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ABSTRACT

Background and objective: We present SYLVIUS, a software platform intended to facilitate and improve
the complex workflow required to diagnose and surgically treat drug-resistant epilepsies. In complex
epilepsies, additional invasive information from exploration with stereoencephalography (SEEG) with
deep electrodes may be needed, for which the input from different diagnostic methods and clinicians
from several specialties is required to ensure diagnostic efficacy and surgical safety. We aim to provide a
software platform with optimal data flow among the different stages of epilepsy surgery to provide
smooth and integrated decision making.

Methods: The SYLVIUS platform provides a clinical workflow designed to ensure seamless and safe patient
data sharing across specialities. It integrates tools for stereo visualization, data registration, transfer of
electrode plans referred to distinct datasets, automated postoperative contact segmentation, and novel
DWI tractography analysis. Nineteen cases were retrospectively evaluated to track modifications from an
initial plan to obtain a final surgical plan, using SYLVIUS.

Results: The software was used to modify trajectories in all 19 consulted cases, which were then imported
into the robotic system for the surgical intervention. When available, SYLVIUS provided extra multimodal
information, which resulted in a greater number of trajectory modifications.

Conclusions: The architecture presented in this paper streamlines epilepsy surgery allowing clinicians to
have a digital clinical tool that allows recording of the different stages of the procedure, in a common
multimodal 2D/3D setting for participation of different clinicians in defining and validating surgical plans
for SEEG cases.
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HIGHLIGHTS
e Efficient transfer of information among epileptologists and neurosurgeons.
e Scenegraph-based processing pipeline to drive registration of multiple datasets.
e Graphics processing unit (GPU) based detection of vessels for a planned trajectory.
e Specialized DWI tractography tools for SEEG.

e Semi-automatic electrode segmentation tool.

1. INTRODUCTION

1.1. Epilepsy treatment

Around one third of epilepsy patients do not respond to anti-epileptic drugs [1][2] and are potential
candidates for epilepsy surgery, a procedure which consists on the removal or disconnection of the
epileptogenic zone (EZ). Defining the EZ is a complex issue [3] but some definitions are: “the site of the
beginning and of primary organization of the epileptic seizures” [4,5] or “the minimum amount of cortex
that must be resected (inactivated or completely disconnected) to produce seizure freedom”[6].

Thanks to intraoperative neurophysiological monitoring and careful presurgical planning it is possible to
safely operate in a variety of areas inside the brain, although sometimes surgery must be discarded (e.g.:
when the EZ cannot be located). Epileptologists usually study the semiology and may employ a variety of
non-invasive techniques to locate the EZ like electroencephalography (EEG), magnetic resonance imaging
(MRI), positron emission tomography (PET), or single-photon emission computed tomography (SPECT)[7].

When non-invasive techniques fail to locate the EZ, invasive diagnostic techniques such as stereotactic
electroencephalography (SEEG) can be used. SEEG was developed in the second half of the last century
[8] and has since then made great progress alongside 3D multimodal imaging and the use of new surgical
devices, in particular robots. Despite these advances, the core methodology remains unaltered, consisting
in the stereotactic placement of a number of intracerebral depth electrodes for several days (Gonzalez-
Martinez et al. reported 7 days on average [9]), yielding precise electrical recordings of brain activity both
during and between seizures.

It is usual for the SEEG planning to start with an initial plan proposed by the epileptologist based on an EZ
localization hypothesis to prove or discard the presence of the EZ in several possible locations. This plan
is then discussed with the neurosurgeons who can use different systems (frame-based, frameless, and
robotic[10]) for the implantation. The next step is usually to introduce the initial epileptology plan into a
surgical planning software -many times provided by the stereotactic neurosurgical hardware
manufacturer- and refine it to mitigate surgical risks, which may require new imaging modalities. Despite
the increasing sophistication of these tools, the planning process still involves manual scrolling through



the image planes to find avascular trajectories, which has been described in the literature as an error-
prone, inefficient, and time-consuming process [11].

If the EZ is identified, the final step is for the epileptologist to delineate the area of the brain to be removed
and for the neurosurgeons to use the most suitable surgical approach to perform the intervention. This
could be a craniotomy followed by a resection, laser ablation, or radiofrequency thermocoagulation [12].
Again, precise communication between epileptologists and neurosurgeons is crucial.

