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ABSTRACT 

Background: Most repetitive transcranial magnetic stimulation (rTMS) studies aiming to 

reduce auditory verbal hallucinations (AVH) in schizophrenia target the left temporo-parietal 

junction (TPJ), but the efficacy of this approach remains controversial. The observed 

differences in efficacy could be attributed to inaccurate target localization. Here, to precisely 

quantify anatomical bias induced by localization method, we developed a free open-source 

software (GeodesicSlicer) that computes shortest curved path (i.e. geodesic) between rTMS 

targets. Here we compare a personalized target with accurate anatomical criteria with a 

standardized target based on the 10-20 EEG system (the middle between T3 and P3 

electrodes: T3P3).  

Methods: We compare in 69 patients with schizophrenia the geodesic distances of two 

approaches for rTMS target localization within the left TPJ. In addition, we characterize the 

personalized target according to the 10-20 EEG system.  

Results: A differential of 3 cm in term of geodesic distance between rTMS localization 

approaches was observed. Moreover, this personalized target to treat AVH is located at 25% 

in the T3-P3 axis. 

Conclusions: This software for rTMS localization comparison demonstrates the difference 

between standardized and personalized rTMS target. This difference has the potential to 

explain a part of the dissonant clinical results found in previous rTMS studies. 

 

 

Keywords 

Schizophrenia; rTMS; T3P3; auditory verbal hallucinations; geodesic distance; software. 

  

https://www.slicer.org/wiki/Documentation/4.10/Modules/GeodesicSlicer
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1. Introduction 

Repetitive transcranial magnetic stimulation (rTMS) over the left temporo-parietal 

junction (TPJ) has emerged as a treatment to reduce auditory verbal hallucinations (AVH) in 

schizophrenia (Dollfus et al., 2016a; Hoffman et al., 1999, 2000). The TPJ is involved in both 

language processes and AVH (Kühn and Gallinat, 2012), however previous studies targeting 

rTMS to the left TPJ have reported inconsistent efficacies (Dollfus et al., 2016a; Kennedy et 

al., 2018; Montagne-Larmurier et al., 2011; Slotema et al., 2014). These inconsistencies could 

be due to the study design (sham condition or not, type of clinical study, the type of coil used, 

…) (Dollfus et al., 2016b), different stimulation frequency (Dollfus et al., 2018, 2016b), and 

inaccurate site determination, depending on different approaches to target the TPJ rTMS site 

(Donaldson et al., 2015; Sack et al., 2009). The TPJ is a supramodal association area, with no 

consensus on coordinates or anatomical landmarks (Bzdok et al., 2013). This large area 

contrasts with the sharp shape focality of the rTMS magnetic field (Cohen et al., 1990). 

Consequently, rTMS efficacy might be improved by a better target identification that might 

decrease the inter-subjects variability (Nathou et al., 2015; Ruohonen and Karhu, 2010). One 

way is to take into account the anatomical variability since previous reports have shown that 

the effects of the stimulation are proportional to the distance from the stimulation to the target 

(Cohen et al., 1990; Fadini et al., 2009). However, most clinical applications are based on 

standardized targeting methods that do not take into account for individual anatomy, which 

can contribute to suboptimal clinical responses compared to other methods such as 

personalized targeting techniques based on individual brain imaging (Herbsman and Nahas, 

2011). 

Currently, there are two methods for targeting the TPJ. On one hand, the Standardized 

Target method (ST) uses the standardized T3P3 site according to the International 10–20 

system of electroencephalogram (EEG) electrode positioning (Jasper, 1958; Klem et al., 
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1999). This site determination is widely applied for positioning the coil in the cognitive 

neurosciences and in psychiatric treatments, but is known to be a rough estimation, especially 

given its variable projections on the individual brain (Herwig et al., 2003). On the other hand, 

the Personalized Target (PT) method based on the magnetic resonance imaging (MRI) 

(Sommer et al., 2018, 2007) uses the subject’s own structural or functional images to guide 

target placement (Herwig et al., 2001; Sack et al., 2009). While the findings of Sack and 

colleagues revealed a systematic behavioral difference between these TMS localization 

approaches (Sack et al., 2009), no tools allow to compare the rTMS site determination. 

Recently in a PT study, we observed a significant improvement of AVH after delivering 

rTMS at one accurate anatomical site (Dollfus et al., 2018). We therefore postulated that 

choosing ST using 10-20 EEG system over PT using anatomical landmarks could induce an 

anatomical bias able to explain clinical outcomes. In order to precisely quantify this 

anatomical bias, and because using different TMS targeting methods will lead to somewhat 

different scalp targets, we developed a free open-source software: GeodesicSlicer (Briend et 

al., 2020), that computes the shortest path at scalp-surface between any rTMS targets, whether 

localized by MRI-guided neuronavigation or by the 10-20 EEG system.  

