Journal of Neuroscience Methods 309 (2018) 109-120

Contents lists available at ScienceDirect

Journal of Neuroscience Methods

journal homepage: www.elsevier.com/locate/jneumeth

Development and characterization of the InVesalius Navigator software for = M)

Check for

navigated transcranial magnetic stimulation s

Victor Hugo Souza™"', Renan H. Matsuda”, André S.C. Peres™", Paulo Henrique J. Amorim©,
Thiago F. Moraes®, Jorge Vicente L. Silva®, Oswaldo Baffa®

@ Departamento de Fisica, Faculdade de Filosofia, Ciéncias e Letras de Ribeirdo Preto, Universidade de Sdo Paulo, Av. Bandeirantes, 3900, 14040-901, Ribeirdo Preto, SP,
Brazil

P Instituto Internacional de Neurociéncia de Natal Edmond e Lily Safra, Instituto Santos Dumont, Rodovia RN 160 Km 03, 3003, 59280-000, Macaiba, RN, Brazil

€ Niicleo de Tecnologias Tridimensionais, Centro de Tecnologia da Informagé@o Renato Archer, Rodovia Dom Pedro I Km 143, 13069-901, Campinas, SP, Brazil

GRAPHICAL ABSTRACT

Interface to guide
instrument positioning

Ge—

InVesalius Navigator:
neuronavigation software

Track

' 9
instruments .":' y :>
E,' InVesalius 3.1

coordinates 5

ARTICLE INFO ABSTRACT

Keywords: Background: Neuronavigation provides visual guidance of an instrument during procedures of neurological in-
Neuronavigation terventions, and has been shown to be a valuable tool for accurately positioning transcranial magnetic stimu-
Transcranial magnetic stimulation lation (TMS) coils relative to an individual’s anatomy. Despite the importance of neuronavigation, its high cost,

Localization error
Co-registration
Coil positioning
Surgical planning

low portability, and low availability of magnetic resonance imaging facilities limit its insertion in research and
clinical environments.

New method: We have developed and validated the InVesalius Navigator as the first free, open-source software
for image-guided navigated TMS, compatible with multiple tracking devices. A point-based, co-registration al-
gorithm and a guiding interface were designed for tracking any instrument (e.g. TMS coils) relative to an

Abbreviations: AP, anterior-posterior; CT, computed tomography; FRE, fiducial registration error; InVNav-MTC, InVesalius Navigator with MicronTracker;
InVNav-Patriot, InVesalius Navigator with Patriot; MRI, magnetic resonance imaging; FRE,,x, maximum fiducial registration error; TRE,,y, maximum target re-
gistration error; MTC, MicronTracker; NBS3.2-Spectra, NBS 3.2 with Spectra; NBS4.3-Vicra, NBS 4.3 with Vicra; StudyVar%, percentage of study variation; RL, right-
left; SDK, software development kit; SI, superior-inferior; TRE, target registration error; TMS, transcranial magnetic stimulation; VTK, Visualization Toolkit
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individual’s anatomy.
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Results: Localization, precision errors, and repeatability were measured for two tracking devices during navi-
gation in a phantom and in a simulated TMS study. Errors were measured in two commercial navigated TMS
systems for comparison. Localization error was about 1.5 mm, and repeatability was about 1 mm for translation
and 1° for rotation angles, both within limits established in the literature.

Comparison with existing methods: Existing TMS neuronavigation software programs are not compatible with
multiple tracking devices, and do not provide an easy to implement platform for custom tools. Moreover,
commercial alternatives are expensive with limited portability.

Conclusions: InVesalius Navigator might contribute to improving spatial accuracy and the reliability of techni-
ques for brain interventions by means of an intuitive graphical interface. Furthermore, the software can be easily
integrated into existing neuroimaging tools, and customized for novel applications such as multi-locus and/or

controllable-pulse TMS.

