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a b s t r a c t 

Lead-DBS is an open-source, semi-automatized and widely applied software tool facilitating precise localization 
of deep brain stimulation electrodes both in native as well as in standardized stereotactic space. While autom- 
atized preprocessing steps within the toolbox have been tested and validated in previous studies, the interrater 
reliability in manual refinements of electrode localizations using the tool has not been objectified so far. Here, we 
investigate the variance introduced in this processing step by different raters when localizing electrodes based on 
postoperative CT or MRI. Furthermore, we compare the performance of novel trainees that received a structured 
training and more experienced raters with an expert user. We show that all users yield similar results with an 
average difference in localizations ranging between 0.52–0.75 mm with 0.07–0.12 mm increases in variability 
when using postoperative MRI and following normalization to standard space. Our findings may pave the way 
toward formal training for using Lead-DBS and demonstrate its reliability and ease-of-use for imaging research 
in the field of deep brain stimulation. 

Introduction 

Deep brain stimulation (DBS) is an established treatment option for 
numerous brain disorders, often with a direct correlation between elec- 
trode placement and clinical outcomes ( Horn, 2019 ). To investigate this 
correlation and further explore location-specific DBS-effects in scien- 
tific studies, it is crucial to exactly reconstruct electrode placement. The 
open-source toolbox Lead-DBS was developed with this aim in 2012 
by the last author of the present study ( Horn and Kühn, 2015a ) and 
has since continuously been optimized by investigators from various in- 
stitutions ( Dembek et al., 2019 ; Ewert et al., 2018 , 2019 ; Horn et al., 
2017 ; Horn et al., 2019a ; Horn and Kühn, 2015b ; Husch et al., 2018 ; 
Treu et al., 2020 ). In brief, Lead-DBS facilitates semiautomatic localiza- 
tion based on structural neuroimaging. Postoperative CT or MRI scans 
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containing defined artifacts of the DBS-electrode are co-registered to 
preoperative anatomical MRI scans. Preoperative MRI scans are used 
to non-linearly register (‘normalize’) patient scans to standard stereo- 
tactic space for group comparisons. Lead-DBS also allows the estima- 
tion of stimulation volumes ( Horn et al., 2019a ) and the calculation 
of connectivity profiles from stimulation sites ( Horn and Fox, 2020 ). 
It was designed with a research focus in mind and leverages group- 
level statistics to derive at robust conclusions ( Treu et al., 2020 ). 
While other tools have since been developed with the same aim (for 
an overview about tool alternatives see Horn et al., 2019a ), Lead-DBS 
has empowered over 200 publications and has been referred to as the 
most established tool for DBS-electrode localization ( Alkemade et al., 
2018 ; Husch et al., 2018 ; Milchenko et al., 2018 ) with over 20,000 
downloads. 
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Fig. 1. Examples of electrode models 
matched onto electrode artifacts visible 
on post-operative CT (A) and MRI (B) as 
visualized in Lead-DBS . From left to right: 
Electrode model (here Medtronic 3389) plotted 
onto the electrode artifact as visible on two 
orthogonal planes of a probes eye view of the 
post-operative CT (A) or MRI (B). The upper- 
and lowermost contacts of the electrode model 
are additionally plotted in the axial plane 
to allow for an optimal adjustment of the 
pre-localized position of the electrode model 
in all three axes. 

The core process of electrode reconstructions by Lead-DBS can be 
broken down to four major steps: co-registration, brain shift correc- 
tion, normalization, and electrode localization. While the former two 
are comparably trivial, the latter two regularly involve manual refine- 
ment and thus introduce serious bias into the process which makes it 
crucial to assess their precision. 

Variance in normalization techniques has been empirically assessed 
and quantified in previous studies ( Ewert et al., 2019 ; Horn et al., 2019a ; 
Vogel et al., 2020 ). These led to a default pathway in Lead-DBS that gen- 
erates results comparable to manual expert segmentation ( Ewert et al., 
2019 ) and further manual refinement and control steps have been de- 
veloped since ( Edlow et al., 2019 ; Oxenford et al., 2021 ). 