2. Material and methods 

2.1. GeodesicSlicer: Toolbox for rTMS localization comparison 

The ST localization corresponding to a particular scalp position (T3P3) and the PT 

localization determined by computerized cortical MRI scan must be in a common space to be 

properly compared. To reach this goal, we developed the open-source tool GeodesicSlicer 

(The code and description are available in the Wikipage) (Briend et al., 2020). This software 

is based on the geodesic distance measurement (defined as the shortest path between two 

points in a curved space) at scalp-surface calculated on a mesh morphed to participant-

specific brain MRI. The provided toolbox creates 3D mesh morphed to the structural MRI 

https://www.slicer.org/wiki/Documentation/4.10/Modules/GeodesicSlicer
https://www.slicer.org/wiki/Documentation/4.10/Modules/GeodesicSlicer
https://www.slicer.org/wiki/Documentation/4.10/Modules/GeodesicSlicer
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head data of the participant and implements Dijkstra's algorithm to calculate the shortest path 

to the vertices of a triangle on a mesh (Dijkstra, 1959). Thanks to the Dijkstra's algorithm and 

according to the international guidelines of the 10-20 EEG (Jasper, 1958; Klem et al., 1999), 

an individualized 10-20 system EEG was projected onto the head surface of the participant 

(see Fig. 1). Finally, the software calculates the geodesic distances between any given rTMS 

localizations. The guidelines to realize that is described in the toolbox documentation on our 

Wikipage (via the steps of the “Parameters to find the shortest path” module of the software: 

https://www.slicer.org/wiki/Documentation/Nightly/Modules/GeodesicSlicer#Parameters_to_

find_the_shortest_path). 

2.2. Standardized site determination (ST) 

Sixty-nine T1-weighted images of schizophrenia patients (SZ; 37.81 ± 8.86 years; 26 

women, DSM IV-TR (American Psychiatric Association, 2000)) recruited from our previous 

studies (Dollfus et al., 2018; Maïza et al., 2013; Montagne-Larmurier et al., 2011) were 

included to locate ST on their individual meshes.  

Imaging was performed with a 3-Tesla scanner (Intera Achieva 3T, Philips Medical 

System, the Netherlands) to acquire a T1-weighted whole-brain anatomical image [3D-FFE-

TFE sequence; matrix size, 256 × 256 with 180 contiguous slices; field of view: 256 mm; 

isotropic resolution, 1 mm; sagittal slice orientation; repetition time: 20 ms; echo time: 4.6 

ms; flip angle: 101°; inversion time: 800 ms; SENSE factor, 2]. 

Triangle meshes morphed to participant-specific MRI native space were reconstructed 

from the 69 T1-weighted whole-brain anatomical image using 3D Slicer software (Fedorov et 

al., 2012; Pieper et al., 2006) (http://www.slicer.org, “editor toolbox” version 4.10, 

implemented in GeodesicSlicer).Then four anatomical landmarks based on the standard 

landmarks of the skull used in the 10-20 system EEG were manually placed by a 

neuroimaging expert for the essential positioning of the electrodes: the nasion, the inion, and 

http://www.slicer.org/
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the left and right tragi. Finally, the GeodesicSlicer toolbox reconstructed the 10-20 system 

EEG onto the head surface with T3P3 (here designated ST) in the center of the segment 

delimited by T3 and P3 according to the 10-20 electrode system of the International 

Federation (Jasper, 1958; Klem et al., 1999) (Fig. 1). For localization approaches comparison, 

each set of ST coordinates (n=69) were then individually transformed to a normalized 

stereotactic space (MNI) with SPM12 and plotted on the scalp of the MNI MRI single-subject 

mesh. 

2.2.1. Validity of the measure 

Eight controls (35.77 ± 5.29 years; 2 women) were included to assess the validity of 

the GeodesicSlicer method. The placement of the nasion, inion, and the two tragi determines 

the position of the electrodes in the 10-20 system EEG (Klem et al., 1999). We measured the 

distances from the nasion to the inion and from the left tragus and the right tragus in the 

controls with a measuring tape, as established in the 10-20 EEG guidelines (Klem et al., 

1999), and compared them to the same distances calculated by GeodesicSlicer. A Bland–

Altman plot was used to assess test reliability from these two measurements (Bland and 

Altman, 1999). 