1. Introduction

Neuronavigation systems have been shown to be a valuable tool in
clinical and research applications. A combination of spatial tracking
devices and tomographic neuroimages such as computed tomography
(CT) and magnetic resonance imaging (MRI) enables accurate, online
localization of surgical and interventional instruments relative to the
neuronal anatomy. An important application of neuronavigation is to
provide accurate and stable positioning of the coil throughout a tran-
scranial magnetic stimulation (TMS) session (Ruohonen and Karhu,
2010; Sollmann et al., 2016). Also, neuronavigation is commonly used
to aid surgical planning (Grillo et al., 2018; Rondinoni et al., 2014), and
to record the position of the brain scanner sensors, e.g., electro-
encephalography (Chiarelli et al., 2015), magnetoencephalography
(Little et al., 2014) and optical diffusion spectroscopy (Tsuzuki and
Dan, 2014), thereby allowing to combine functional information with
anatomical brain images.

TMS is a non-invasive brain stimulation technique that has been
used to study cortical brain function and to treat several neurological
disorders (Rossini et al., 2015). The properties of the physiological re-
sponses elicited by TMS depend on the coil orientation and location
(Ruohonen and Karhu, 2010; Souza et al., 2017). In this context, the use
of navigation systems makes it easier to control the coil positioning
within a defined displacement range and contributes to a reduction in
response variability (Sollmann et al., 2016). Despite the well-accepted
benefits of navigation systems, the high-cost, relatively low portability,
and low availability of MRI facilities limit its insertion in research and
clinical environments. Moreover, the majority of neuronavigation sys-
tems are closed platforms and are developed to work with only a single
model of spatial tracking device in one operational system. Therefore,
the development of low-cost, multiplatform and flexible alternatives is
of utmost importance.

Recently, (Ambrosini et al., 2018) developed the StimTrack soft-
ware for online TMS coil placement without the need of MRI. Moreover,
several open-source projects have been developed aiming at image-
guided navigation for surgical applications such as CustuX, SlicerIGT
(Fedorov et al., 2012), MITK-ITC (Nolden et al., 2013) and NiftyIGI
(Clarkson et al., 2015). However, none of these frameworks provides
specific tools for image-guided coil placement in TMS.

Possible improvements in the flexibility of neuronavigation systems
would be the ability to connect the navigation software with multiple
spatial tracking devices. Spatial tracking devices record online trans-
lations and sensor rotations, which allows for monitoring the TMS coil
and the subject’s head positions. The sensor coordinates are recorded
using optical, electromagnetic, or ultrasound transducers. Each of these
devices has physical limitations; for instance, optical trackers require
the space between the sensors and camera to be free from visual
blocking. In turn, electromagnetic devices are affected by ferromagnetic
parts in the near surroundings. Thus, case-specific application of a
neuronavigation system in research or operatory environments might
require a distinct spatial tracking device.
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In order to overcome the limitations mentioned above for current
neuronavigation systems, we have developed an extension of the
InVesalius software program (Amorim et al., 2015) called the In-
Vesalius Navigator. The extension allows communication with multiple
tracking devices, tools for structural image processing and online TMS
coil tracking, all combined in a user-friendly interface. InVesalius is a
Python open-source, multiplatform, free software to analyze and vi-
sualize medical images. Also, InVesalius has an active worldwide
community of contributors with users in over 144 countries. Moreover,
Python has been used by many important packages and software tools
in neuroscience, e.g., MNE (Gramfort, 2013), PsychoPy (Peirce, 2007),
and MagPy (McNair, 2017), mainly for its ability to interface with
different languages, easy syntax, high-level coding and a vast number of
libraries. Altogether, these features make InVesalius a suitable platform
to develop a free, open-source neuronavigation software.

This paper aims to validate and characterize the errors associated
with the InVesalius Navigator software during a navigation procedure
in a phantom and a simulated TMS study. Additionally, we compared
the errors with two commercially available devices for navigated TMS.

