors correctly it is needed to change the rotation mode

of a mesh from Euler to Quaternion (see Section 6 in Supplementary files). If the coil coordinates and orientations were read

properly, the meshes of vectors should intersect the cortical surface of the brain model (see Fig. 3 ). 

4. On the next step the algorithm finds the coordinates of all the intersected polygons and collects them into the list-type object.

5. The TMS-affected cortical points can only be determined by selecting the outer surface (i.e. cortical) polygons among all brain

polygons intersected by the mesh of omitted vectors. In our algorithm, this is done by selecting the intersected polygons with

the highest sum of all coordinates. The selected coordinates are used to create spheres representing the TMS pulse markers.

The size and color of each sphere can be adjusted for different experimental purposes. (see Section 9 in Supplementary files). 

Post-processing of the segmented 3D model 

Artifacts of segmentation process in the model of the brain could affect visual appearance. For the best visualization results,

artifacts could be fixed manually. This should be done after running the script, otherwise mesh changes may affect the accuracy of

the proposed method. 

The artifacts and issues that are most commonly encountered are listed below. We propose to solve them in that order. 

Decreasing polygon count 

A model may have an excess amount of polygons. The Decimate modifier decreases the polygon count without losing details

( docs.blender.org/manual/ 17 dec 2022 ). It is necessary to apply the modifier to change the actual mesh. 
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Fig. 3. A - Rectangular meshes aligned with the coil Position and Orientation data, intersecting the cortical surface of the Brain Model. B - Close 

view: cursor pointing intersected cortical polygons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inflation of gyrus 

Another common segmentation artifact is deflated gyrus. gray matter of gyrus has insufficient contrast which leads to po-

tential loss of data about gyrus gray matter volume. This issue can be solved by using the Shrink\Fatten tool (Alt + S or

Mesh/Transform/Shrink/Fatten). This tool moves selected vertices/edges/faces along their own normal resulting in inflation of gyrus 

y ( docs.blender.org/manual/ 17 dec 2022). 

Inflation of gyrus in sculpt mode 

Sometimes gyrus still does not have enough volume due to segmentation issues and lack of polygons in particular areas of cortex.

In that case it is also possible to add polygon counts and apply inflation on desirable parts of a mesh in sculpt mode. To do so the

Blender interface needs to be switched to sculpting mode by selecting the corresponding option above the viewport (the model should

be in Object mode and selected). Ticking the Dyntopo option on the right upper corner of the interface allows adding polygons while

sculpting. This option is dependent on viewport zoom level by default and can be switched off ( docs.blender.org/manual/ 17 dec 

2022). The less input px count is put - the higher polygon count can be achieved. It is necessary to be aware of adding too many

polygons: it will be impossible to get rid of excess polygon count by Decimate Modifier. To inflate areas of cortex Inflate brush needs

to be used. 

Smoothing 

If smoothing by shading smooth (right click on the object/shade smooth) is not enough Smooth Modifier can be used

( docs.blender.org/manual/ 17 dec 2022). The Smooth modifier smooths a mesh by flattening the angles between adjacent faces 

in it. It is needed to apply the modifier to make sure it affects the actual mesh. 

Additional edits 

In case the model still has visible artifacts manual edits are needed, e.g. closing holes, filling gaps in gyrus, removing meningitis

parts. Basic skills in 3D modeling are required. 

Limitations 

There are some limitations of the presented method that can impact its accuracy. The quality of the MRI images can be negatively

affected by factors such as movement artifacts and low signal-to-noise ratio, as well as low spatial resolution. The example presented

here is based on a brain model reconstructed from MRI data obtained using 1.5 Tesla tomography, which has a spatial resolution of

approximately 1–2 mm in the plane and 3–5 mm through the plane. On the other hand, 7 Tesla MRI can achieve a spatial resolution

of around 0.4–1 mm in the slice plane and 1–2 mm in the through-plane direction [ 14 ]. 

The accuracy of the method may also be influenced by errors in the referencing procedure, as the anatomical fiducials marked

on the participant’s head may differ from those determined from the MRI data. Additionally, the pre-processing of the brain model

may impact the precision of the method. The decrease in the number of polygonal elements in the model (model decimation) can

affect the coordinates of the polygonal elements and thus the reconstructed position of the stimulated cortical sites. Therefore, it is
5 
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Fig. 4. A,B - Visualization of the results of visual cortex mapping obtained through TMS-induced phosphenes analysis. Special markers on the cortical 

surface indicate points where TMS stimulation led to phosphene occurrence. The color of markers on (B) represents the position of corresponding 

phosphene in the visual field. C - Example of several phosphenes elicited by TMS applied to specific areas of the visual cortex: the numbers of 

phosphenes correspond to the numbers near the coloured markers on the cortical surface; It can be seen that phosphenes were elicited in the visual 

field contralateral to the stimulated hemisphere. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

recommended to optimize the model after reconstructing the TMS pulses. However, these fluctuations are considered to be negligible

compared to the resolution of the TMS and can be ignored. The use of Blender for 3D data processing is highly recommended, as it

is an open-source package that is actively integrated into neuroimaging data processing, such as the example at https://github.com/ 

ezemikulan/blender _ freesurfer . 

Applications 

The method discussed above is applicable to a range of TMS mapping studies, including investigations of primary motor cortex

excitability and visual cortical neuron specificity. An example is provided below to demonstrate the use of this method in analyzing

and presenting results from a TMS-induced phosphene study of primary and secondary visual cortices (for more information on

TMS-induced phosphenes, see [ 15 ]). 

Phosphenes’ location in the visual field depends on the specific area of the visual cortex that was stimulated by TMS, which is

determined by the position and orientation of the TMS coil. It is widely accepted that phosphenes follow the principle of contralateral

specificity, meaning that stimulation of the left visual cortex would cause phosphenes to appear on the right side of the visual field.

However, some visual areas do not conform to this pattern, and TMS-induced stimulation of these regions can result in ipsilateral

phosphenes In Fig. 4 , the results of TMS mapping of the visual cortex are presented, demonstrating the specific cortical sites that were

stimulated by TMS (spheres) and their shading, indicating the lateral direction (the color gradient corresponds to the direction from

the right to the left periphery of the visual field) of the phosphenes in the visual field. The lateral direction of each phosphene was

determined by analysis of pictures drawn by the participant (for example, see Fig. 4 ,C). The participant’s brain model was created

using MRI slices, and the locations of all TMS-affected cortical sites were reconstructed using coil coordinates. This brain model with

stimulated points obtained by the presented method can be used to systematically analyze the contralateral specificity, excitability, 

and other properties of different parts of the visual cortex. Moreover, it provides information on whether the TMS pulse was applied

to a gyrus or sulcus. This information can be obtained through visual inspection or automatically by examining the coordinates of

the reconstructed stimulated cortical sites, which can then be exported for further analysis. 
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