 

2.2.2. MNI Location of ST 

An in-house MATLAB program was used to determine the anatomical appellation of 

the area corresponding to the ST and PT coordinates reported in the automated anatomical 

labeling (AAL) atlas of the MNI MRI single-subject brain (Tzourio-Mazoyer et al., 2002). 

The scalp position T3P3 was projected to the brain surface with the way how TMS effects 

project to the brain (i.e., perpendicular to the scalp-surface). 

 

2.3. Personalized site determination (PT) 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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One parallel, randomized, double-blinded, and sham-controlled study using the PT 

method with significant AVH reduction was selected. This study reported a site anatomically 

determined at the crossing between the projection of the ascending branch of the left lateral 

sulcus and the left superior temporal sulcus named as PTD  (see Supplementary Data Video 1 

in (Dollfus et al., 2018)). PTD was first manually placed on the 69 T1-weighted images and 

then each location was individually transformed to a normalized stereotactic space (MNI) 

with SPM12. Each PT point (n=69) was then plotted on the scalp of the MNI MRI single-

subject mesh (cf. Fig. 2). 

 

2.4. Comparison of the PT and ST locations 

We plotted the 95% confidence ellipsoids (Friendly et al., 2013) associated with the 

PT (n=69) and ST (n=69) distributions to characterize the PT and ST locations. Because PT 

and ST point distributions (D) followed normal distributions (N), DPT ~N (μ PT, 𝛴 PT) and DST 

~N (μ ST, 𝛴 ST) in which μ is the center of mass of D and 𝛴 is the covariance matrix of D, the 

confidence regions R(D) were computed as follows: 

𝑅 = (𝐷 − μ)′𝛴−1(𝐷 − μ) ≤
𝑝

(𝑛−𝑝)
𝐹0.05,𝑝,𝑛−𝑝   (1) 

where F is the Fisher distribution, the dimensionality p = 3, and the number of target positions 

is designated as RPT n=69 and RST n=69. 

Hotelling’s T²-test (Hotelling, 1931) was used to test for differences in location 

between groups (PT vs. ST) at an alpha level of 0.05 (using the “Hotelling” package in R 

(Curran, 2017)). The geodesic distances between the centers of the two ellipsoids (μ PT, μ ST) 

were calculated to characterize the mean distance between PT and ST on the MNI MRI 

single-subject mesh and on each 69 participant-specific MRI native space meshes. 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.r-project.org/
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The geodesic distances between PT (μ PT) and the T3 electrode and PT (μ PT) and the 

P3 electrode were determined in order to describe the mean PT position in terms of the 

landmarks of a 10-20 system EEG. 

All the geodesic distances were computed with GeodesicSlicer.  

https://www.slicer.org/wiki/Documentation/4.10/Modules/GeodesicSlicer
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3. Results 

3.1. Standardized site determination (ST) 

3.1.1. Validity of the measure 

The limits of agreement of Bland–Altman plots of the nasion-inion distances were 

from −0.82 to 1.96 cm, with a mean difference of both measures of 0.57 ± 0.70 cm (range, 

−0.64 to 1.59 cm), and from −0.52 to 1.82 cm for the tragus-tragus with a mean difference of 

0.65 ± 0.59 cm (range, −0.16 to 1.53 cm), showing that the reliability between the measures 

calculated by GeodesicSlicer and manually was consistent. 

3.1.2. MNI Location of ST 

The standardized site determination showed that projected T3P3 targets were 

widespread: 1.44% points were in the left inferior parietal gyrus, 1.44% were in the left 

inferior temporal gyrus, 4.34% were in the left angular gyrus, 4.34% were in the left superior 

temporal gyrus, 30.43% were in the left supramarginal gyrus, and 57.97% were in the left 

middle temporal gyrus. In contrast for PT, 1.4% points were in the left supramarginal gyrus, 

7.2% were in the left temporal superior gyrus and 91.3% were in the left temporal middle 

gyrus. 