Being multidisciplinary, epilepsy surgery may present strong multimodal requirements. Adding to the
previously mentioned datasets, modalities like double-contrast Gadolinium MRI (T1-Gd), Angio-CT with
bolus injection or digital subtraction angiography (DSA) among others may be used to avoid vasculature,
computer tomography (CT) may be used during the intervention for registration with the frame/robot and
after electrode implantation for validation, and diffusion-weighted imaging (DWI) and functional magnetic
resonance imaging (fMRI) can be of use to locate functional areas to protect and to study EZ connectivity.
Neuroscientists sometimes play a support role in processing DWI using tools such as MITK-DI [13],
Startrack [14], or MRtrix [15], voxel-based morphometry (VBM) [16], analyzing fMRI [17], running source
localization algorithms [18] or performing segmentation tasks [19], providing even more datasets.

The presented work describes a new system aiming to provide a patient-centered application structure
that allows for storing and sharing different stages of SEEG and epilepsy surgery. It describes both a
workflow, as well as several generic and specific tools.

1.2. Related work

The Ospedale Niguarda group [20,21] has extensive experience in the surgical treatment of epilepsy and
the use and development of several software tools for it. Their workflow introduced the use of DSA for
the multimodal evaluation of SEEG implantation [22], where DSA constitutes the reference space to which
all datasets are registered. The group presented a 3D Slicer module to automatically define SEEG
trajectories given a target point and possible entry points [23,24]. In [25] a tool is presented in which, for
each electrode, a maximum intensity projection (MIP) image is obtained by projecting a portion of one
centimeter of the vessel volume on a plane perpendicular to the electrode trajectory. Yet another 3D
Slicer module was presented in [26] dedicated to assisting the clinical team in the post-implant stage. 3D
Slicer input is untagged, and the tools are usually configured selecting datasets by name from drop-down
lists.

Another relevant platform is EpiNav [27], which has a dedicated user interface specially designed for
epilepsy, and it has been used as a clinical decision support tool[28]. It allows for multimodal image
registration[29], 3D mesh model generation and visualization, and manual and automated electrode
planning among other features. Images are imported into the case through drag and drop. Data import is
again untagged, and tools require the user to identify the input datasets by name from all the imported
ones. In [30] a pipeline for the creation of multimodal cases is presented which is an attempt to provide a
comprehensive workflow. It describes a fixed image integration scheme, where all datasets are registered
to a T1-weighted image. EpiNav also provides a risk profile visualization along the trajectory designed to
easily inform the surgeon of the vicinity of risks along a given trajectory [31]. EpiNav can also import
Freesurfer segmentations.

IBIS [32,33] is a neuronavigation system that incorporates an automatic planner for SEEG with the novelty
that it attempts to maximize intracranial EEG recording from the volume of interest and its surroundings.



It is a system with advanced Augmented Reality (AR) and registration capabilities. It organizes datasets in
a hierarchical structure, where each node contains a transform (i.e.: a mathematical operation that allows
modifying the medical dataset location in 3D space), and it is concatenated with the transform of its
parent nodes, which prevents image resampling upon registration. In [34] they use tubes -instead of lines-
to represent electrode trajectories, a feature that can also be found in commercial systems to define a
security zone surrounding the electrode. To the best of our knowledge, this software can be used for SEEG
interventions, but no concept of workflow is built into the platform.

A procedure that shares some similarities with SEEG is Deep Brain Stimulation (DBS), where software
solutions like Cirerone [35] and CranialVault [36] have been developed to address the issue of workflow
and data transfer among the various stages. In [37] a tool is presented for the optimization of DBS
electrodes based on geometric constraints. The tool focuses on the risk computation of insertion points
(or entry points) for a given target point. A visualization of the risks associated with each entry point is
presented, designed to facilitate decision making. Despite similarities with SEEG, in DBS the target point
is fixed (is the point to be stimulated) whereas in SEEG both the entry and the target point can be moved,
and risk visualization projected on the cortex does not seem suitable for displaying the entire set of
possible trajectories.

