
 

 

 

 

DISSERTATION 

 

 

Multimodal navigation in deep brain stimulation surgery 

Multimodale Navigation in der Tiefenhirnstimulationschirurgie 

 

 

 

zur Erlangung des akademischen Grades  

Doctor of Philosophy (PhD) 

 

 

 

vorgelegt der Medizinischen Fakultät  

Charité ï Universitätsmedizin Berlin 

 

 

 

von  

Simón Oxenford 

 

 

 

 

Erstbetreuer: Prof Wolf-Julian Neumann 

Datum der Promotion: 29.11.2024 

 





 i 

Table of contents 

List of figures ....................................................................................................................... iii 

List of abbreviations ........................................................................................................... iv 

Abstract ............................................................................................................................... 1 

1 Introduction .................................................................................................................. 3 

1.1 Group analysis & image normalization ................................................................ 4 

1.2 Deep brain stimulation surgery ............................................................................ 5 

1.3 Challenges ........................................................................................................... 6 

1.4 Platforms .............................................................................................................. 7 

1.4.1 Lead-DBS (https://www.lead-dbs.org/) ........................................................ 7 

1.4.2 3D Slicer (https://www.slicer.org/) ................................................................ 7 

1.4.3 Open Ephys (https://open-ephys.org/) ......................................................... 8 

1.5 Summary .............................................................................................................. 8 

2 Methods ....................................................................................................................... 9 

2.1 Refining image normalization: WarpDrive ........................................................... 9 

2.2 Alzheimer's Disease Neuroimaging Initiative (ADNI) cohort .............................. 9 

2.3 Multimodal deep brain stimulation surgery navigation: Lead-OR ..................... 10 

2.3.1 Import different planning information ......................................................... 10 

2.3.2 Slicer reference ........................................................................................... 11 

2.3.3 Electrophysiology acquisition and processing ........................................... 12 

2.3.4 OpenEphys ï 3D Slicer communication .................................................... 12 

2.4 Subthalamic nucleus deep brain stimulation (STN-DBS) patient cohort.......... 13 

2.5 Surgical procedure ............................................................................................. 14 

2.6 Offline analysis ................................................................................................... 14 

2.7 Active contacts location ..................................................................................... 15 

2.8 Brain-shift analysis ............................................................................................. 15 



 ii 

3 Results ....................................................................................................................... 16 

3.1 Novel tools implementation ................................................................................ 16 

3.2 Increasing brain atrophy challenges automatic registrations ........................... 17 

3.3 Overall agreement between imaging and electrophysiology ............................ 17 

3.4 Active contact locations match expected imaging and electrophysiology sites18 

3.5 Intra-operative electrophysiology-based and post-operative imaging-based 

measures of brain-shift are associated ........................................................................ 18 

4 Discussion ................................................................................................................. 20 

4.1 Short summary of results ................................................................................... 20 

4.2 Embedding the results into the current state of research ................................. 20 

4.3 Implications for practice and future research .................................................... 21 

4.4 Limitations .......................................................................................................... 23 

5 Conclusions ............................................................................................................... 25 

Reference list .................................................................................................................... 26 

Statutory Declaration ........................................................................................................ 33 

Declaration of your own contribution to the publications ................................................. 34 

Excerpt from Journal Summary List ................................................................................. 35 

Printing copy(s) of the publication(s) ................................................................................ 36 

Curriculum Vitae ............................................................................................................... 57 

Publication list ................................................................................................................... 58 

Acknowledgments ............................................................................................................. 60 



 iii 

List of figures 

Figure 1. Multiple sources of information to recreate the spatial representation of deep 

brain stimulation (DBS) surgery ....................................................................................... 13 

Figure 2. Overview of the Lead-OR project implementation .......................................... 16 

Figure 3. Accuracy of automatic registrations is challenged by brain atrophy ............... 17 

Figure 4. Agreement between electrophysiology and imaging....................................... 18 

Figure 5. Deep brain stimulation (DBS) electrodes active contact location ................... 18 

Figure 6. Brain-shift analysis. This figure illustrates the analysis and results derived from 

the brain-shift processing pipeline .................................................................................... 19 

Figure 7. Lead-OR integration with stimulation data ....................................................... 22 



 iv 

List of abbreviations 

AD Alzheimerôs disease  

ADNI Alzheimer's Disease Neuroimaging Initiative  

ALIC anterior limb of the capsula interna 

CT computed tomography  

DBS deep brain stimulation 

ET essential tremor 

fMRI functional magnetic resonance imaging 

GPi internal globus pallidus 

HarP Harmonized Protocol  

MER micro-electrode recordings 

MNI  Montreal Neurological Institute ICBM 2009b Nonlinear Asymmetric 

template 

MRI magnetic resonance imaging 

Nacc nucleus accumbens  

NRMS normalized root mean square 

OCD obsessive compulsive disorder 

PD Parkinsonôs disease 

RMS root mean square 

SCC subgenual cingulate cortex  

SDK software development kit 

SNR signal to noise ratio 

SPARE-AD Spatial Pattern of Abnormality for Recognition of Early Alzheimerôs 

disease  

STN subthalamic nucleus 

VIM ventral intermediate nucleus of the thalamus 

 



 1 

Abstract 

Electrode implant location in deep brain stimulation (DBS) surgery is defined from multiple 

sources of information: brain imaging for planning; electrophysiological recordings for 

basal ganglia nuclei characterization; and test stimulations for intra-operative assessment 

of physiological and side effects. While each of these steps are established procedures 

by their own, methods working towards their integration and aggregation lack. 

We addressed this topic in a published proof-of-concept toolbox perusing multimodal data 

processing during DBS surgery. Here, we re-iterate on this theme placing it into a broader 

context and we introduce novel implementations working towards a robust and reliable 

software program. 

We developed a platform for multimodal data aggregation during DBS surgery and 

validated it with a cohort of 52 Parkinsonôs disease DBS patients from our center. We 

also exemplified the use of one of the platformôs modules with a cohort of 118 patients 

from the Alzheimerôs disease neuroimaging initiative database. 