2. Material and methods
2.1. Software development

InVesalius Navigator was developed in Python language combined
with several freely available libraries such as wxPython for the gra-
phical user interface, Visualization Toolkit (VTK) for visualization tools,
Nibabel for neuroimaging support and Numpy for numerical data and
array manipulation. A complete list of dependencies and download
links are available on the InVesalius project website [https://www.cti.
gov.br/invesalius].

Wrapping libraries were developed to enable access to the software
development kit (SDK) of commercial spatial tracking devices.
Communication to the following models was developed: MicronTracker
(MTC) Sx60 (ClaroNav Inc., Toronto, Canada), Patriot, Fastrak and
Isotrak II (Polhemus, Colchester, VT, USA). A combination of CMake
(Kitware, Inc., Clifton Park, NY, USA), Swigwin (University of Utah,
Salt Lake City, UT, USA) and Visual Community 2015 (Microsoft
Corporation, Redmond, WA, USA) was used to generate and compile
C+ + libraries, and the source code of each SDK resulting in a portable
Python package. Generated libraries and installation instructions are
available with other dependency packages in the InVesalius repository
on GitHub [https://github.com/invesalius/invesalius3]. All companies
approved their distribution since no commercial source code is acces-
sible within the wrapping libraries.

The pipeline to work with InVesalius Navigator was designed to
provide an intuitive flow of the navigation procedure. In general,
neuronavigation can be started in five steps. First, the user imports the
subject’s MRI or CT image set. In the case where no imaging facility is
available, the user might alternatively import a brain template that
contains an illustrative cortical morphology, such as the MNI152
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(Fonov et al., 2011). Even though the accurate location of individual
anatomic areas is not possible with a brain template, the navigator
interface still controls the coil positioning within a defined target. Next,
the user selects the volumetric reconstruction in ray casting or surface
mode. InVesalius contains the watershed and region growing algo-
rithms for the brain surface segmentation, and supports STL or OBJ files
to import surfaces segmented with third-party tools. Both visualization
modes provide the required anatomical insight of cerebral cortex to
target the region of interest and fulfill the needs for navigated TMS.

In the third step, the user must select the desired spatial tracking
device and register the desired instrument using the tracking probe.
Then, they select three fiducials in the image and record the same three
fiducial coordinates using the tracking device probe. Finally, the user
must click on the Navigate button, and the navigation procedure will
start. It is possible to create spherical markers for reference in 3D vo-
lume during the navigation. Markers can be created by clicking on the
corresponding button, or by external trigger monitoring. The latter was
developed for communicating with TMS devices and automatically
creates the marker in positions where pulses were applied. Also, the
user can define a marker as a target, and enable an interface to guide
the instrument positioning within a user-defined range of acceptance in
translation and rotation angles. The target interface enables multi-ses-
sion reliability of positioning instruments in several applications such
as navigated TMS. The software runs on personal computers and lap-
tops with at least 4 GB of RAM, multi-core processors with 2.0 GHz and
300 MB of hard-disk drive free space for installation. Graphics cards are
not mandatory, but may significantly increase 3D rendering quality and
speed. InVesalius also can take advantage of GPU processing to opti-
mize rendering.

2.2. Co-registration method

The co-registration algorithm is a set of matrix multiplications that
transforms coordinates provided by the tracking device (i.e. the phy-
sical space) to the user interface in the software (i.e. virtual space).
Overall, the co-registration algorithm comprises creation of two re-
ference frames with the tracking device probe (i.e. instrument and
head) and one reference frame for the head’s image within the software.
Thus, the tracking sensor coordinates attached to the instrument are
transformed to the instrument’s reference frame, then transformed to
the head’s reference system, and finally to the head’s image frame in the
software. The transformations are described below step-by-step. Three
tracking sensors are used during the procedure: a probe to record the
fiducial points, a reference sensor attached to a rigid part of the head,
and a third sensor attached to an instrument (e.g. a TMS coil).
Hereafter, we adopted the notation in which a matrix {"5'M; represents
a change of basis matrix ,,;M composed by a translation T followed by
a rotation R, from the tracking device reference system (trk) to the
instrument reference system (inst). No shearing or scaling is used.