AR and VR have been proposed to aid both at the pre-operative and intra-operative [38] stages of the
planning and insertion of rectilinear trajectories inside the brain. The Dextroscope [39] is a VR
environment that provides a 3D representation of the patient data based on multimodal volume
rendering. The user can manipulate the 3D rendered image with two handheld controllers, allowing for
intuitive exploration of the surgical field as well as three-dimensional planning of rectilinear trajectories.
In [40] an AR planning system was presented which only presents blood vessels and critical structures in
the vicinity of the planned trajectory allowing the user to concentrate only on the relevant structures. Our
work aims to integrate this functionality in those places where it may be required in the context of epilepsy
surgery planning.

In conclusion, epilepsy surgery is a complex procedure with strong multimodality requirements, but there
are also multidisciplinary concerns (i.e.: fluid communication across the different specialties involved in
the procedure), which have to our knowledge not yet been fully addressed. Furthermore, we also aim to
simplify the currently available user interfaces and interactions required.

1.3. Design principles and main technical contributions

SYLVIUS is a platform that integrates different tools along the epilepsy surgery workflow, and which could
be used in a clinical environment. Its workflow is defined by the different SEEG electrodes stages and the
final resection: starting from a preliminary plan, the initial surgical plan, a reviewed plan, the executed
surgical plan (which can be modified in the operating room), the final postoperative segmented SEEG
electrodes and the resection plan. Although the workflow is particularly designed to the way epilepsy
surgery is performed in our institution, we believe its general principles can be applied to different
implementations of the procedure by modifying small parts of the application. To the best of our
knowledge, no other tool has been presented which can represent so many steps of the epilepsy surgery
workflow.

For the implementation, we have tried to follow these design principles:



e The clinical user must be able to transfer/compare information from different workflow steps
without having exposure to matrices or other mathematical constructs.

e Annotate the data upon import and use that information to automatically configure inputs and
rendering parameters. Tools become active only if all required inputs are present and co-
registered.

e Avoid image degradation upon registration. The negative effects of image interpolation and
resampling [41] can be especially relevant in this procedure due to the number of images involved
and the multiple registrations required to merge them.

o Allow a flexible order in which the DICOM images are loaded and registered to each other. The
registration scheme should not be fixed.

In the graphical user interface (GUI) domain, a draggable tree diagram with nodes representing the
different datasets has been developed to drive registrations, substituting drop-down lists, and giving an
idea of the actual registration state.

SYLVIUS also includes several innovations in processing and visualization tools, such as a novel tool to
detect DSA vessels inside the security zone, the possibility to filter DWI tractography directly with SEEG
electrodes, and the ability to display electrophysiological data directly over the contacts that measure it.

2. DESCRIPTION OF THE SYSTEM

SYLVIUS is implemented in the C++ programming language and uses a Python wrapper over CMake for
project configuration. It uses the wxWidgets library for the Graphical User Interface. VTK, ITK, and MITK
are used for visualization, registration, and processing. The overall architecture is plugin based and the
structure of the code imposes a clear separation between processing and interaction code. SYLVIUS is only
distributed for Windows although its components and its build chain are cross-platform.

When used in a zSpace 300 system (zSpace, Inc., USA), SYLVIUS offers 3D interaction and stereo
visualization for working with complex 3D structures (like vessels or white matter tracts, which have
geometries that may be hard to visualize in 2D planes and anticipate its shape, unlike, say, a round-shaped
tumor). This hardware (depicted in Figure 1) is composed of a computer, a stereo screen that emits
circularly polarized light, and an integrated infrared tracking system which allows for pose retrieval (6
degrees of freedom) of polarized glasses and a 3D stylus.
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Figure 1 zSpace systems consisting of a stereo screen with integrated infrared tracking, tracked eyewear, and a
tracked 3D stylus with three buttons.

The zSpace glasses movement events are directly connected to a custom subclass of a VTK camera, which
renders the scene using two non-symmetric frustums, one for each eye. This technique adds parallax
depth cues to the stereo visualization which is intended to reduce the cognitive load associated with the
understanding of complex 3D shapes (such as vessels and tractography). Head-tracking is used to provide
yet another functionality: the near clipping plane of the aforementioned frustums moves with the tracked
glasses allowing the user to clip the scene and examine the internals of a dataset just by moving the head
closer to the screen.