The novel platform extends the previously published toolbox including a state-of-the-art 

electrophysiology acquisition and processing software. We show a general 

correspondence between imaging and electrophysiological features extracted from DBS 

surgery. We furthermore present novel biomarkers resulting from the integration of the 

multiple data sources. 

The developed platform for real-time DBS surgery navigation integrates different sources 

of information into three-dimensional representations of the dataðpotentially becoming 

an important element for decision making assistance during DBS surgery.  
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Zusammenfassung 

Die Position der implantierten Elektrode zur tiefen Hirnstimulation (THS) wird anhand 

mehrerer Informationsquellen bestimmt: Bildgebung des Gehirns für die Planung, 

elektrophysiologische Aufzeichnungen für die Charakterisierung der Basalganglienkerne 

und Teststimulationen für die intraoperative Bewertung der physiologischen 

Auswirkungen und Nebenwirkungen. Während jeder dieser Schritte für sich genommen 

ein etabliertes Verfahren darstellt, fehlen Methoden, welche auf die Integration und 

Zusammenführung der Informationsquellen hinarbeiten. 

Wir haben uns mit diesem Thema in einer veröffentlichten Proof-of-Concept-Toolbox 

auseinandergesetzt, welche die multimodale Datenverarbeitung während der THS-

Operation untersucht. In der vorliegenden Arbeit greifen wir dieses Thema erneut auf, 

indem wir es in einen breiteren Kontext stellen und neue Implementierungen vorstellen, 

die auf ein robustes und zuverlässiges Softwareprogramm hinarbeiten. 

Wir haben eine Plattform für die multimodale Datenaggregation während einer THS-

Operation entwickelt und sie mit einer Kohorte von 52 Parkinson-Patienten aus unserem 

Zentrum validiert. Außerdem haben wir die Verwendung eines Moduls der Plattform 

anhand einer Kohorte von 118 Patienten aus der Neuroimaging-Initiative für die 

Alzheimer-Krankheit exemplifiziert. 

Die neuartige Plattform erweitert die zuvor veröffentlichte Toolbox um eine hochmoderne 

Software für die elektrophysiologische Erfassung und Verarbeitung. Wir zeigen eine 

allgemeine Korrelation zwischen bildgebenden und elektrophysiologischen Merkmalen, 

welche aus der THS-Operation extrahiert wurden. Darüber hinaus stellen wir neue 

Biomarker vor, die sich aus der Integration der verschiedenen Datenquellen ergeben. 

Die entwickelte Plattform für die Echtzeit-Navigation bei THS-Operationen integriert 

verschiedene Informationsquellen in 3D-Darstellungen der Daten, die zukünftig ein 

wichtiges Element für die Entscheidungsfindung bei THS-Operationen sein könnten. 
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1 Introduction 

Deep brain stimulation (DBS) surgery is an established procedure to treat Parkinsonôs 

disease (PD) symptoms and a growing number of other neurological and psychiatric 

conditions (A. M. Lozano et al., 2019). The surgery consists of implanting small electrode 

leads (~1.3 mm diameter) in specific brain regions through which stimulation is delivered. 

The stimulation protocol (contacts configuration, amplitude, and frequency) is set via the 

implantable pulse generatorða pacemaker-like device surgically placed in the sub-

clavicular area. 

The target structures vary according to the condition being treated: the subthalamic 

nucleus (STN) and internal globus pallidus (GPi) are mainly targeted for PD patients; the 

ventral intermediate nucleus of the thalamus (VIM) for essential tremor (ET); the anterior 

limb of the capsula interna (ALIC), nucleus accumbens (NAcc) and STN for obsessive 

compulsive disorder (OCD); subgenual cingulate cortex (SCC) and NAcc for major 

depression; and fornix for Alzheimerôs disease (AD) (A. M. Lozano et al., 2019). 

While historically some of these targets were based on serendipitous discoveriesð

including DBS for AD, inspired by stimulation induced flashbacks during DBS surgery for 

obesity (Hamani et al., 2008; for a review see Hariz et al., 2022)ðcurrent advances in 

DBS are fueled by innovations in image processing, electrode design and biomarker 

detection (Krauss et al., 2021; Schulder et al., 2023). 

In particular, by employing processing and simulation techniques, DBS started to be 

looked at from a computational perspective (Horn, 2019; McIntyre et al., 2004). DBS leads 

can be reconstructed from post-operative computed tomography (CT) scans (Dembek et 

al., 2021; Husch et al., 2018) and fused together with anatomically-detailed pre-operative 

magnetic resonance imaging (MRI). Additionally, electric fields induced by the stimulation 

can be computationally simulated, estimating the tissue being stimulated (Horn et al., 

2017; Kuncel et al., 2008; Mädler and Coenen, 2012). Furthermore, patient images can 

be fused with average template brains (Ashburner and Friston, 2011; Avants et al., 2008), 

allowing to analyze and compare a cohort of patients within the same reference system 

and together with normative data. 

There are different methodologies and implementations to calculate the aforementioned 

features (see for example the citations in the previous paragraph), as well as software 
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tools that include all these steps as a pipeline for DBS image analysis (DôAlbis et al., 

2015; Horn et al., 2019; Noecker et al., 2021). Such is the case of Lead-DBS, an open-

source Matlab toolbox with advanced image processing capabilities (Horn et al., 2019; 

Horn and Kühn, 2015; Neudorfer et al., 2023). Lead-DBS has empowered over 500 

research publications (https://www.lead-dbs.org/about/publications/), including group 

studies to explain DBS effects in PD (Horn et al., 2017; Sobesky et al., 2022); ET (Al-

Fatly et al., 2019); dystonia (Horn et al., 2022); OCD (Baldermann et al., 2019; Li et al., 

2020); and AD (Ríos et al., 2022). These studies build models of DBS, some proposing 

refined targets and optimal sweet-spots which could potentially drive new clinical trials in 

the future. 

In this study we set out to analyze the translation of some of these imaging advances into 

the surgical realm; and integrate them together with other resources available during 

surgery, such as pre-operative planning and intra-operative electrophysiology. In the next 

sections we will introduce the concept of mapping normative data into patient space; the 

surgical procedure in more detail; and how this work addresses some of the current 

limitations in these areas. 

