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Deep Brain Stimulation (DBS) is a neurosurgical procedure that involves implanting 
electrodes into specific brain regions to treat brain disorders. Accurate reconstruction 
of electrode placement is crucial for treatment optimization. Several systems, such as 
Lead-DBS, have been developed to reconstruct DBS electrodes, and typically require 
expert user input. However, open DBS datasets with reference electrode localizations are 
not available, posing a challenge to train research personnel on accurate use of these 
methods. In this paper, we introduce Lead-Tutor, an open-access educational resource 
that combines an imaging dataset of anonymized DBS cases with a software tool for 
self-teaching. This resource includes a dataset of pre- and post-operative magnetic 
resonance imaging (MRI) and computed tomography (CT) scans from ten patients with 
DBS implants. Along with this dataset, we provide a means for users to practice and 
enhance their electrode localization skills through the Lead-DBS pipeline. Aimed at new 
scientists in the DBS field, Lead-Tutor is a comprehensive resource available within 
Lead-DBS that promotes open science and education for enhanced reproducibility and 
potential clinical applications. 

INTRODUCTION 

Deep Brain Stimulation (DBS) is a neurosurgical therapy 
that involves the implantation of electrodes into subcorti
cal structures to deliver electrical impulses, modulate ab
normal neural activity, and alleviate aberrant symptoms. 
Originally developed to treat movement disorders,1 DBS 
has become an effective intervention for Parkinson’s Dis

ease (PD),2 Essential tremor (ET),3 epilepsy,4 and dysto
nia.5 Extending its capability beyond movement disorders, 
DBS is now applied to psychiatric conditions including Ob
sessive-Compulsive Disorder (OCD)6 and, as investigational 
use, major depressive disorder.7 

In DBS, identifying the optimal surgical targeting loca
tion is critical in achieving the best clinical outcomes across 
various disorders.8‑13 To analyze and associate clinical im
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provements with stimulation locations, electrodes need to 
be reconstructed using dedicated neuroimaging pipelines. 
Lead-DBS is a widely-used, openly available software tool 
that facilitates this process.9 The software integrates ad
vanced neuroimaging techniques with anatomical mapping 
to identify DBS electrode placement. 
Despite the advancement of toolboxes such as Lead-

DBS, accurate DBS electrode localization remains a semi-
automated process that is dependent on user skill. A recent 
study by Lofredi et al. quantified the inter-user reliability 
of DBS localizations among six users using Lead-DBS to 
localize electrodes in 20 PD patients.14 The findings indi
cated that user-induced variability was minimal. However, 
in this study, users received formal training to ensure cer
tainty in their reconstructions. Based on our internal expe
rience over the years, in which many lab trainees became 
acquainted with Lead-DBS, we believe that Lead-DBS elec
trode localizations performed by entirely untrained novices 
are often inaccurate. This poses a problem and underscores 
the importance of formal training for tools like Lead-DBS. 
Ideally, new users would be trained in experienced labs, but 
this is not always possible and in turn leaves gaps in valida
tion and consistency of electrode reconstructions. Though 
an open dataset with expert-localized annotations could be 
a valuable resource for trainees to practice and benchmark 
their skills, no such resource is available. 
To address this gap, we provide a comprehensive open 

dataset for users to train on, which includes fully 
anonymized pre- and post-operative medical images from 
patients with various neurological disorders. Furthermore, 
we developed a training module within Lead-DBS that al
lows users to submit their results and automatically com
pare them with the ground truth localizations by an expert 
team. In addition to expert solutions, a larger peer-group of 
non-expert users localized the data, which made it possible 
to establish standard-deviations of localization inaccura
cies. Upon submission of results, users will receive detailed 
graphical feedback on absolute difference from expert solu
tions and relative difference from non-expert solutions. By 
offering both the dataset and the training module, we aim 
to enable users to achieve greater precision in DBS elec
trode localization and enhance the effectiveness of DBS re
search. 