2.1. Tools common to all disciplines

2.1.1. Case Management and Graphical User Interface

Upon start-up, the user can either create a new study or open a previous one. Cases are saved to disk
using an internally developed data structure formed by a combination of XML and VTK file formats. A
search box allows users to filter cases by patient name. When a new case is created, the software presents
itself with most tools disabled (Figure 2) which get activated once their required datasets are imported or
become registered.
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Figure 2 General description of SYLVIUS graphical interface
2.1.2. Dataimport

The data import button displays a pop-up window as depicted in Figure 3. When a specific modality button
is pressed, and a file/folder is selected for import, the volume is loaded annotated as that modality,
rendering parameters associated with that modality are applied, relevant processing tools are enabled,
the visualization toolbar is updated and the image is marked as present in the import window. This
interaction follows our design principle of tagging data upon import.
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Figure 3 Pop-up window for centralized data loading. The datasets already loaded are marked with a green
background. (1a) T1-weighted, (1b) Freesurfer, (2) FLAIR, (3) PET, (4a) b0 from diffusion tensor imaging, (4b)
Tractography (5a) Double-contrast gadolinium magnetic resonance T1-Gd, (5b) Robot plan, (6-10) X-ray
angiographies, one without contrast and four with contrast -left and right, arteriograms and the venograms- XA, (11)
Preoperative Computerized Tomography CTpre, (12) Postoperative Computerized tomography CTPost.

Paired datasets, which rely on the presence of other reference data modalities, are presented below their
required ones (1b, 4b, and 5b in Figure 3) and are disabled if their reference data is not yet imported. For
example, tractography (which is generated externally and imported in TrackVis [42] format) requires the
presence of the b0 volume which will be later required for registration.

2.1.3. Registration GUI and Restrictive Scene Graph

SYLVIUS implements a hierarchical data structure similar to [32]: a scene graph Registration data is stored
in relative transform nodes, which modify the pose of their children. This approach avoids unnecessary
image degradation [41] upon registration. SYLVIUS uses procedures contained in the MITK framework [43]
for registration.

The platform relies on user expertise to choose the pairs of images to register, providing a flexible
registration scheme. As in [31], we consider brain shift to be negligible. To prevent mirroring, relative
transform nodes are only allowed to contain proper rigid transforms (i.e., matrix determinant must be
equal to 1). For dependent datasets (e.g., Freesurfer [19]) the import procedure creates the relative
transform node and no further registration is required nor allowed for them.

SYLVIUS provides a simplified scene graph window to manage registrations graphically. It displays only the
most relevant datasets, represented with the same icons as the import window and visualization toolbar.
A registration procedure is launched by dragging any non-previously registered image icon and dropping
it on top of any other volume, as depicted in Figure 4. If the registration is validated the view becomes
updated and the dragged image and all its children become affected by the computed transformation.
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Figure 4 Registration GUI. Left: the initial state of the study containing T1 (depicted as 3D), its Freesurfer segmentation
and an epileptology electrode plan referenced to it, and an unregistered b0 volume with its dependent tractography.
Middle: Launching registration with T1 as fixed image and b0 as moving image by dragging b0 on top T1. Right: after
registration session shows all present datasets are registered. Dotted lines represent fixed relationships, and a solid
line depicts a relative transform node generated by a registration.

When a dataset is imported, it starts as being disconnected from the rest. To assess that all datasets are
registered the user needs only to check that there is a unique tree, as the one depicted in Figure 5.

Figure 5 Fully registered case, containing several volumes (CTpost, CTpre, MR2c, T1 with Freesurfer, b0 with
tractography and two XA) and 3 electrode sets (epileptology, surgery, and the CTpost segmented one).

2.2. SYLVIUS Workflow

The workflow is defined by the following steps:

2.2.1. Epileptology

The first step in the workflow is taken by epileptologists to define a preliminary SEEG plan. Importing a
T1-weighted image is the only prerequisite to adding electrode trajectories, which are stored as children
of the T1l-weighted image in the scene graph. At this stage, it is common to import a Freesurfer
segmentation or to import a FLAIR and a PET.