1.1 Group analysis & image normalization 

In the previous section we mentioned the process of fusing different images togetherð 

from the same patient across different modalities, or across patients. This is achieved via 

a method called image registration, in which a moving image is transformed to a fixed 

image, leading to a transformation linking the two (Avants et al., 2014). Depending on the 

degrees of freedom it has, the transformation can be linear or non-linear, the latter 

allowing to locally deform the image and thus achieving better correspondence between 

images from different brains (Avants et al., 2008). 

Normalization is a type of non-linear registration where the moving image is a patient 

image, and the fixed image is an average reference template brain, such as the Montreal 

Neurological Institute (MNI) brain, a commonly used template in neuroimaging. While 

there are different versions of this template, in this work we will use MNI to refer to the 

ICBM 2009b Nonlinear Asymmetric template (Fonov et al., 2009). By mapping multiple 

patients to the same space, then the same reference system is used for all of them, 

allowing to compare between cohorts and centers. In MNI space there are also multiple 

definition of atlases: structure delineations derived from manual segmentations, or 

https://www.lead-dbs.org/about/publications/
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functional studies, for example. These can then be mapped to patient space, deriving 

automatic segmentations of structures of interest (i.e., atlas-based, or normalization-

based segmentations). 

The functional MRI (fMRI) literature has mainly driven the development of the 

normalization techniques over the years (Jenkinson et al., 2012), and this is now an 

established process leading to accurate mappings in the cortex (Klein et al., 2009) as well 

as subcortex (Ewert et al., 2019). While the DBS field also employs this technique, it 

depends on higher precision: images are generally smoothed with an up to 8 mm kernel 

after normalization in fMRI whereas a 2 mm difference in DBS electrode placement can 

separate a good from a poor responder (Horn et al., 2019). 

Since in this study we are interested in having an accurate link to patient space, and use 

this information intra-operatively, we set out to refine this step, and provide a method to 

manually fix for registrations misalignments. In the methods section we will describe this 

more in detail. 

1.2 Deep brain stimulation surgery 

Imaging also plays a huge role during DBS surgery itself (Schulder et al., 2023). MRI 

scans of the patientôs brain are used by surgeons to identify target structures and plan 

the trajectories for the DBS electrodes (Starr et al., 2002). CT scansðwith the stereotactic 

frame attached to patientôs headðallow to translate coordinates from the MRI to the 

frameôs coordinate system. Furthermore, some centers also use intra-operative imaging 

to confirm electrode placement (Martin et al., 2005). 

Apart from employing imaging techniques, intra-operative confirmation can also be 

achieved via an electrophysiology assessment: previous to the DBS electrode 

implantation, exploratory micro-electrodes recordings (MER) of brain signals are carried 

out along the planned trajectory and 2 mm parallel to it, in an orthogonal or 45 degree 

rotated Ben-gun configuration (Benazzouz et al., 2002). Some nuclei are identifiable by 

their firing patterns, such as the increased bursting activity of the parkinsonian STN and 

GPi (Bergman et al., 1994; Miller and DeLong, 1988), and are thus recognizable by the 

surgical team. Leveraging upon this, commercial acquisition systems started to include 

automatic algorithms to detect such features giving an estimate of the nuclei along the 

trajectory (Thompson et al., 2018). Additionally, electrophysiology recordings are 



Introduction 6 

commonly followed by test stimulations to assess physiological and side effects. Usually 

done in one or two coordinates along the trajectory, these stimulations help to better 

characterize the patientôs condition and response to the treatment.  

The electrophysiological assessment is not an established procedure in every DBS center 

given that including this step can lead to longer surgeries and hemorrhagic complications, 

compared against an imaging alone approach (Zrinzo et al., 2012). Still, patient 

improvement is comparable between the two (Gadot et al., 2022; Lee et al., 2022; Vinke 

et al., 2022), and some centers also report the advantages of MER, as for example 

suggesting a beneficial alternate trajectory in 20% of surgeries (C. S. Lozano et al., 2019). 

Finally, the original target position defined from imaging is redefined based on the 

recordings and intraoperative stimulation assessment, which might suggest a new height 

along the trajectory and/or an alternative trajectory.  

1.3 Challenges 

While current practice has shown to be effective, there are still gaps that could be filled 

to improve the procedure: as mentioned in the last section, imaging and 

electrophysiologyðtwo processing streams that define the electrode positionðare 

analyzed separately, across different stages of the surgery, missing out on potential 

benefits of their combination. Additionally, while the MER take place, the 

electrophysiologist doesnôt have a real-time spatial representation of their location. Such 

feature could be helpful to better understand the signals by putting them into anatomical 

context, as shown by (Krüger et al., 2020). In this regard, this dissertation focuses on the 

integration of imaging and electrophysiology, processing raw data to gather relevant 

information creating anatomically-detailed patient-specific representations of the ongoing 

state of the surgery. We have started working in this endeavor previously (Oxenford et 

al., 2022) and we here re-iterate on this theme and scientific focus, putting the work into 

a broader perspective and improving the implementation of our methods. 

From the imaging side, as mentioned in 1.1, we are interested in incorporating patient 

specific anatomical models as well as high-resolution resources that could put patient 

images into more context. Thus, the link between patient and template space is of utmost 

importance but challenged by individual brain anatomy and suboptimal normalization 
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algorithms. Here we set out to develop methods to refine the normalization output and 

manually correct mismatches from the process. 

From the electrophysiology side, we aim to derive real-time feature extraction to aid 

surgical procedure. While previous work has demonstrated feasibility of the 

implementation of real-time algorithms (Khosravi et al., 2020; Valsky et al., 2020), there 

is a lack in open-source platforms to test, reproduce and benchmark results from different 

studies. 

In this work, to provide an implementation of the methods presented, we build on top of 

already established platforms and methods, which offer a starting point for our research. 

The choice of platforms to build upon depends on their reliability, extensibility and real-

time performance. In the next section we go over three platforms which have become an 

essential part of this project. 