In contrast, manual localization of an electrode model within the 
electrode artifact in postoperative scans, has not been analyzed de- 
liberately yet. This step involves manually aligning an automatically 
pre-localized electrode model to electrode artifacts visible on CT and 
MRI. The tool specifically designed in Lead-DBS to manually local- 
ize DBS electrodes shows probe-eye sections, i.e., the brain is three- 
dimensionally resliced orthogonally to the reconstruction (electrode) at 
any time point. When changing the reconstruction, this view is updated, 
resulting in a renewed reslicing of the images. 

As electrode artifacts have blurred borders, are larger than the ac- 
tual electrode and differ in presentation across postoperative modal- 
ities (see Fig. 1 ), interrater variance is introduced into the process. 

This could especially apply to unexperienced users and the postoper- 
ative MRI modality, since for postoperative CT, a phantom-validated 
automated method is included in Lead-DBS, which reliably and pre- 
cisely pre-localizes electrodes in most cases ( Husch et al., 2018 ). Here, 
we aimed to assess the interrater variance of novel and more expe- 
rienced Lead-DBS users within different post-operative modalities as 
they localized DBS-electrodes in a group of patients that received both 
post-operative CT and MRI. Novel users received a structured and 
documented introduction as provided by the regularly held Lead-DBS 
workshops. We show that DBS-electrode localization using Lead-DBS 
has a high interrater reliability with an average difference of 0.6 mm 

across raters, independently of the available post-operative imaging 
modality. 

Methods and materials 

Patient cohort and imaging 

For this study, we identified 20 Parkinson’s disease patients 
with bilaterally implanted, subthalamic DBS-electrodes (model 3389; 
Medtronic) in which both post-operative CT and MRI-scans were 
available from archival data. Post-operative CT-scans had been per- 
formed to verify correct electrode placement in 1–7 days follow- 
ing DBS-surgery, while post-operative MRI-scans were realized 3–
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12 months after DBS-surgery as part of a study which assessed the 
DBS-effect on functional connectivity and has been published else- 
where ( Horn et al., 2019a ). Specifications on image acquisition can be 
found there. The study was approved by the local ethics committee 
(EA2/175/21) and carried out in accordance with the Declaration of 
Helsinki. 

Participants and study design 

Six raters with varying experience in use of Lead-DBS participated 
in the present study. One expert rater with several years’ experience in 
the use of Lead-DBS (AH), two raters that participated in earlier Lead- 
DBS workshops and had since used Lead-DBS to a limited extend for 
own research projects (FI, BCMvW) as well as three raters without prior 
experience with Lead-DBS or any other electrode localization software 
(RL, LAS, US). These novice raters, one medical student and 2 neurol- 
ogy residents with ∼1 year experience in DBS programming, were in- 
troduced to Lead-DBS by a structured two days’ workshop comparable 
to the Lead-DBS workshops that have regularly been held worldwide 
(All screencasts from a 2018 workshop in Shanghai can be found on- 
line: https://www.lead-dbs.org/helpsupport/knowledge-base/videos/ ). 
Moreover, the novice raters localized 28 subthalamic DBS-electrodes 
from 7 PD-patients that received both post-operative MRI and CT under 
supervision of Lead-DBS programming team members, i.e. with the pos- 
sibility to ask questions if in doubt. Finally, all 6 raters, independently 
and without any supervision or exchange, localized a set of 52 subtha- 
lamic DBS-electrodes of 13 PD-patients using either post-operative MRI 
or CT. Each DBS-electrode was thus localized twice in a randomized and 
blind order, to avoid any inference from one imaging modality to the 
other that was analyzed in the following. 

Except for the expert rater, the remaining 5 raters were consid- 
ered as “non-experts ” and grouped as such. Electrode localization was 
performed with Lead-DBS software ( www.lead-dbs.org ; Horn & Kühn, 
2015b ) using the default work-flow of version 2.1.7 as described in 
Horn et al. (2019a) . Specifically, pre- and postoperative imaging were 
linearly co-registered, refined using the ‘brain shift correction’ module 
in Lead-DBS ( Horn et al., 2019b ) and normalized into MNI-space using 
the effective: low variance + subcortical refinement preset ( Ewert et al., 
2019 ) for advanced normalization tools ( Avants et al., 2008 ). Electrode 
trajectories were automatically pre-localized using Lead-DBS but had to 
be manually refined in most cases by mid-centering an electrode model 
in the antero-posterior, dorso-ventral and medio-lateral axis. The place- 
ment had to be judged by each rater individually, which can introduce 
variance as the postoperative artifact is larger than the actual electrode, 
presents with blurred borders that are specifically pronounced on the tip 
of the electrode, and visual landmarks of electrode contacts are reflected 
in varying artifact contrast intensity that must be recognized correctly 
(see Fig. 1). 