A mouse trajectory planning tool (Figure 6) provides a multi-render window with either an orthogonal
view or a “probe’s eye view” -as described in [25]-, both of them with an accompanying 3D view. To aid
in multidisciplinarity, the epileptologist can leave comments to the neurosurgeon on a per electrode basis.



It is also possible to add, modify and delete trajectories in a single 3D stereo window using the zSpace 3D
stylus.
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Figure 6 Epileptology step: mouse trajectory planning in “probe’s eye” view (aligned with the trajectory) plus a 3D view
of volume-rendered MRT1 and meshes from Freesurfer segmentation. Adding a comment for trajectory inside the
amygdala.

2.2.2. Neurosurgery

This step is intended for the neurosurgeon to define the first version of the surgical plan based on the
previous electrode set. An MR2c image is required to place electrodes. Up to four XA images can be
imported to provide greater insight into the vessel structure of the patient.

A “Clone” button allows to precisely transfer the epileptology plan to neurosurgeons, even though they
are referred to different coordinate systems (i.e., reference images). The button is enabled when the T1-
weighted and MR2c images get co-registered. When clicked, it shows a list of the electrodes from the
epileptology electrode set, which can be selected to copy that trajectory in the neurosurgery working area
by transparently applying all necessary transformations defined in the scene graph (from T1-weighted
space to the MR2c space). Upon cloning, comments show up in a pop-up window.
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Figure 7 A session with several images loaded before (left) and after (right) registration of the T1 and the MR2c images.
Once they are registered the electrodes can be cloned from the Epileptology electrode set (green) into the Neurosurgery

electrode set (blue).

Another specific tool of this step is a novel tool to detect collisions of the security zones of the electrodes
with vessels briefly described in [44]. This tool is similar to the MIP tool presented by [25] but projects the
vessels along the full trajectory. Instead of projecting the maximum intensities, depth is recovered from
the z-buffer of the rendering pipeline, which is stored and used for two purposes. When the user clicks on
a vessel in the 2D projected image it is used to un-project the 3D point, centering the tri-planar axes on
that vessel. Second, depth is mapped to brightness in the projected view, where brighter means closer to
entry (Figure 8).

Figure 8 Neurosurgery step. Tool similar to MIP to early detect vessels from up to four XA studies inside the security
zone of the planned electrode. For the selected electrode (W’) tool indicates 27% of pixels inside the security zone as
collisions, which correspond to two distinct vessels at a different depth.

A toolbar button renders the epileptology electrode set (in green wireframe) for a fast visual comparison

of the two versions of the plan (Figure 9).
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Figure 9 Neurosurgery step: An electrode trajectory (solid color) compared with the one defined in the epileptology step
(green wireframe). Its entry point has been modified to avoid hitting a vessel detected in the XA image.

2.2.3. Review

This step is intended to be used as a consolidation tool in a multidisciplinary meeting between
epileptologists and surgeons. The participants can clone one by one each electrode from the neurosurgery
electrode set and check if the modifications performed by the neurosurgeon still measure the desired
areas of interest for the epileptologist.

This tab also contains tools to export the electrode set to the intraoperative system in a text file (for our
intraoperative prototype), in DICOM format, or navigating to the entry and target point of each electrode
in the tri-planar view.

2.2.4. Robot

During the electrode implantation, the plan present in the intraoperative system (currently ROSA) can be
loaded back into SYLVIUS to keep it synchronized with intraoperative modifications. This also provides
enhanced views including images that may not be present in the intraoperative system, as well as
advanced tools from SYLVIUS. Furthermore, this also allows us to later analyze intraoperative
modifications of the reviewed plan and their causes.

2.2.5. CTpost

Once the SEEG electrodes have been implanted, their final position can be obtained from a postoperative
CT and managed in the CTpost step. This segmentation obtains the location of each contact (5-18 contacts
per electrode). Manually segmenting these contacts is a tedious task, and tools like DEETO [45], Epitools
[46], and SEEG Assistant [26] allow for automatic identification of contacts. Our approach to contact
segmentation is described in [47], which only requires the CTpost image.
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Figure 10 Left: upon registration, the user can compare the surgical plan referred to MR2c with the real outcome (using
our segmentation method on the postoperative CT). Right: contact segmentation tool.