METHODS 

IRB APPROVAL AND DATA SHARING 

The Institutional Review Board (IRB) of Brigham and 
Women’s Hospital, Boston, MA, USA approved public shar
ing of a completely anonymized dataset of patient data 
(Protocol #2022P001215). Given the secondary use of med
ical records data, the study was exempt from obtaining in
formed consent. This dataset consists of Magnetic Reso
nance Imaging (MRI) images acquired without implanted 
electrodes (before surgery) and Computed Tomography 
(CT) images with implanted electrodes (after surgery). Ac
cording to IRB protocol, the dataset is available through the 
Open Science Foundation (OSF) for open download. Data 

may be used by the public to practice lead localizations, 
which could benefit future research studies by enabling sci
entists to practice and understand the non-clinical applica
tions of DBS electrode localizations. 

TRAINING DATASET 

Pre- and post-operative medical images from ten patients 
were retrieved from the Picture Archiving and Communica
tion System (PACS) of Brigham and Women’s Hospital, au
tomatically defaced, and stripped of any identifying meta
data. They were assigned entirely random IDs, and any 
links to identifying information were permanently re
moved, making it impossible for the investigators to 
reestablish links to patient identities. Basic demographic 
data (such as age, gender or clinical improvements) were 
deliberately excluded to ensure full anonymization. 

ELECTRODE RECONSTRUCTIONS 

To establish a ground truth of electrode reconstructions, a 
team of two experts and ten trained non-expert users lo
calized electrodes in all ten patients. Authors AH and CN 
served as experts, each having previously localized over 
1,000 electrodes. Their localization results were used to es
tablish the ground truth coordinates and rotations for the 
training dataset. To ensure that their results were consis
tent with each other, we computed the difference in dis
tance and angle for each electrode localization across the 
two solutions. For the purpose of this paper, we occasion
ally use the short-hand of ‘ground-truth’ to refer to these 
expert reconstructions. We must emphasize, that even the 
expert solutions do not necessarily represent a ground-
truth solution in the stricter sense, which would only be ob
tainable using post-mortem histological confirmation. 
Ten members of the Center for Brain Circuit Therapeu

tics, ranging from research assistants to postdoctoral fel
lows, who we refer to as non-experts, also performed lo
calizations on the training dataset. Each non-expert user 
had substantial expertise with Lead-DBS but had carried 
out less than ~100-200 localizations. Results of non-experts 
were used to establish typical standard deviations in recon
struction results. 
Figure 1 summarizes the Lead-DBS workflow that was 

carried out by each user and matches the default steps de
scribed in the associated methods paper.9 The process typ
ically begins with importing patient images (Figure 1A), 
which are converted from DICOM to NIfTI format and re
named into the Brain Imaging Data Structure (BIDS15) 
standard. Due to anonymization efforts, this very first con
version step was carried out centrally and users were given 
the ‘base dataset’ of defaced NIfTI images in native patient 
space. These pre- and post-operative images were then co-
registered to one another (Figure 1B). While Lead-DBS of
fers several co-registration algorithms for MR-MR and MR-
CT co-registration, the default options are Statistical 
Parametric Mapping (SPM16) and Advanced Normalization 
Tools (ANTs17), respectively. 
Users were free to choose the method most suitable for 

each patient imaging and to carry out registrations multiple 

Lead-Tutor: An open-access educational resource for deep brain stimulation electrode localizations

Aperture Neuro 2

https://osf.io/jxecg/?view_only=f2765a6aa3604dea8afa14365b70381c


Figure 1. Workflow of the Lead-DBS platform applied by each user.          
This figure illustrates the workflow of the Lead-DBS platform for DBS electrode localization of example patient 84257 from the training dataset. Key steps are highlighted including 
image import (A), co-registration (B), normalization (C), manual refinement with Warp Drive (D), brain shift correction (E), reconstruction of electrode trajectories (F), directionality 
detection (G) and rendering of the electrode scene (H). 