1.4 Platforms 

1.4.1 Lead-DBS (https://www.lead-dbs.org/) 

Lead-DBS (Horn et al., 2019; Horn and Kühn, 2015; Neudorfer et al., 2023), already 

mentioned in previous sections, is a Matlab toolbox for post-operative DBS electrode 

reconstruction and image processing pipeline for group studies (Treu et al., 2020). We 

leverage upon the advanced normalization routines developed for basal ganglia (Ewert 

et al., 2019), as well as high resolution resources, such as DISTAL atlas (Ewert et al., 

2017) and post-mortem high-resolution 7T template (Edlow et al., 2019). 

1.4.2 3D Slicer (https://www.slicer.org/) 

3D Slicer (Slicer; Fedorov et al., 2012; Kikinis et al., 2014) is a general-purpose open-

source medical imaging processing and visualization platform. It is built on top of the 

Insight Toolkit (https://itk.org/) and the Visualization Toolkit (https://vtk.org/), which are 

industry standard libraries for medical image processing and computer vision. Slicer is 

used for real-time applications (Ungi et al., 2016), built using a modular approach, and 

maintained and developed by an active community of researches and industry partners 

(Kapur et al., 2016). 

https://www.lead-dbs.org/
https://www.slicer.org/
https://itk.org/
https://vtk.org/
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1.4.3 Open Ephys (https://open-ephys.org/) 

Open Ephys (Siegle et al., 2017) is an open-source software for electrophysiology data 

acquisition and real-time analysis. It shares some of the same principles as Slicer: 

provides a modular architecture, the possibility to extend functionality by means of custom 

plug-ins, and an active community. It is used for real-time and closed-loop applications 

(Dutta et al., 2018), constituting a suitable candidate for handling the electrophysiology 

component of our platform. 

1.5 Summary 

We described DBS surgery, and how multiple sources of informationðparticularly 

imaging and electrophysiologyðare involved in the definition of the electrode implant 

location. Here we will study whether the two are congruent with each other, and with 

patient outcome. We further investigate methods for combining the two, and what novel 

biomarkers can be derived from their integration. To achieve these aims we also develop 

custom methods for real-time analysis and visualization, building on top of established 

platforms for imaging and electrophysiology processing.

https://open-ephys.org/
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2 Methods 

A central part of this work has been to develop methods needed to investigate the topics 

of our research. This has been in the form of contribution to the platforms mentioned in 

the introduction, but also in extending their functionality to meet the needs of the project. 

In this section we will give an overview of the methods implementation, together with a 

description of the patient cohorts and analysis done to study DBS from a multi-modal 

perspective. 

2.1 Refining image normalization: WarpDrive 

WarpDrive is a toolbox to correct for mismatches after image normalization. It exposes 

different tools for the user to interact with the normalized image, visualizing it with respect 

to template data and atlases. This way, the user can visualize specific regions of interest 

and assess the quality of the correspondence of the images. When recognizing 

mismatches, the user can place source and target points (then fed into an algorithm that 

corresponds them) in different ways: it is possible to manually select source and target 

fiducials; to draw structure delineations matching them to atlases; or to drag and displace 

regions of interest. We refer to the online documentation for more detailed description of 

how the tools work (https://github.com/netstim/SlicerNetstim). 

WarpDrive is a key component of this project, as it enables an accurate link between 

patient space and template space. Still, the tool is not restricted to patient-to-template 

mapping, but is rather built to handle any imaging data. It is included as a module in Slicer, 

and is also seemlesly integrated with Lead-DBS as a next optional step after image 

normalization. 

2.2 Alzheimer's Disease Neuroimaging Initiative (ADNI) cohort 

To exemplify the limitations of normalization algorithms and the usage of WarpDrive, we 

retrieved a set of patients from the Alzheimer's Disease Neuroimaging Initiative (ADNI) 

database (adni.loni.usc.edu) and analyzed them comparing manual versus automatic 

segmentations in relation to brain atrophy. 

The selected cohort consisted of 118 patients (56 females; mean age: 75 ± 7.8 years) 

which included both Harmonized Protocol (HarP) manual hippocampus segmentations 

https://github.com/netstim/SlicerNetstim
http://adni.loni.usc.edu/
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(Boccardi et al., 2015a) and the Spatial Pattern of Abnormality for Recognition of Early 

Alzheimerôs disease (SPARE-AD) index (Davatzikos et al., 2009). HarP provides 

consistent patient specific (Boccardi et al., 2015b) and MNI (Wolf et al., 2017) 

segmentations of the hippocampus. Thus, transforming the MNI segmentation to patient 

space will lead a good estimate of the accuracy of this atlas-based segmentation. Here 

we set out to see whether the accuracy of the atlas-based segmentations is associated 

with brain atrophy (as measured by the SPARE-AD index, which provides a measure of 

brain atrophy patterns common in AD). Next, we take a set of strongly atrophied brains 

to showcase how WarpDrive can help improve the accuracy of the registration. Initial 

transformations were calculated by importing the cohort in Lead-DBS and running 

normalization with default parameters. 

2.3 Multimodal deep brain stimulation surgery navigation: Lead-OR 

The Lead-OR project is about integrating, visualizing, and analyzing multiple modalities 

in real-time during DBS surgery. The spatial correspondence of the data is of utmost 

importance in this application to provide a starting point for further analysis. In the 

previous section we described WarpDrive, a tool involved with achieving an accurate 

mapping from template to native space, allowing to translate high-resolution data (such 

as atlases) into patient specific space. We will next describe how other resources are also 

put together in the same space; and then the possibilities that this opens up for processing 

and analysis. 

2.3.1 Import different planning information 

DBS surgery implant trajectories can be defined from entry and target points in the 

patientôs reference image. This translates to the stereotactic frameôs settings: target X, Y, 

Z coordinates, and ring and arc angles. Both the patientôs image and the frame represent 

a coordinate system that must be matched to integrate data from them. The 

correspondence can be achieved by a linear transform computed via fiducial registration 

between same points defined in both coordinate systems. 