2.2.6. DWI tractography

SYLVIUS itself does not process DWI but it can import a b0 and a whole-brain tractography computed with
Startrack [14], Dextroscope[39] in TrackVis [42] format. It is possible to perform freehand 3D stereo tract
filtering with a spherical region of interest (ROI) which is positioned with the 3D stylus (Figure 11). It is
also possible to perform electrode-based tract filtering. The simple mode allows the clinician to filter the
tracts that traverse the security zone of one or multiple electrodes simultaneously (AND operation), as
depicted in Figure 11.



Figure 11 Top: a whole-brain tractography before and after being filtered with two spherical ROl with the AND operation.
Bottom: A filtered DWI tractography, displaying only the tracts which traverse the four selected electrodes security
zones (in wireframe). The final contact position segmented from CTpost is displayed (yellow spheres).

SYLVIUS can perform a more fine-grained computation to attempt to shed some light on the relation
between electrical data measured (SEEG contacts) and the tissue involved in its transmission
(tractography), which we have called the SEEG-electrome[48]. This requires a b0 and its corresponding
tractography analysis to be registered with the CTpost volume, from which the contact positions are
obtained. It then first creates a set of spherical ROIs, either centered on each segmented contact (for
unipolar measurements) or placed in the gap between two contacts (for bipolar measurements). Then, it
computes all the tracts which traverse at least two contact ROIs at the same time.



Figure 12 SEEG-Electrome computation of a patient with bilateral implantation of SEEG electrodes. Left: aggregated
result of the computation. Right: single result from a pair of bipolar spherical ROIs (from SEEG) and the tracts which
connect them anatomically (according to the DWI tractography).

2.2.7. Electrophysiology

This step provides tools to load and play raw SEEG electrical signals in 3D+t. Data are imported in the
European Data Format (EDF) file format, where each signal must have the same name as each contact
(i.e., electrode label plus a number). Voltages are normalized and mapped to a color scale used to shade
a cylinder of the size of real contact.

Although the presented tool is designed to visualize the raw SEEG readings, it can be used to display the
results of electrical data analysis such as correlation analysis or epileptogenicity as in [46].
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Figure 13 Left: A frame of a 3D+t representation of the electrical signals mapped onto the contact it was measured
from. Top right: EDF import tool. Bottom right: EDF play tool.




2.2.8. Resection

In this last step of the workflow, the epileptologist — based on data collected so far— proposes a resection
area of the brain that is revised with the neurosurgeon (Figure 14). This step of SYLVIUS allows for a
segmented portion of the cortex to be exported in DICOM to the neuronavigation system, in our case the
Stealth Station (Medtronic).

Figure 14 Area of the cortex marked for resection.

The development of SYLVIUS has accompanied the implantation procedures in Hospital del Mar,
Barcelona, Spain (member of EpiCARE, a European Reference Network for rare and complex epilepsies)
from 2016 to the present day (58 cases), in progressively higher degrees of involvement. Informed consent
was obtained from all patients or their guardians for the data to be used in scientific research and
publication (Ethical Committee on clinical investigations Parc de Salut MAR, 2014/5940/1). It has been
used to visualize patient data in pre, intra, and postimplantation stages of SEEG, both in 2D and in stereo
3D, and has allowed for the planning and postoperative analysis of SEEG electrodes. As the platform is
designed to cover multiple stages of the epilepsy workflow distinct partial results will be presented, all of
them integrated by the described architecture.

To evaluate its use as a preimplantation planning tool for SEEG, 19 cases (8 with T1-Gd, and 11 with T1-
Gd and DSA) were evaluated. For each patient, modifications from the draft plan following the design
provided by the epileptologists to the reviewed surgical plan were analyzed, as well as the reasons given
by the neurosurgeons for each change. Reviewed plans were transferred to the ROSA system before the
implantation, where the neurosurgeon gave the final approval.