times as long as they believe results were accurate. By de
fault, the T1-weighted MRI serves as the ‘anchor modality’, 
i.e., images of other modalities are registered to this image. 
Following co-registration, volumes were spatially normal
ized to the ICBM 2009b nonlinear (Montreal Neurological 
Institute) space. By default, the SyN approach17 imple
mented in ANTs is applied with settings optimized for sub
cortical structures18 (Figure 1C). As with co-registrations, 
users were allowed to choose different methods that could 
be manually refined in the next step. Namely, after normal
ization, the WarpDrive tool19 was used to manually refine 
deformation fields to ensure precision of warps, especially 
around the target structure (Figure 1D). Users were asked 
to visually inspect and adjust the fit of atlas structures to 
patient-specific anatomy, ensuring precise registrations be
tween electrodes and target structures. This step is critical 
for improving the accuracy of the normalization, especially 
in anatomically variable regions. The brain shift correction 
algorithm was applied next, which refines the co-registra
tion between pre- and post-operative images based on sub
cortical masks which is helpful to reduce shifts introduced 
by pneumocephalus20 (Figure 1E). Users were then asked to 
‘pre-localize’ electrodes using either the PaCER21 or TRAC/
CORE22 algorithm and to subsequently manually refine lo
calizations using the dedicated viewer (Figure 1F). Finally, 
users were asked to reconstruct directionality of segmented 
electrodes with the DiODe (Directionality Orientation De
tection) tool23 as implemented in Lead-DBS,24 which facil
itates this process based on electrode artifacts visible on CT 
scans (Figure 1G). Results could be visualized in 2D or 3D 
views (Figure 1H). 

COMPARING ELECTRODE RECONSTRUCTIONS 

For each user and electrode, two variables were obtained: 
the distance between the reconstructed electrode coordi
nates and the expert ground truth coordinates, and the dif
ference between the reconstructed rotational angle and the 
expert ground truth angle. 

Electrode positions may be defined by coordinates of two 
points, which Lead-DBS internally refers to as ‘markers’. 
The ‘head’ marker is defined as the midpoint of the first 
contact level (lowermost), whereas the ‘tail’ marker is the 
midpoint of the last electrode level (uppermost). To ob
tain a single metric of deviation across users, the Euclid
ean distances were measured between each user’s head and 
tail marker positions and the corresponding expert ground 
truth positions in template space.14 These head and tail 
distances were then averaged to provide an overall devia
tion metric. 
The process of determining axial orientation of an elec

trode is implemented by use of a third reference marker, 
in Lead-DBS defined as the ‘y’ marker, which was used to 
compare its position with respect to the electrode direc
tion. The y marker, orthogonally offset from the line that 
connects head and tail markers, can point in any given (ro
tational) direction. To quantify directional differences, the 
vector pointing from the head to the y marker was projected 
onto the XY-plane, and then normalized, allowing us to fo
cus on direction relative to the patient’s head. This projec
tion was used to calculate the rotational angle (measured 
in degrees) for each user, and then compared to the expert 
reference angle to determine rotational difference. 
Standard deviations were calculated based on the devia

tions between the non-expert and (averaged) expert local
izations across the training dataset. For each patient, Eu
clidean distances and rotational differences were measured. 
The standard deviations of these distances were computed 
to provide a metric for assessing localization consistency 
and difficulty across the dataset. 

RESULTS SUBMISSION AND FEEDBACK ENVIRONMENT 

To allow users the ability to submit their localizations 
across the ten patients and compare them to ground-truth 
results established by experts, a webserver with an interface 
from Lead-DBS was built. Figure 2 outlines this framework. 
Upon submission of results, the head, tail and y markers are 
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Figure 2. Schematic representation of the Lead-Tutor technical pipeline.        
The training dataset is accessible from Lead-DBS. Once completed, the localization results (left) are sent to a web server and stored on the Lead-DBS API server (middle). Output is 
loaded to Lead-Tutor and data are fetched for charting. 