To correspond a single trajectory, only two points are needed: target and entry. However, 

this doesnôt fully represent the correspondence in three-dimensional space, one 

parameter is rather missing: the rotation around this target-entry axis. This information is 
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important when using multiple micro-electrodes with a Ben-Gun configuration, as their 

position in space depends on it. 

The mapping of the patientôs image to the frame and its computation is usually hidden in 

commercial planning platforms. Still, it is possible to recreate this transform from exported 

information from the software. Here, we have incorporated two import routines for 

different platforms, and a plug-in like architecture to further include more in the future.  

In Elements Stereotaxy (Brainlab AG, Munich, Germany) the entry and target coordinates 

(as well as the AC, PC and MS points) are specified in both patient and frameôs reference 

within the planning export file. This allows to match both spaces via fiducial registration 

thus recreating the rotation around the trajectoryôs axis. 

The ROSA robot (Zimmer Biomet Holdings, Inc., Warsaw, Indiana, U.S.) also exports 

entry, target, AC, PC and MS in patient space, but not in frame space. Therefore, the 

rotation around the trajectory axis is not defined. 

For both planning software we implemented an import routine to represent the trajectory 

information in Slicer. This is built as a module which can also visualize and modify 

planning information featuring two ways of setting the trajectory: from target, ring angle 

and arc angle; and from target, entry and roll angle (rotation around the axis). 

2.3.2 Slicer reference 

The planning information is imported and the trajectories are defined to match the frame 

reference system. To simplify things, the frameôs center is set to match Slicerôs World 

center, with a linear transformation defining the transform of coordinates between the two. 

In the case where the frame information is not known (such as the case for ROSA), the 

patient images are AC-PC transformed recreating the same visualization as planning 

software. 

Up to here we described the handling of the imaging data for DBS surgery. Specifically, 

how Lead-OR recreates the planning information as they were defined in (different) 

planning software. Additionally, how to accurately represent atlas data, such as structures 

delineations, in patient specific space. In the following sections we will describe the 

electrophysiology processing and how it is also mapped to the same space in real-time. 
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2.3.3 Electrophysiology acquisition and processing 

Part of this project, and novel to this dissertation publication, was the development of 

different plug-ins for the Open Ephys platform. The first one is the NeuroOmega 

acquisition module, which connects to the NeuroOmega device (Alpha Omega 

Engineering, Israel) via AlphaOmegaôs Software Developments Kit (SDK) and queries 

real-time electrophysiology signals together with the micro-electrode distance to the 

target value. After the device is connected the user can select from the different available 

data sources (raw micro-electrode recordings, local field potentials, and macro-electrode 

recordings, among others). Once enabled, this stream will be sent through the Open 

Ephys pipeline. 

Taking advantage of the modular architecture of Open Ephys, once these signals are 

streamed into the platform, it is possible to build a processing pipeline from any of the 

modules available. For example, some built-in modules already provide capabilities for 

visualization, bandpass filtering, recording, and spike detection. 

Further capabilities can also be implemented via custom plugins, as is the case of another 

module we developed for root mean square (RMS) calculation. This process executes in 

real-time calculating RMS from data taking a specified time window. 

2.3.4 OpenEphys ï 3D Slicer communication 

The communication between Open Ephys and Slicer is done via the OpenIGTLink library 

(Tokuda et al., 2009), which specifies a network protocol capable to send transforms, 

images, and strings, among other data types. We built an Open Ephys plugin that sends 

the extracted features along each trajectory to Slicer together with the real-time position 

of the micro-drive. 

With the trajectory definition, Ben-Gun configuration, and distance to the target value, the 

electrophysiological recording sites can be mapped to three-dimensional space (Figure 

1). Then, the different features can be represented as different properties in space, such 

as a tube varying its diameter and color according to the featureôs magnitude. This leads 

to having all multimodal data accurately represented in space in real-time during surgery. 
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Figure 1. Multiple sources of information to recreate the spatial representation of deep brain stimulation 

(DBS) surgery. First, planning defines target coordinates, as well as ring and arc angles, describing the 

trajectory of implantation. The microdrive sets the position of the micro-electrodes along this trajectory. 

Then, using different Ben-Gun configurations the alternate trajectories are set in space. Nuclei of interest 

are put together in patient space by transforming atlases from MNI after image normalization. From 

(Oxenford et al., 2022), used under CC BY 4.0. 

2.4 Subthalamic nucleus deep brain stimulation (STN-DBS) patient cohort 

To validate this method and further analyze the potentials of multi-modal data aggregation 

we analyzed a retrospective cohort of patients who underwent DBS surgery at our center 

between 2017 and 2021. Patient inclusion criteria was based on having complete set of 

data (pre-operative imaging, Brainlab planning and micro electrode recordings). The 

cohort was composed of 52 patients, of which 12 females, with a mean age of 61 +/- 9.  

Data were visually inspected, discarding trajectories featuring low signal to noise ratio 

(SNR) or artifacts in the micro-electrode recordings and low SNR or movement artifacts 

in the imaging. Finally, 236 surgical trajectories were analyzed, from 56 hemispheres of 

32 patients. 

http://creativecommons.org/licenses/by/4.0/
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2.5 Surgical procedure 

Patients underwent DBS targeting the STN with an initial imaging-based planning made 

in Stereotaxy Elements (Brainlab AG, Much, Germany). Depending on the clinical 

decision for each patient, surgery was done awake or under general anesthesia, with 

micro-electrode assessment carried out in both cases. Neuroprobe Sonus non-shielded 

micro-electrodes (Alpha Omega Engineering, Israel) were descended in parallel 

trajectories probing the surroundings of the target, with 2 to 5 trajectories in an orthogonal 

or 45-degree rotated Ben-Gun configuration. MER started from 10 mm above the target 

and finished 4 mm below, in steps of 0.2 to 0.5 mm. After the recordings, test stimulations 

were carried out, at the target site and 3 mm above, in 0.5 mA steps until recognizing 

permanent side effects. Finally, based on planning and electrophysiological evaluation, 

implant location of DBS electrode was determined. 

2.6 Offline analysis 

We analyzed this patient cohort offline, processing it as the real-time application would. 