 

3.2. Comparison of the PT and ST locations 

Figure 2 shows both PT and ST patterns and their confidence regions. No RPT points 

(where μ PT; x= -84.17, y= -39.12, z= 1.95) was contained in the confidence region of RST 

(where μ ST; x= -77.39, y= -63.42, z=15.67). The group location difference was significant (T2 

3,134 = 1150.04, P < 0.001), and PT was below and in front of ST at a distance of 3.01 cm on 

the MNI MRI single-subject mesh or at a mean of 2.95 ± 0.73 cm (n=69) on participant-

specific MRI native space meshes. 
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In native spaces, the distances between on one hand PT (μ PT) and T3 and on the other 

hand P3 and T3 were 2.76 ± 0.79 cm and 11.09 ± 0.90 cm, respectively, in the 10-20 system 

EEG. Thus, PT was located at the junction between the first and the second quarter of the 

T3P3 segment.  
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4. Discussion 

Although hypothetical in nature, the highly variable TMS locations are causally 

related to inconsistent clinical outcomes in previous TMS-AVH studies. Here we 

demonstrate, thanks to a new and free open-source software (GeodesicSlicer) as a common 

easy-to-use software for rTMS localization comparison, a differential of nearly 3 cm 

(geodesic distance) between personalized rTMS target efficient on AVH (Dollfus et al., 2018) 

and the standardized T3P3 method. These 3 cm represent a large distance since the electric 

field induced by rTMS drops by more than two at a distance of 2 cm from the center of the 

coil in the brain tissue (Cohen et al., 1990; Fadini et al., 2009). 

4.1. The T3P3 localization 

The likelihood of experiencing AVH is influenced by impaired activity in the vicinity 

of the posterior part of the superior and middle temporal gyrus which is part of the TPJ (Kühn 

and Gallinat, 2012). However, the present results show that more than one third of ST 

locations were outside this focal area. The remaining two thirds of the ST sites were located 

over the left superior or middle temporal gyrus that borders the superior temporal sulcus, 

supporting the large variability of the location of ST and the fact that the stimulation target 

does not necessary correspond to the intended target. This is probably due to the large inter-

individual anatomical variability (Herwig et al., 2003) and could explain the discrepancy in 

terms of efficacy when using ST (Dollfus et al., 2016a; Slotema et al., 2014). These results 

support the need for more precise rTMS localization. 

4.2. The personalized target localization 

Recent findings suggest that focal brain stimulation should be guided in a personalized 

manner (Lahti, 2016; Sommer et al., 2018) since personalized medicine for the treatment of 

psychosis allows for the consideration of substantial inter-individual variability (Lahti, 2016). 

Interestingly, recent parallel, randomized, double-blinded, and sham-controlled studies in 

https://www.slicer.org/wiki/Documentation/4.10/Modules/GeodesicSlicer
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which rTMS was delivered by individualized neuronavigation over the left superior temporal 

sulcus (separating the superior temporal gyrus from the middle temporal gyrus, both regions 

imply in AVH (Kühn and Gallinat, 2012)) around the Wernicke’s area showed consistent 

AVH improvements (Dollfus et al., 2018; Hoffman et al., 2013; Kindler et al., 2013). In 

contrast, a clinical trial that directly compared the 10-20 method with a personalized method 

guided by maximal fMRI activation did not find superiority of the personalized method and 

did not even find superiority to sham stimulation (Slotema et al., 2011). In the same way, 

another research team used neuronavigation systems integrating morphological and functional 

imaging data to determine that Heschl’s gyrus as the stimulation target rather than Wernicke’s 

area (Blumberger et al., 2012). AVHs were not significantly improved in that study, probably 

because Heschl’s gyrus is in the depth of the lateral sulcus and above and in front of 

Wernicke’s region. Taken together, these findings highlights the importance of accurate rTMS 

site determination, and enlighten Wernicke’s region seems to be a site-optimized protocol for 

some clinical benefit in patients with persistent AVH (Donaldson et al., 2015; Hoffman et al., 

2013). In addition to anatomical variability, rTMS efficacy could also be related to different 

frequencies and study designs used (Dollfus et al., 2018, 2016b). A strong effort to 

individualize these approaches should have be done, as for example calculating the correction 

factors for each patient to adjust the rTMS dose for the treatment (Briend et al., 2020). 

In addition to the inter-individual differences found with the T3P3 method, these 

results clearly indicate a need for better and more accessible localization techniques for rTMS 

optimization. We determined an accurate anatomical site in the left TPJ within the left 

Wernicke’s region considered to be the best region for stimulation to reduce AVH (Hoffman 

et al., 2007) that can be easily identified and reproducible in clinical practice (Dollfus et al., 

2018). It is close to the PT sites used in other studies reporting rTMS efficacy for the 

reduction of AVH (Hoffman et al., 2013), supporting the fact that the posterior part of the left 
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STG is a relevant region for AVH treatment by rTMS (Dollfus et al., 2018; Hoffman et al., 

2013; Montagne-Larmurier et al., 2011). 

Our results also suggest that a stimulation target around the junction between the first 

and the second quarter of the T3P3 segment should be used when individualized methods 

based on neuroimaging techniques and/or neuronavigation system are not available. However, 

it is important to remember that ST does not account for inter-subject differences in cortical 

anatomy or skull size.  