Table 1. The dataset contains anonymized Magnetic Resonance Images (MRI) and Computed-Tomography (CT)            
scans of 10 patients pre- and post-implantation of Deep Brain Stimulation (DBS) electrodes. Data was collected                 
at Brigham and Women’s Hospital (Boston, MA).        

Patient ID DBS Electrode Directional Target Condition Imaging 

15454 Medtronic (B33005) Yes STN Parkinson's Disease T1w, T2w, CT 

29781 Boston Scientific (DB-2202) Yes STN Parkinson's Disease T1w, T2w, CT 

33544 Boston Scientific (DB-2202) Yes STN Parkinson's Disease T1w, T2w, CT 

39468 Abbott (6172) Yes STN Parkinson's Disease T1w, T2w, FLAIR, CT 

57245 Boston Scientific (DB-2202) Yes STN Parkinson's Disease T1w, T2w, CT 

76325 Medtronic (3387) No GPi Dystonia T1w, CT 

78754 Boston Scientific (DB-2202) Yes VIM Parkinson's Disease T1w, T2w, CT 

80206 Boston Scientific (DB-2202) Yes STN Parkinson's Disease T1w, T2w, CT 

84257 Medtronic (B33005) Yes STN Parkinson's Disease T1w, T2w, CT 

93127 Medtronic (B33005) Yes CM Epilepsy T1w, T2w, FLAIR, CT 

STN: Subthalamic Nucleus, GPi: Globus Pallidus internal, VIM: Ventral Intermediate Nucleus, CM: Centro-Median nucleus; T1w: 1 bright tissue type weighted images, T2w: 2 bright 
tissue type weighted images, FLAIR: Fluid-attenuated inversion recovery images. 

transmitted to the web server which then compares results 
to the ground truth and visualizes comparisons through a 
react (https://react.dev) platform. The backend of this ar
chitecture was built using Fast API (https://fastapi.tian
golo.com), which processes the reconstruction data and 
computes the differences in distance and orientation of 
the electrodes. The feedback includes detailed performance 
metrics, offering both individual comparisons across cases 
and group-level summaries. 

RESULTS 

DATASET 

Imaging data from 10 patients from Brigham and Women’s 
Hospital (Harvard Medical School, Boston, MA, USA) were 
included in the dataset. Of the patients, eight were diag
nosed with Parkinson’s Disease, one with dystonia, and one 
with epilepsy. No additional information beyond the data 
reported in Table 1 was retrieved from medical records, and 
any links to patient identifiers were permanently destroyed. 
Critically, we deliberately included a small number of cases 
in which imaging was suboptimal to represent ‘challenging’ 
training cases. 

All patients were bilaterally implanted with DBS elec
trodes. Three different types of electrodes from three man
ufacturers (Abbott, Boston Scientific, and Medtronic) were 
used. Six of the patients were implanted with Boston Scien
tific (Vercise Cartesia DB-2202), two with Medtronic (Sen
sight B33005), one with Medtronic (3387), and one with Ab
bott (Infinity 6172) electrodes (Table 1). 
The dataset includes a range of pre-operative imaging 

modalities, including T1-weighted, T2-weighted, and 
FLAIR sequences. While some of these modalities may en
hance anatomical visualization of specific structures or im
pact reconstruction accuracy, we deliberately chose a het
erogeneous dataset to accustom users with differing input 
data during the training process. 