From the imaging side, pre-operative images were co-registered and normalized to MNI 

space using default settings in Lead-DBS and employing WarpDrive to correct for small 

mismatches in the alignment, if needed. Implant trajectories were extracted from Brainlab 

planning, obtaining a patient specific coordinate for each of the recording sites. Then, 

transforming the DISTAL atlas to patient space, we derived entry and exit points to the 

STN for each trajectory. 

MER were processed to extract their normalized root mean square (NRMS) values: RMS 

was taken for each of the recording sites and normalized by the median of the first five 

recordings for each trajectory, as done in previous studies (Zaidel et al., 2009). The 

choice of this feature was based on taking a commonly used measure in the field and an 

established straightforward proxy of brain activity (Khosravi et al., 2020; Koirala et al., 

2020; Valsky et al., 2020, 2017; Zaidel et al., 2010, 2009). Further features can be 

extracted and analyzed, including spike analysis as in (Oxenford et al., 2022), and via 

custom processing pipelines in Open Ephys for the real-time application. 

The recordings sitesô distance to the target values were normalized across trajectories 

taking as target a reference point inside the STN (i.e., Caire et al., 2013), thus deriving a 

normalized distance to target axis to compare all trajectories.  
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Taking the entry and exit sites from imaging, and the NRMS measure from 

electrophysiology, we analyzed whether the trajectories definition of the STN agreed from 

both perspectives. For this, we compared the trajectories based on their vicinity to the 

STN and analyzed if the difference in NRMS activity matched the STN entry and exit 

sites. 

2.7 Active contacts location 

Based on post-operative scans and clinical stimulation settings we obtained the 

coordinates of the active contacts location after reconstructing the DBS electrodes as 

implemented in Lead-DBS. We then mapped this location to the nearest coordinate along 

the patientôs trajectories as an additional verification step of the agreement of the different 

modalities. 

2.8 Brain-shift analysis 

We carried out an additional analysis estimating brain-shift, using an imaging-approach 

and an electrophysiology-approach, and comparing the two. 

The brain-shift imaging-estimate was defined using pre- and post-operative imaging, as 

implemented in Lead-DBS: post-operative images were co-registered to the pre-operative 

imaging, first using the whole brain and then locally, focusing on the basal ganglia. The 

resulting transformation was used to transform coordinates along the trajectories. We 

defined the brain-shift imaging-estimate as the resulting displacement. 

The brain-shift electrophysiology-estimate was defined using MER features and their 

correspondence to the atlas-based definition of the STN. The NRMS trace for each 

trajectory was cross correlated with its spatial vicinity to the STN. This resulted in a xcorr 

value and a lag value; the lag representing the displacement of the NRMS trace to 

maximally overlap with the STN. We defined the brain-shift electrophysiology-estimate as 

the lag resulting from this computation. 

Performing a correlation analysis we calculated the association between the two 

measures of brain-shift. This is a preliminary evaluation to assess the potential of this 

biomarker as a real-time estimate of brain-shift during surgery. 
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3 Results 

A central component of the results of this dissertation work come in the form of software 

plug-ins for multimodal data analysis and visualization during DBS surgery. These 

modules encompass the Lead-OR project (figure 2) and form a platform which can be 

customized and further extended to build real-time processing pipelines enabling novel 

types of analysis to create informative representations of the ongoing state of the surgery.  

 

Figure 2. Overview of the Lead-OR project implementation. The Open Ephys platform connects to the 

electrophysiology acquisition device (in this project the NeuroOmega from Alpha Omega), visualizes and 

processes the incoming signals extracting features of interest. Features are sent to 3D Slicer via 

OpenIGTLink (IGT) and are mapped to their spatial location defined by the planning, microelectrode 

configuration, and distance to target. Here, the normalized root mean square value of the signals is 

informing the diameter and color of a tube along the trajectories. Currently, planning information can be 

imported from Brainlab and ROSA stations, with the possibility to extend to more platforms. Patient images 

are co-registered and visualized with in-plane slices defined by the planned trajectory. After image 

normalization in Lead-DBS, atlases can be transformed into patient space, deriving an atlas-based 

segmentation which can be further refined using WarpDrive. This way, the multiple modalities and sources 

of information are spatially corresponded and displayed to create a meaningful representation of the 

ongoing state of deep brain stimulation surgery. GPe: external globus pallidus; GPi: internal globus pallidus; 

STN: subthalamic nucleus; RN: red nucleus. 

3.1 Novel tools implementation 

The implementations built around this work allow: connecting and streaming data from 

the NeuroOmega device to the OpenEphys GUI; extracting electrophysiological features 

in real-time; importing of stereotactic surgery planning; refining atlas-based 
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segmentations via manual interactions; and visualizing in real-time imaging, together with 

high resolution data resources and electrophysiology features in patient specific space, 

representing the state of DBS surgery. An overview of the tools and their interplay is 

presented in figure 2. 

3.2 Increasing brain atrophy challenges automatic registrations 

Automatic atlas-based segmentation can be challenging in cases with abnormal brain 

anatomy, such as atrophy. The accuracy of HarP hipocampus atlas-based segmentations 

and brain atrophy patterns measured by SPARE-AD present a significant relation in a set 

of ADNI patients featuring both data (Pearson Ὑ πȢυχ; ὴ ρὩ ρπ; Figure 3). 

Manually refining the transformations in WarpDrive improves the accuracy of the atlas-

based segmentations, deriving a more precise link to MNI space. 

 

Figure 3. Accuracy of automatic registrations is challenged by brain atrophy. Panel A shows the association 

(Pearson Ὑ πȢυχ; ὴ ρὩ ρπ) between the accuracy of atlas-based segmentations (as measured by 

the DICE score between manual and MNI-transformed segmentations) and brain atrophy (as measured by 

the SPARE-AD score). Cases with strong atrophy are tough for automatic algorithms and candidates to be 

improved by manual refinements in WarpDrive (B). One example case is illustrated in C, showing the 

manual, automatic, and refined segmentations of the hippocampus (note that the user was blinded to the 

manual segmentation while doing the refinements). 