First, a translation is applied from the fixed position of the sensor in
the instrument to the desired point of interest (e.g. the center of the
coil) to create the reference frame of the instrument. Then, the re-
ference frame of the coil is created by collecting three fiducials dis-
tributed around the point of interest in the tracking device reference
frame and computing a change of basis matrix "My, using a custom-
made method described in Appendix A. During this step, the instrument
must be fixed with the third sensor attached to it. The initial position
and orientation of the attached sensor given in the tracker reference
frame is ™M, ,, a composition of a rotation ™'R,,, and a translation
i“StTolrk. The transformation to the point of interest is then applied in

every iteration during the navigation using the following equation:
inst __probe probe -1 probe -Iprobe inst probe probe.
M= Rl M) ( Ry R Munc Moy Tk

trkbase
(€8]
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where PR, and P°™T,, are the instantaneous probe rotation and
translation in the tracking reference frame. Next, the coordinate of the
instrument is transformed to the reference sensor attached to the head
to correct for possible movements by the subject.
inst _refy oL inst
Mref - Mtrk M 2
where ™M, ; is the instrument transformation matrix given in the head
reference sensor frame. Then, we apply the change from physical to
virtual space using "M, in two separate steps for rotation and

trk

translation. imngef is computed using the quaternion-based algorithm
by Horn, 1987, and the three fiducials collected in the nasion, left and
right tragus with coordinates given in both virtual space and tracker
reference space. Construction of the head’s reference frame is in-
dependent from the instrument’s reference frame and might be per-
formed in any order before the navigation starts. Next, the translation
and rotation from instrument to image space are given by:

inst _img inst

Timg_ Mref Mref (3)
inst __inst inst. 1 inst -linst inst.

Rimg_baseRimg baseMtYk) ( MOref) MrefbaseMtrk 4

where ngéRimg is the rotation component of a change of basis matrix

computed with the method shown in Appendix A, and the instrument
fiducials are given in the virtual space. Finally, the affine matrix is
composed using the translation represented in homogeneous co-
ordinates by inSlTimg, and the (3 X 3) rotation matrix component in
i“S‘Rimg. The result is the transformation matrix inStMimg that is directly
applied to the object representing the instrument in the visualization
scene of the software.

2.3. Characterization of co-registration method

2.3.1. Phantom design

A cubic acrylic phantom with 21.10 * 0.05cm length was manu-
factured with dimensions comparable to the average human head for
characterizing the navigation systems (Fig. 1 A). The 3D axes were
named anterior-posterior (AP), right-left (RL) and superior-inferior (SI)
for correspondence with conventional medical imaging orientation
systems. Nylon wires with 0.25 * 0.05mm diameter were interlaced
inside the acrylic cube composing an inner cube with an edge length of
100.00 + 0.05mm, and 1331 intersecting points. Every crossing point
in the inner cube was distant from its first neighbors by
10.00 = 0.05mm in all axes.

Virtual simulated tomographic images of the cubic phantom were
produced using a MATLAB 2015a (MathWorks Inc., Natick, MT, USA)
script to mimic a conventional 3D T1-weighted structural MRI acquired
with a gradient echo sequence, repetition time of 6.7 ms, echo time of
3.1ms and (256 X 265 x 180) acquisition matrix with pixel size of
(1 x 1 x 1) mm>. Each crossing point in the acrylic phantom was re-
presented by a voxel value of 255, shown in Fig. 1B, resulting in a
framed virtual cube with an edge length of 100 mm, and identical to the
measurement volume of the acrylic phantom.