ELECTRODE LOCALIZATIONS 

Localizations carried out by experts had an average dis
tance of 0.37 mm between electrodes, and an average ro
tational difference of 4.68 degrees in standard stereotactic 
space. This minimal difference demonstrates the robust
ness of expert localizations, with independent agreement 
on both electrode position and orientation. We also eval
uated the accuracy of electrode localizations performed by 
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Figure 3. Positional and rotational differences in electrode localization between experts and non-experts.            
(A) Visualization of the difference between expert (red) and non-expert (black) localizations for patient 84257, where the least variance was observed across users. Electrodes are im
planted in the STN (in yellow). (B) The differences between expert and non-expert localizations for patient 15454, where the highest variance was observed. Electrodes are implanted 
in the STN (in yellow). (C) The 10 patients included in the training dataset were ranked by ascending difficulty of localization based on variance between experts and non-experts. 
The mean difference for positional localization was 0.66 mm when comparing non-expert localizations to the average expert solution. (D) Rotational difference for the 9 patients im
planted with directional electrodes. The mean difference for rotational localization (again comparing non-expert solutions to the average expert solution) was 20.31 degrees. 

non-experts. Non-expert localized electrodes had an aver
age distance of 0.66 mm from experts, and an average rota
tional difference of 20.31 degrees, which still shows robust 
agreement between results in the range that has been pri
orly reported (average difference of 0.72 mm as reported by 
Lofredi et al.14). 
Figure 3 visualizes differences in reconstructions across 

individual patients. Panels A and B represent the electrode 
trajectories for two example patients, comparing expert 
(red) and non-expert (grey) localizations. Panels C and D 
show Euclidean distance and rotational difference between 
non-expert reconstructions and the average expert solu
tions. Patients are ordered by increasing variance, which 
was later used to order the dataset in terms of ‘difficulty’ 
in the now publicly available training dataset. Rotational 
discrepancies appeared more variable in some patients, in
dicating the challenges non-experts face in consistently 
aligning electrode orientations. Troubleshooting determin
ing orientation of directional leads can found in this sub
section of the lab manual: reconstruct orientation of direc
tional leads. 

WEB INTERFACE 

The data displayed in Figure 4 shows comparisons of elec
trode localizations and rotations as performed by a single 
user against expert-defined standards. The visualized re
sults represent the performance of a skilled user; novice 
users may initially exhibit greater variability, which can be 
addressed through iterative practice supported by Lead-Tu
tor. 
The feedback is automatically generated using the Lead-

Tutor platform. The top panel indicates the Euclidean dis
tance between the user and expert lead localizations. The 
bottom panel shows rotational distance between the orien
tations of user and expert lead localizations. The electrodes 
on the left and right sides are compared across the patients 
in the training dataset. The background color bands repre
sent standard deviations derived from non-expert perfor
mance relative to experts. 
These bands provide context for users to see how their 

localizations compare to other (trained but non-expert) 
users: green represents localizations that fall within one 
standard deviation of expert accuracy, yellow represents up 
to two standard deviations, and red indicates larger devi
ations. Standard deviation bands were calculated for each 
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Figure 4. Lead-Tutor Feedback.   
A screenshot from the Lead-Tutor interface, displaying user localization results for each patient. The interface visualizes the Euclidean and rotational distances of electrode place
ments compared to expert benchmarks. The results are color-coded based on standard deviations, which are calculated from the performance of non-experts relative to experts for 
each patient. This feedback helps users identify whether their localizations fall within or outside the optimal range, guiding improvements in their accuracy and consistency. 

patient, since imaging quality in these varied, allowing for 
an increasing difficulty level within the dataset. 