3. RESULTS

No complications were reported after the interventions. From the 217 trajectories analyzed within
SYLVIUS, 7 were erased, 78 remained unchanged, and the rest had their entry (53), target (10), or both
(69) modified. Percentages can be seen in Figure 15, both individualized and grouped by the presence or
not of DSA. The reasons given for the modifications -aggregated by the presence or not of DSA- are shown
in Figure 16.
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Figure 15 Modified trajectories within SYLVIUS for 19 retrospective cases.
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Figure 16 Reasons given by the neurosurgeons for the modification of SEEG trajectories by group.

Also in the preoperative stage, the vessel collision detection tool was compared to 2D inspection by a
trained neurosurgeon[44], correctly detecting 79.5% of them in under 4 seconds. The only cause for false
negatives was low-intensity vessels (below 1500 HU) removed by the threshold segmentation.

In the postimplantation stage, our electrode segmentation tool [47] was used to segment the final
position of SEEG electrodes on 24 postoperative CT scans from 18 patients. From a total of 327 electrodes
(DIXI Medical) containing 3663 individual contacts, SYLVIUS was able to correctly identify up to 274 with
at least 4 contacts, and correctly localize 2422 contacts (66%) in approximately half a minute per case. A
comparison of the results of this computation with a manual segmentation can be seen in Figure 17.
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Figure 17 Comparison of the automatic (blue crosses and spheres) and manual (yellow crosses spheres) contact
segmentation of SEEG electrodes from a postoperative CT scan.

The SEEG-electrome computation was analyzed [48] in a real clinical case with 163 contacts from 15
electrodes -defining a total of 148 electrical ROIs- and a whole-brain tractography, revealing 147
connections (Figure 12) from over 10.000 (1;8) possible pairs. The detected bipolar ROIs sometimes
connected ROIS located on the same electrode and sometimes connected distant areas of the brain (e.g.:
frontal to occipital) from two different electrodes.

4. DISCUSSION AND FUTURE WORK

One of our guiding principles has been to create tools in which the user requirements are expressed in
terms of data availability and validated registrations. Examples of this design are the tractography filtering
tools, the functionality to compare and transfer trajectories, or the DSA vessel collision detection tool.
The users have been presented with tools that attempt to simplify case construction -such as the data
import and the registration widgets- which allow for graphical registration of multimodal datasets. Results
show that the platform has been useful to inspect and modify several trajectories in clinical routine. The
higher impact on cases with DSA is explained by the fact that our ROSA robot planning station version is
not natively able to load and register DSA datasets.



The impact of zSpace widescreen, volume rendering, and stereo visualization which have been used for
the verification of SEEG trajectories has not been quantified. Regarding visualization, the most important
lesson learned is that 3D stereo can sometimes provide great insight into the surgical field, but it is a
complementary view to the 2D tri-planar, which has its own strengths.

Although the Niguarda group report use of multiple tools, 3D Slicer seems one of its main development
platforms. They have used it to visualize two implantation plans versions (manual versus automatic) at
the same time using two sets of lines with two different colors. SYLVIUS extends the idea of visualizing
different versions of a plan to keep track of the evolution of the plan on time. This feature may be used
to visualize/study the adherence of the surgical plan to the epileptology draft plan and to compare the
post-operative location of electrodes with the surgical plan -which can also be obtained with SEEG
Assistant [26] besides other post-operative functionality-. In our opinion, 3D Slicer is a powerful general-
purpose platform that allows for great control over processing, rendering, and data import, but this
versatility comes with the cost of a more involved user interface. As data is untagged, tools cannot check
if required inputs are present on the study to enable/disable user interaction and whenever a processing
tool is used, its inputs must be manually selected by name from drop-down lists. Nevertheless, its
generality might be attractive for the most technically capable clinical users. Automatic planning is also
available in this system in contrast to SYLVIUS.

EpiNav provides a very interesting tool that gives the user a risk profile along the length of a selected
trajectory [31], which we consider complementary to our vessel collision detection tool which looks at the
same problem but in the electrode direction. The reason is EpiNav provides only a distance to risky
structures, but the direction is lost. In our tool, direction is perceived, but depth is mapped to intensity
which is not as precise. Although our tool uses the GPU to provide fast results, EpiNav has also employed
the GPU to compute new trajectories for the user (a review of different computer-assisted planning
studies for SEEG can be seen in [28]), which for us will be the subject of future work.