2.3.2. Experimental procedure

The experiment was performed in distinct sessions using InVesalius
Navigator connected to MTC (InVNav-MTC) and Patriot
(InVNav-Patriot). InVesalius Navigator was installed in a personal
computer with Windows 10, CPU Intel i7 2.8 GHz, 8 GB RAM and a
NVidia GeForce GT 640 graphics card. The same measurements were
also performed with the navigated TMS software NBS 3.2, and NBS 4.3
(Nexstim Plc, Helsinki, Finland) connected to the Polaris Spectra
(NBS3.2-Spectra) and Vicra (NBS4.3-Vicra) (Northern Digital Inc.,
Waterloo, ON, Canada) optical tracking systems, respectively, for
comparison with commercially available systems.
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Fig. 1. (A) Picture of the acrylic phantom. The coordinate system indicates the anterior-posterior (AP), right-left (RL) and superior-inferior (SI) axes. (B) Screenshot
of InVesalius Navigator with phantom image slices in coronal, sagittal and axial views, and 3D visualization of points representing the crossing wires used for system
characterization. Green markers represent the fiducials used for co-registration and the red marker is the real-time location of the tracking device probe. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Phantom images were imported to the corresponding navigation
software and split in axial, sagittal, and coronal views. Next, a volu-
metric reconstruction of all measurement points was created using the
InVesalius tools to obtain 1.0 mm diameter spheres in the volumetric
rendering space, shown in Fig. 1B. For co-registration, fiducials were
selected to resemble the locations of nasion, left and right tragus
commonly used in human applications. Selected fiducials were right
and left extremities of the intersection line between the posterior and
inferior planes, and the midpoint of the intersection line between the
anterior and superior planes. Coordinates were recorded using the di-
gitization function available in InVesalius Navigator and NBS.

Measurements were performed manually placing the tracking probe
tip and digitizing the coordinates of each crossing point in four planes
along the RL axis. Points were located every 10.00 + 0.05 mm within
each plane along the AP and SI axis. Plane 1 was next to the cube’s left
face. Distances between planes number 2, 3 and 4 to plane 1 were:
10.00 = 0.05mm, 50.00 + 0.05mm and 100.00 = 0.05mm, re-
spectively. The inner cube had an edge length of 100.00 + 0.05mm,
composing the measurement volume. The measurement sequence
started from the point in the upper anterior corner of the phantom. The
experiment was performed within the operational range provided by
the manufacturers of all tracking devices: 152 cm for Patriot, 115 cm for
MTC, 134 cm for Vicra and 240 cm for Spectra. The entire procedure
was repeated three times for each device.

2.3.3. Data analysis

Analysis consisted in computing the error related solely to the de-
veloped co-registration algorithm with the fiducial registration error
(FRE). Next, the error of targeting each point in space, represented by a
pair of crossing lines in the phantom, was estimated for the given fi-
ducial configuration using the target registration error (TRE). FRE was
computed as the root mean square distance from the fiducial co-
ordinates to its counterpart after the co-registration (Fitzpatrick et al.,
1998), given by:

1 on
2— -1 — —P |2
FRE’=—>7 | 1(Qe + (M N)(Pri—Qu))-R ®)
where P, is the image fiducial i, Py; is the correspondent fiducial in the
tracker reference frame, M is the change of basis from the image re-
ference frame to the basis created using the fiducials in image space, N
is the change of basis from the tracker reference frame to the basis of

fiducials in the tracker space, n is the total number of fiducials, and Qg
and Qy are the origins of image and tracker reference frames, respec-
tively. In turn, TRE represents the distance between a target point other
than fiducials and its counterpart after co-registration. TRE was esti-
mated as proposed by Fitzpatrick et al. (1998):

2

(TREZ(r))z@(1+lZ3 ‘lg)

(n-2) 3~k=1 £ 6)
where the given fiducials configuration results in a principal axis k, fj is
the root mean square distance between the fiducials to the principal
axis and dy is the distance between the target to the principal axis. TRE
was estimated using the maximum FRE obtained among all character-
ization runs for a given device.