DISCUSSION 

Lead-Tutor is a community resource that may fill a critical 
gap in DBS research by providing an openly accessible 
dataset to acquire skills in electrode localization. Based on 
imaging from ten anonymized DBS cases, and a tool to self-
test accuracy of electrode localizations, this resource al

lows researchers to refine their skills and ensure precision 
in electrode placement. 
Accurate localization is fundamental to DBS therapy, as 

optimal electrode positioning directly correlates with pa
tient outcomes.25 Similarly, accurate reconstructions of 
DBS electrodes are fundamental to creating meaningful 
representations in computer models and statistics across 
patients. By offering a structured means of self-study, Lead-
Tutor supports broader access to these valuable skills. 
One of the key contributions of this work is the provision 

of ground truth localizations performed by expert users, 
which serve as benchmarks for training. The additional in
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clusion of non-expert localizations may provide insights 
into the typical variability associated with electrode recon
structions, enabling trainees to gauge their own accuracy 
relative to experienced professionals. This is particularly 
relevant given the semi-automated nature of current DBS 
localization pipelines, where human intervention is still 
essential for achieving the highest level of precision. The 
average difference between experts and non-experts (0.66 
mm, ~20 degrees) demonstrated in our study is encourag
ing, as it suggests that with proper training, users can ap
proach high accuracy with errors in the magnitude of typ
ical voxel sizes in clinical imaging data (~0.5-1 mm). The 
differences in position (0.37 mm) and rotation (~5 degrees) 
between the two expert users were even lower, leading to 
nearly identical localizations. This supports the idea that 
the expert average provided by the tool represents a mean
ingful ground truth for training. 
While this manuscript primarily focuses on introducing a 

new dataset and self-testing tool for electrode localization 
via Lead-DBS, we acknowledge the value of offering addi
tional user guidance. To address this need, we have curated 
extensive resources in the Lead-DBS User Guide, which in
cludes detailed steps, troubleshooting advice, and practical 
techniques. Moreover, we provide further support through 
walkthrough videos and an active Slack community for di
rect assistance. We emphasize, however, that the present 
resource should not replace hands-on training with Lead-
DBS or similar tools. Based on our experience, the process 
is complex, and training within a lab with established ex
pertise is still the best practice. Nevertheless, this resource 
could serve as an additional building block or test scenario 
to objectively assess a user’s skill level in electrode local
izations. 
By making this dataset publicly available, we aim at sup

porting access to DBS imaging data. Open-source tools 
have historically driven the field of neuroscience forward. 
For instance, toolboxes such as Statistical Parametric Map
ping (SPM),16 the FMRIB Software Library (FSL)26 or ad
vanced normalization tools (ANTs)17 have revolutionized 
the analysis of functional brain imaging data and facilitated 
the development of other tools. Open datasets such as the 
Human Connectome Project,27 the Genomics Superstruct 
Project28 and the International Neuroimaging Data-sharing 
Initiative (INDI)29 have further pushed the field forward30 

by allowing collaborations and analyses on data by re
searchers without access to neuroimaging data.31 Consist
ing of a broad array of features,9 Lead-DBS has emerged as 
a common tool21,32,33 in the realm of DBS. The inclusion 
of Lead-Tutor within this toolbox extends its functionality 
and provides a unique opportunity for users to learn elec
trode localization and compare their results with those of 
experts and other scientists. This resource also reduces the 

dependency on in-person training workshops, which can 
be both geographically and financially restrictive. By facil
itating self-paced learning, Lead-Tutor makes DBS training 
more accessible to a broader audience, potentially leading 
to wider adoption of advanced DBS techniques and im
proved DBS research. 
Bridging the gap between theoretical knowledge and 

practical skills, the training component is particularly valu
able for neuroscience students, neurosurgical residents, 
and early-career researchers, who can gain experience with 
real-world data. By making high-quality data and training 
tools accessible to a broad audience, we hope to foster a col
laborative environment that promotes excellence in elec
trode localization. 

DATA AND CODE AVAILABILITY STATEMENT 

Lead-DBS is an open-source platform available for down
load on GitHub. We also provide additional open-access re
sources for learning how to use the tool: documentation 
of the Lead-DBS pipeline and troubleshooting, walkthrough 
videos showing the individual steps, and a Slack user chan
nel for additional questions (https://communityin
viter.com/apps/leadsuite/user-channel). The Lead-Tutor 
dataset can be found here: OSF. 
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