Statistical analyses 

As measure of variance, the Euclidean distance was computed be- 
tween the localized DBS contacts by one rater versus each other rater. 
This was done for the x-, y- and z- coordinates separately as well as for 
the overall distance across axes. Distances were averaged across all pos- 
sible pairs of raters and between the four DBS contact locations in either 
i) native or ii) ICBM 2009b NLIN ASym (‘MNI’) space, all possible pairs 
and within the same post-operative imaging modality. In a first step, this 
value was computed separately across non-expert raters and from non- 
expert raters to the expert rater. In the following analyses, localizations 
of all raters were considered. Paired permutation tests were carried out 
when testing for differences in distance, depending on raters’ expertise, 
space or post-operative modality. 

Results 

Variance in electrode location similar across expert and non-expert raters in 
most axes 

When considering distances of electrode locations in native space 
from post-operative CT and MRI imaging combined, the overall dis- 
tance between expert and non-expert raters was not significantly dif- 
ferent to that across non-expert raters (Non-Experts To Non-Experts: 
0.57 ± 0.2 mm; Non-Experts To Expert: 0.53 ± 0.1 mm; P-Val > 0.05, 
see Fig. 2 A). Considering the three Cartesian axes separately, the dis- 
tance along the z-axis increased on average by 0.04 mm between pairs of 
non-expert raters than to the expert rater (Non-Experts to Non-Experts: 
0.36 ± 0.1 mm; Non-Experts to Experts: 0.32 ± 0.1 mm; P-Val = 0.02). 

Variance in electrode location is similar across post-operative imaging 
modalities 

When comparing distances across all raters in native space, 
there was no significant difference in overall distance between 
the post-operative imaging modality used (CT = 0.52 ± 0.2 mm; 
MRI = 0.6 ± 0.3 mm; P = 0.08), see Fig. 2 B. When considering Carte- 
sian axes separately, variance in the x- and y-axes increased by 
0.07 mm and 0.11 mm respectively when post-operative MRI was used 
(X-Axis: CT = 0.19 ± 0.1 mm, MRI = 0.26 ± 0.2, P = 0.002; Y-Axis: 
CT = 0.22 ± 0.1 mm; MRI = 0.33 ± 0.2 mm; P = 0.001). 

Normalization to standard space increases the variance in DBS-location by 
< 0.2 mm 

Both the overall distance as well as the distance calculated for each 
axis separately was larger after normalization to MNI- than in native 
patient space. The average difference ranged between 0.02 – 0.15 mm, 
see Fig. 2 C. When averaged across axes and post-operative imaging 
modalities, the average distance in MNI-space was 0.72 ± 0.25 mm and 
0.57 ± 0.2 mm in native space ( P < 0.001). 

Closest contact to “sweet spot ” is stable against localization variance 

Although normalization increased variance in DBS-electrode loca- 
tion, the contact closest to the optimal stimulation site ( “sweet spot ”) of 
subthalamic DBS in PD as identified by Caire et al. (2013) showed strong 
overlap across raters. When post-operative MRI was used, the same con- 
tact resided closest to the sweet spot across raters in 94.8% ( n = 148 of 
156). In the remaining 8 cases, the closest contact was mostly one con- 
tact above ( n = 4) or below ( n = 3). When post-operative CT was used 
for co-registration, the closest contact overlapped in 87.1% ( n = 136 of 
156) of cases with all other cases being either one contact above ( n = 15) 
or below ( n = 5) the majority, see Fig. 2 D. 

Discussion 

In the present study, we investigated the variance in location of 
subthalamic DBS-electrodes when using the widely used and freely 
available open-source software toolbox Lead-DBS. We show that across 
raters, modalities, and both in native and standard space, interrater vari- 
ance in electrode location remains below the image resolution of 1 mm. 
The most robust results were obtained with post-operative CT in native 
space, where the interrater variance was 0.5 mm across axes, see Fig. 3 , 
and the variance increased by 0.3 mm in the conditions with highest 
variance in our study – i.e. using post-operative MRI or normalizing to 
MNI-space. 