3.3 Overall agreement between imaging and electrophysiology 

As a validation of the Lead-OR platform, a general correspondence between 

electrophysiology derived features and imaging is seen. Normalized root mean square 

values along the trajectories depict a region with higher activity that lays within the 

imaging-defined STN boundaries (figure 4). 
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Figure 4. Agreement between electrophysiology and imaging. In panel A, each vertical line represents a 

trajectory from left to right according to their distance to the subthalamic nucleus (STN). The color indicates 

the normalized root mean square (NRMS) value derived from the electrophysiology signals and the black 

dashed lines represent the entry and exit sites to the STN as defined from the imaging. In Panel B we take 

the top 20% trajectories and compare the median NRMS along the trajectories against the bottom 20%. A 

significantly different portion of the two electrophysiology derived features (nonparametric Wilcoxonôs 

signed-rank test ὴ πȢπρ with false discovery rate correction) coincides with the entry and exit sites of the 

imaging derived STN. From (Oxenford et al., 2022), used under CC BY 4.0, cropped from original. 

3.4 Active contact locations match expected imaging and electrophysiology sites  

The clinical stimulation settings of the patients mapped to the surgical trajectories present 

a correspondence with electrophysiological and imaging features (figure 5). 

 

Figure 5. Deep brain stimulation (DBS) electrodes active contact location. The figure visually illustrates the 

location of the DBS active contacts with respect to the trajectory normalized root mean square (NRMS) 

traces (A) and the subthalamic nucleus (STN) in MNI space (B). This serves as a further confirmation step 

of the alignment of the multiple modalities involved in DBS surgery. From (Oxenford et al., 2022), used 

under CC BY 4.0, cropped from original. 

3.5 Intra-operative electrophysiology-based and post-operative imaging-based 

measures of brain-shift are associated 

Although a general correspondence is seen, it is the discrepancy between the imaging 

and electrophysiology that also inform about new insights. The cross-correlation lag 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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describing this disagreement was taken as an estimate of intra-operative brain-shift 

measure and compared against an imaging-based post-operative brain-shift estimate. 

The data present an association between the two (figure 6) constituting a new biomarker 

for brain-shift detection in real-time during surgery. 

  

Figure 6. Brain-shift analysis. This figure illustrates the analysis and results derived from the brain-shift 

processing pipeline. Panel A shows the normalized root mean square (NRMS) traces and subthalamic 

nucleus (STN) entry and exit for each trajectory. The NRMS traces and the imaging defined STN were 

cross-correlated, deriving a correlation value (xcorr) and a lag value, which defines the lag at which the 

maximum xcorr is reached. In panels A and B, the trajectory traces are sorted according to the xcorr and 

lag values, respectively. Panel B contains the top half of the trajectories: trajectories that intersect the STN 

from the imaging side and that show electrophysiology activity measured by the NRMS. Next, the no-lag 

versus high-lag (values above 1 standard deviation) trajectories are compared. In C, the two groups have 

different distribution of the imaging-based brain-shift value (Wilcoxonôs signed-rank test ὴ πȢππχφ). In D, 

the lag of the high-lag trajectories (representing the electrophysiology-derived brain-shift) is significantly 

associated with the post-operative imaging-based brain-shift (Spearman Ὑ πȢτπ, ὴ πȢπρφ). From 

(Oxenford et al., 2022), used under CC BY 4.0, modified from original. 

 

http://creativecommons.org/licenses/by/4.0/


Discussion 20 

4 Discussion 

4.1 Short summary of results 

We developed and validated of a platform combining several methods for the analysis 

and real-time visualization of DBS surgery. 

These include: 

¶ Providing an accurate link between patient and template space, via manual 

refinements of image normalization. 

¶ Importing of several commercial planning systems into a common framework for 

further analysis and visualization. 

¶ Acquiring NeuroOmega signals through a plugin into a state-of-the-art 

electrophysiology processing platform. 

¶ Integrating all the above, with real-time processing and visualization of micro-

electrode recordings together patient specific imaging and high-resolution 

resources. 

¶ Exploring new avenues for biomarker detection relevant for DBS surgery from a 

multi-modal perspective, including estimating brain-shift based on intra-operative 

micro-electrode recordings and pre-operative imaging. 

Our results suggest that the integration of multiple data sources is not only possible, but 

that it can be leveraged upon to provide novel insights from DBS surgery. A significant 

development work was needed to carry out the aims of this study, from achieving real-

time signal acquisition and processing, to precisely correspond high resolution imaging 

resources together. While highly methodological, in this work we also present how novel 

scientific questions can arise from the methods and, following this direction, we set out to 

study the integration of multiple data as a biomarker for brain-shift during surgery. 

4.2 Embedding the results into the current state of research 

This work intends to fill a gap in the current methodology practice and bridge different 

areas of research within the DBS field, including electrophysiology and imaging. From the 

electrophysiology side, for example, there has been advances in feature extraction from 

MER recordings (Koirala et al., 2020; Valsky et al., 2017; Zaidel et al., 2010, 2009), 
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including real-time machine learning approaches (Valsky et al., 2020), and even 

nowadays incorporated into commercially available systems (Thompson et al., 2018). 

The imaging field, on the other hand, has also seen advanced with respect with high(-er) 

resolution imaging for clinical use (Forstmann et al., 2017; Tao et al., 2023) and for 

template creation (Amunts et al., 2013; Edlow et al., 2019). While DBS image-guided 

surgery navigation started to be studied (Krüger et al., 2020), its integration with 

electrophysiology and additional resources available during surgery is still underexplored. 

Here, we bring these different components together into one common platform for real-

time electrophysiology and imaging processing and visualization. This way we intend to 

leverage upon, and not disregard, the multiple sources of information available during 

surgery. We present a platform to integrate imaging and electrophysiology together, 

building on top of established software for image navigated surgery and real-time 

electrophysiology acquisition and analysis. We take advantage of high-quality building 

components and extend them to meet the needs of this application.  

The toolbox provides a new way of processing and visualizing data, and our results 

present how this novel fusion paradigm can be used to derive biomarkers for DBS 

surgery. In particular, we present a real-time brain-shift estimation algorithm that could 

potentially be of assistance during surgery. Like this, we envision further developments 

in this realm that will open up from multi-modal data aggregation, some of which we 

introduce in the next section. 