Lastly, system accuracy and precision during the navigation proce-
dure were measured. The accuracy was named as localization error and
computed as the Euclidian distance between the coordinates recorded
in image space during navigation and the actual coordinates in the si-
mulated phantom image. Average localization error was estimated
across all 484 points for each navigation system. Precision was esti-
mated as the standard deviation of the average localization error
(Kuehn et al., 2008).

One-way analysis of variance (ANOVA) was applied to investigate
how localization error differed between navigation systems; residual
plots did not reveal any apparent deviations from normality. Tukey
HSD was used for post hoc multiple comparisons. Statistical analysis
was performed in R 3.4 (R Core Team, Vienna, Austria) and the level of
significance was set at 5%.

2.4. Validation of instrument position and orientation control

The experimental validation of instrument positioning and control
during neuronavigation was employed in InVNav-MTC and
InVNav-Patriot systems. A dummy head and a TMS figure-eight coil
(Neurosoft, Ivanovo, Russia) were used to compute the repeatability of
estimating the rotation angles and translation vector during navigation
in an experiment based on the study by Ambrosini et al. (2018). The
dummy head was filled with a solution composed of 3.6 g of NaCl and
1.95 g of CuSO4-5H,50 per liter of H>O (Peres et al., 2009). An MRI of
the dummy head was acquired in a Achieva 3T scanner (Philips
Healthcare, Best, The Netherlands) with a gradient echo sequence,
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acquisition matrix of (256 x 256 X 156), FOV of 256 mm, and a voxel
size of (1 X 1 X 1) mm. The MRI was imported to InVesalius Navigator
for co-registration using nasion, right and left tragus fiducials. The
dummy head was attached to a table, and the coil was held by a

Journal of Neuroscience Methods 309 (2018) 109-120

mechanical arm. The center of the coil was placed over the area re-
presenting the primary motor cortex. Measurements of the transfor-
mation matrix were performed in three experimental conditions for two
different targets in each hemisphere, left and right. Three conditions

. A
fimees

. vomgurs s surace

ERRS———
4. Bxport data
5. Navigation system

Select fiducials and navigate

Create marker

Load Hide

Remove Delete all

= v z
3 180 1256 684
4 4988 1540 19638 M

113

Fig. 2. InVesalius Navigator interface used for positioning a
TMS coil relative to a defined target (A) with all coil co-
ordinates adjusted within acceptance limits predefined by the
user, and (B) with coil shifted and rotated away from the
desired position. The white number above the TMS coil and
preceded by the term “Dist” indicates the distance to the
target. The angular differences are represented by updating
the yellow, green and red arrow length shown in the right
lateral panel containing three small TMS coils in (B). Each
small coil turns green if the difference in coordinate is lower
than the user-defined limits, as shown in the right lateral
panel of (A). (C) Schematic representation of the rotation
angles used for characterization and validation of InVesalius
Navigator. The term yaw represents the coil bearing, the
pitch stands for the elevation and roll for the bank angle. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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were used for each target. Condition 1 corresponded to the head sensor
in position one and coil registration one; condition 2 corresponded to
the head sensor in position two and coil registration one; and condition
3 represented the head sensor in position two and coil registration two.
Head sensor position one and two were left and right sides of the
forehead, respectively. Coil registration one and two for Patriot corre-
sponded to the tracker sensor placed on the face and handle of the coil,
respectively. For MTC, the coil sensor was placed on the left and right
edges on the coil face, respectively for registration one and two. Co-
registration was repeated ten times, and the translation vector and ro-
tation angles were extracted from the transformation matrix in each
trial. An additional run was performed with the head sensor in position
two and coil registration one to evaluate the static fluctuations of co-
ordinates during navigation. In this case, coordinates were sampled
every 2s for 180 s, with coil and head static during navigation.

Repeatability was estimated for the translation vector (i.e. Euclidian
distance) and angle difference to the target using the Gage R & R
measurement system assessment in the SixSigma R 3.4.0 software
package (R Core Team).