Regarding case construction, fixed registration schemes are described in [30] for EpiNav, where everything
is registered to T1-Gd, and in [20] for the Niguarda workflow where everything is registered to DSA. Our
architecture offers the possibility to apply both registration strategies, plus a variety of hybrid approaches
(e.g.: case depicted in Figure 5). Choosing one dataset to be always the reference image of the registration
is not optimal. For example, DSA may register better to CT, and T1-Gd to T1. Even worse, when the SYLVIUS
pipeline starts, none of the above images are usually present (e.g.: T1+FreeSurfer+PET). Furthermore, our
strategy based on early data annotation and relative transforms allows SYLVIUS users to completely avoid
repeating the same transformation for paired data as described in steps 1.4.2.2 to 1.4.2.7 for EpiNav [30].
The example provided is for DWI tractography, which in our architecture happens automatically and
transparently to the user. SYLVIUS knows that tractography shares the same space as its reference image
(i.e.: b0), and places it correctly upon its registration. Avoiding this interaction can become an advantage
for studies like FreeSurfer from which we currently import 107 distinct paired elements (volumes and
meshes).

Another benefit of relative transformations, as in IBIS[32], is avoiding image resampling upon registration,
preventing unnecessary image degradation[49]. Flat registration schemes with resampling, where
everything is registered to a single image, resample N-1 datasets once. For more flexible registration
schemes, the worst-case is one dataset being resampled N-1 times. In the case depicted in Figure 5, each
FreeSurfer volume would have been resampled 4 times. Resampling, besides deteriorating the image[49],
prevents processing (e.g.: marching cubes) to give identical results before and after registration.



As Freesurfer cannot run on Windows natively, we have provided doctors with a Linux-based Freesurfer
virtual machine so that it can be processed in the same physical machine. Sharing a folder between the
host and the virtual machine has shown useful to aid in data transfer.

Our design has a limitation of requiring a T1 for epileptology planning, a T1-Gd for Neurosurgery and
review, and a CTpost for extracting the final position of the electrodes. This decision is based on our local
workflow and we are aware that centers have distinct pipelines, for example using MR for the
postoperative assessment. This can be easily changed and will be configurable in newer versions. Future
work will also focus on providing a Frame and a Navigator step to substitute the Robot step in institutions
that do not employ a robot for the implantation.

Beyond the initial intended goal of being a clinical tool, SYLVIUS has raised research questions arising from
its ability to combine different data modalities. In Figure 18 we can see an image that contains a
segmented electrode plan, filtered white matter tracts, anatomical information, and electrical readings.
We expect that SYLVIUS could find utility in providing a link between the anatomical pathways estimated
by the DWI and the SEEG electrical patterns which could be of interest for understanding epileptic seizure
propagation, validating DWI tractography algorithms, or measure axonal propagation speed. We believe
that this could be the subject of further research and that SYLVIUS and especially its dedicated DWI
filtering tools based on electrode and contact positions could aid in the study of such relations.

Figure 18 Tracts passing through two security zones (in wireframe), a Freesurfer segmentation (back), and electrical
data from an EDF file mapped onto segmented contacts (colored cylinders)

We are currently collecting data about other stereotactic uses —DBS for anorexia nervosa and laser
interstitial thermal therapy (LiTT) for tumor and epilepsy surgery - and preliminary data suggests that
SYLVIUS has been useful in some steps of the procedures (i.e.: exploring DWI tracks to stimulate and vital
structures to protect). We will attempt to provide customized workflows for those kinds of interventions
in the future.



5. CONCLUSION

In this paper, we present SYLVIUS, a software platform intended to facilitate and improve the complex
workflow of epilepsy surgery providing pre and postoperative tools for electrode implantation and EZ
resection. The software uses early data annotation and relative transformations to avoid unnecessary
image resampling, automatically configure tools, and simplify the transfer of electrode plans referred to
different images. Novel tools for DWI tractography in SEEG have also been described. Lastly, we provide
a compact head-tracking 3D platform to visualize complex anatomical structures such as vessels or
segmented white matter tracts.
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