4.3 Implications for practice and future research 

This study has several implications regarding current practice and future research 

directions. We present a platform that allows for new types of analysis and opens new 

avenues for research and clinical applications. The tools developed here could become 

part of a decision-making assistance application in the operation room, providing insights 

regarding current state of surgery. For surgeons and neurophysiologists in training, this 

platform presents educational value, since it brings together all different modalities 

involved in the surgery into one visualization. This can be an easy-to-grasp representation 

of the planning, micro-electrodes disposition and patient anatomy that current commercial 

software do not provide. 
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There are several future research possibilities starting from this work that we foresee 

taking the imaging and electrophysiology integration and further investigating it with new 

research questions in mind. 

Such is the case, first, of mapping the intra-operative stimulation testing to anatomical 

space. These data, together with patient assessment and/or electromyography from 

muscles, could be used to inform what target structures and fiber-tracts are associated 

with specific side effects, for example. It could also be used as a dataset to validate novel 

stimulation modeling algorithms, which could evolve into predictive methods to integrate 

within Lead-OR. While we started to look at these data (figure 7), further work is needed 

to formally analyze it and derive conclusions from. 

 

Figure 7. Lead-OR integration with stimulation data. The figure shows an example electromyography trace 

recorded from the brachioradialis muscle, as the stimulation assessment during deep brain stimulation 

(DBS) surgery was being done (colors in the figure indicate increasing stimulation amplitude). The bottom 

panel shows the Lead-OR visualization of the stimulation site with respect with the imaging and together 

with internal capsule fiber-tracts from a high resolution atlas (Petersen et al., 2019) transformed into patient 

specific space. Only fiber-tracts that intersect a simulated volume of tissue activated (derived similarly to 

Dembek et al., 2017) are displayed in each step. This exemplary figure that integrates imaging and 

stimulation is a preface to future work that could more extensively analyze these kinds of data. From 

(Oxenford et al., 2022), used under CC BY 4.0. 

Second, by further developing MER processing algorithms, like extracting specific 

frequency-band activity or spikes, an electrophysiological characterization of the basal 

ganglia region can be developed. Once a reliable map is generated from multiple surgical 

data, then the real-time application could compare against this map to further inform the 

intraoperative assessment of the surgery. We also envision the application of Lead-OR 

http://creativecommons.org/licenses/by/4.0/


Discussion 23 

as a platform to benchmark and test different MER processing algorithms promoting 

open-science practices. 

Third, with further advances in VR/AR technologies and taking advantage of good quality 

open-source solutions (for example 3D Slicer has extensions for VR applications; 

Choueib et al., 2019), the 3D visualization could be further explored in a more immersive 

way. The potential for this is more evident for the pre-operative stage, where multiple 

patient and high-resolution data could be visualized for refining the surgery planning. 

Such applications are already being developed (Noecker et al., 2023). 

Finally, we also extend on the field of image registration, in particular image normalization, 

where there is a growing interest in fusing multiple-modality and high-resolution data. 

With WarpDrive having a general implementation and not being restricted to specific DBS 

cases, we envision the tool having growing impact in this area. For example, it could be 

used to improve normalization in histology to MRI (Adler et al., 2014; Iglesias et al., 2018), 

or in specific regions of interest, like the case of sub-field fMRI (Bandettini et al., 2021).  

4.4 Limitations 

Although we count with high quality data, there were still some cases where data were 

contaminated with artifacts common to clinical practice: patient movements during 

imaging, mixt MER step acquisition, and variable depth of anesthesia. Also, given that 

the data were acquired retrospectively, not every acquisition parameter of the imaging 

and electrophysiology was controlled for. These factors can make the data heterogenous, 

and we therefore performed (pre-) processing steps to normalize it and correct for 

artifacts. Still some cases had to be discarded before further processing, since they didnôt 

provide sufficient signal to noise ratio for the analysis. 

Additionally, other limitations come in the form of processing methods themselves. Image 

normalization used for aggregating multiple imaging data still has some suboptimal 

results for some applicationsðespecially when the aim is to achieve high accuracy in 

rather small regions of interest. To address this, we based our analysis on previously 

published registration routines (Ewert et al., 2019) and built WarpDrive on top of that. 

However, we do not intend for WarpDrive to be the ultimate solution in every scenario. 

The tool still relies on the user having neuroanatomical knowledge and sufficiently 

detailed images to visualize the areas of interest. Since it depends on the user, the 
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process becomes less objective, which might seem counterintuitive. However, the 

subjectivity can bring additional refinements adding value to the data that would otherwise 

stay unexploited during the analysis. 

From the electrophysiology processing side there are different artifacts of the signals 

arising from the nature of the recording that are cumbersome to avoid and can thus 

contaminate the data. Cardioballistic artifacts enter this categorization, as well as the 

signal amplitude attenuation following the tissue displacements caused by the electrode 

descend. Still, data were a sufficient resource for the aims of this study, which were not 

to dive deep into electrophysiological details, but rather propose first steps towards a new 

way of processing and navigating data. 

Finally, throughout this study we mentioned the use of normative and atlas data, and we 

used these resources for our work. While having a common reference for the analysis 

allows for different examinations of the data, this takes it out of its native space, which 

still remains the gold standard for patient specific analysis. Additionally, the use of atlases 

defined in template space also come with the limitations of how they were conceptualized, 

acquired and built. We here took special attention when linking patient and template 

spaces (e.g., by including the WarpDrive tool) which helped bringing this work together. 
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5 Conclusions  

Within this work we provide a new framework for multi-modal data aggregation for DBS 

surgery. We build upon a previously published toolbox and further extend the platform for 

improved real-time performance and additional electrophysiology processing capabilities. 

We validate the platform based on retrospective cohorts and show potential avenues for 

future research including a novel biomarker that informs the brain-shift occurring during 

surgery. This translational work has direct applications in DBS surgery and could become 

a source of valuable insights during decision makingðpotentially improving patient 

outcome after surgery. 
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