4.3. GeodesicSlicer 

GeodesicSlicer is implemented as a free extension of the widely used 3D Slicer 

medical image visualization and analysis application platform (http://www.slicer.org 

(Fedorov et al., 2012; Pieper et al., 2006)). GeodesicSlicer uses cortical stimulation target 

from either functional or anatomical image to provide functionality specifically designed for 

Non-invasive brain stimulation therapy research. This module can compute geodesic paths 

between any rTMS targets, whether localized by MRI-guided TMS neuronavigation or 

localized by 10-20 EEG position. Based on Andoh’s triangulation-based MRI-guided method 

(Andoh et al., 2009), this module could also calculates the geodesic distances between the 

projected stimulation target and the position of the 3 nearest electrodes in the individualized 

10-20 system EEG in order to guide the stimulation (Briend et al., 2020). Please refer to the 

toolbox documentation on our Wikipage for detailed steps. This method provides a reliable 

and inexpensive way to position the TMS coil that can be used in case of unavailable online 

neuronavigation like in a clinical setting (Briend et al., 2020), but also in comparing different 

localizations due to different target modalities via the “Parameters to find the shortest path” 

module of the software. For any sort of questions, feedback, suggestions, or critique, please 

visit the 3D slicer support forum. 

4.4. Study limitations 

https://www.slicer.org/wiki/Documentation/4.10/Modules/GeodesicSlicer
http://www.slicer.org/
https://www.slicer.org/wiki/Documentation/Nightly/Modules/GeodesicSlicer#10-20_system_electrode
https://www.slicer.org/wiki/Documentation/Nightly/Modules/GeodesicSlicer#Parameters_to_find_the_shortest_path
https://discourse.slicer.org/t/welcome-to-the-3d-slicer-forum/8
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This study has some limitations. First, the different ST and PT locations were not 

analyzed in view of clinical outcomes, highlighting the need for further prospective and 

controlled studies. Second, the ST location was not directly located on the subject head but 

was calculated with Dijkstra's algorithm via GeodesicSlicer and then was compared with PT 

target. The path precision calculated by the Dijkstra's algorithm depends on the length of the 

triangle edges determined by the number of triangles created during the mesh generation and 

could add some variability. However, the triangle size is low compared to the difference 

found between the two approaches for rTMS target localization and the Bland-Altman plot 

showed a good reliability of GeodesicSlicer. Moreover, we compared ST and PT exact points, 

but it would have been good to evaluate if previous ST studies place or not the magnetic coil 

exactly on top of T3P3 or little more anteriorly to that point to reach more posterior part of the 

temporal gyrus, but usually no precise descriptions, like MNI coordinates, was given in the 

ST studies (Dollfus et al., 2016a). 

5. Conclusions 

In summary, the discrepant efficacy results previously reported in rTMS studies 

(Slotema et al., 2014) may be related to the choice of a generic target site located at T3P3 

(Fitzgerald et al., 2005; Herwig et al., 2003), which does not necessarily overlap with the left 

language areas involved in AVH (Hoffman et al., 2000; Kühn and Gallinat, 2012). It is why 

we propose a new and free open-source software (GeodesicSlicer) as a common easy-to-use 

software for rTMS localization comparison. 

https://www.slicer.org/wiki/Documentation/4.10/Modules/GeodesicSlicer
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7. Figures 

 

Fig. 1. Screen-shot of the GeodesicSlicer program. The user: 1) Enters the T1-weighted 

whole-brain anatomical image 2) Creates the triangle mesh 3) Places four anatomical 

landmarks: the nasion, the inion, the left tragus and the right tragus. 4) Executes the program 

that creates 3D mesh morphed to the structural MRI data of the participant and calculates the 

10-20 system EEG with T3P3. Geodesic distances are computerizes from the “Parameters to 

find the shortest path” widget. 

  

https://www.slicer.org/wiki/Documentation/4.10/Modules/GeodesicSlicer


24 
 

 
 

 

Fig. 2. 3D mesh morphed from the structural MNI MRI single-subject brain with different 

rTMS targets. Purple: the MNI location of the standardized target (T3P3, n=69) for which 

center is in cyan and given by x= -77.39, y= -63.42, z= 15.67. Orange: the MNI location of 

Dollfus’s target (n=69) for which center is in red and given by x= -84.17, y= -39.12, z= 1.95 

(once projected). Ellipsoids represent 95% confidence regions associated with distributions 

of personalized targets in yellow and standardized targets in purple. 

 