However, these results may have been impacted by the currently 
used MRI sequences as these have an impact on the nature of the ar- 
tifact resulting from the indwelling hardware. For instance, sequences 
with T2 weighting have been reported to produce more florid artifacts 

3 



R. Lofredi, C.-G. Auernig, S. Ewert et al. NeuroImage 262 (2022) 119552 

Fig. 2. Similar variance in DBS-localization 
across raters, modalities, and spaces. (A) 
When comparing distance in electrode local- 
ization across pairs of non-expert raters (blue 
box plots) with the ones between non-experts 
and an expert rater (red box plots), indepen- 
dently of post-operative imaging modality and 
separately for lower- (dark gray dots) and up- 
permost (light gray dots) contacts, there was 
no significant difference in overall distance 
across axes. Only along the z-axis, non-expert 
raters showed an increase of 0.04 mm among 
each other when compared to the expert rater . 
(B) When comparing the distance between 
electrode localization between post-operative 
imaging modalities, there was no significant 
difference in overall distance between MRI 
(blue boxplots) and CT (red boxplots) in native 
space – although distances were larger along 
the x- (0.07 mm) and y-axes (0.11 mm) when 
relying on post-operative MRI. (C) With nor- 
malization, an increase of 0.02–0.15 mm vari- 
ance in DBS-localization was observed across 
axes. (D) When compared to the majority 
of raters, the rater-dependent localization led 
to a different choice in the optimal contact 
(‘best contact’, defined as contact closest to the 
“sweet spot ” of STN-DBS) in 5.2% using post- 
operative MRI (blue) and 12.9% using post- 
operative CT (red). Note that outliers (defined 
as cases with interrater distance > 3 standard 
deviations from the mean in the respective con- 
dition) all relied on the dorso-ventral misplace- 
ment of the right electrode of subject 6 by one 
rater (Fig. S1). In all boxplots, central marks 
indicate the median and edges the 25th and 
75th percentiles of the distribution. ∗ p < 0.05, 
∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. 

Fig. 3. Exemplary case of shift in DBS- 
electrode localization induced by different 
raters. The right DBS-electrode of example 
subject 9 is shown as localized by a single rater 
(red). The electrode was shifted in space (light 
gray versions) by the average interrater vari- 
ance per axis in native space when averaged 
across post-operative neuroimaging modalities 
(antero-posterior shift of ± 0.23 mm, ventro- 
dorsal shift of ± 0.36 mm and medio-lateral 
shift of ± 0.28 mm). 

4 



R. Lofredi, C.-G. Auernig, S. Ewert et al. NeuroImage 262 (2022) 119552 

due to susceptibility effects ( Martinez-Santiesteban et al., 2007 ). Fur- 
thermore, different lead types (segmented vs. omnidirectional) will pro- 
duce differently shaped artifacts on both CT and MRI ( Dembek et al., 
2017 ; Husch et al., 2018 ; Sitz et al., 2017 ) while not all models have 
yet been approved for postoperative MRIs. Finally, DBS lead extensions 
(often forming a loop) placed around the burr hole device before con- 
necting to extension cables can produce a ’chocking’ effect again reduc- 
ing the artifact at the tip of the lead ( In et al., 2017 ). Beyond phantom 

studies, Hyam et al., 2015 have shown that the MRI artifact represents 
the actual tract in the brain after lead removal, which could be used to 
further confirm lead placement results on MRI. 

Importantly, we showed that even after normalization and when us- 
ing post-operative MRI for electrode localization, closest contact to the 
clinical “sweet spot ” of subthalamic DBS ( Caire et al., 2013 ) remained 
stable in the majority of cases (87–95%). Taken together, we consider 
that variance introduced by raters in DBS-electrode location is reason- 
ably low when using Lead-DBS, independently of the post-operative 
imaging modality used and even for newly trained but fairly unexperi- 
enced users. These findings are crucial to better judge scientific results 
provided by analyses with Lead-DBS and close a missing link in the pro- 
cessing pipeline that had thus far not been objectively assessed. 
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