2.5. Localization error for revisiting a target

InVesalius Navigator localization error associated with re-
positioning the stimulation coil multiple times relative to a defined
target was estimated in a simulated TMS experiment. The experiment
was performed for InVNav—-MTC and InVNav-Patriot systems. Three
adults (two men and one woman, 24, 26 and 29 years old) with non-
reported neurological or motor diseases participated in this study. All
subjects were submitted to a volumetric gradient echo T1-weighted
MRI in a Achieva 3T scanner (Philips Healthcare) with
(240 x 240 x 240) acquisition matrix and a voxel size of (1 X 1 x 1)
mm. The study was approved by the local ethics committee of the
University of Sao Paulo (CAAE: 54674416.9.0000.5407) in accordance
with the Declaration of Helsinki, and each participant gave written
informed consent before the experiment.

Participants sat comfortably in a reclining chair and were asked to
stay fully relaxed, following the same procedures as in a conventional
TMS experiment (Julkunen, 2014). The MRI was imported to InVesalius
Navigator, a volumetric rendering was constructed, and co-registration
performed using the nasion, left and right tragus fiducials. The hand
knob identified in the left primary motor cortex of the subject’s MRI is
commonly used in TMS experiments (Sollmann et al., 2016), and was
marked as a target. A TMS figure-eight coil was positioned approxi-
mately tangential to the scalp, directly above the target, and the co-
ordinates were saved in InVesalius Navigator. The coil was initially
placed on a table by the left side of the subject. The coil was moved
from the initial position to the target following the InVesalius Navigator
guiding interface, shown in Fig. 2. When the user was able to hold the
coil steady within the range of 3 mm for distance and 3° for each ro-
tation angle, a marker was created simulating a TMS pulse, and the coil
moved back to the initial position. This procedure was repeated ten
times for three head co-registrations.

Table 1
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Localization error related to revisiting a target was computed as the
average Euclidian distance, and angle deviations in each axis between
every marked spot and the selected target. Two-way ANOVA was used
to assess if differences in coordinates varied for each tracking device
(InVNav-MTC and InVNav-Patriot) and coordinate (translation, yaw,
pitch, and roll). Fig. 2C shows the yaw (coil bearing), pitch (coil ele-
vation) and roll (coil bank angle) rotation angles relative to the TMS
coil reference frame. Post hoc multiple comparisons were performed
using Tukey HSD test, and the level of significance was set at 5%.

3. Results
3.1. Software validation

The FRE, TRE, mean localization and precision errors for
InVNav-MTC and InVNav-Patriot, and NBS3.2-Spectra and
NBS4.3-Vicra systems are depicted in Table 1. Figs. 3 and 4 illustrates
the spatial distribution of TRE, and localization error for all tested
systems, respectively. Every marker coordinate corresponds to a pair of
crossing lines measured in the acrylic phantom, and the color scale
shows the computed quantity (i.e. TRE or localization error).

Localization error representing the distance between measured and
targeted coordinates varied across the navigation systems, revealing a
slightly lower error for NBS systems compared to InVNav-MTC and
InVNav-Patriot (F31932 = 70.48; p < 0.001). Post hoc multiple com-
parisons indicated that mean localization error for NBS3.2-Spectra
significantly deviated 0.34 and 0.40 mm from InVNav-MTC and
InVNav-Patriot, respectively. Additionally, NBS4.3-Vicra was sig-
nificantly different from InVNav-MTC and InVNav-Patriot at 0.29 and
0.35 mm, respectively. No relevant differences were identified between
InVNav-MTC and InVNav-Patriot, and no difference between
NBS3.2-Spectra and NBS4.3-Vicra. A boxplot of localization errors for
each system is depicted in Fig. 5.

3.2. Validation of instrument position and orientation control

The repeatability and study variation percentage (StudyVar%) re-
sulting from the Gage R & R study are described in Table 2 for In-
VNav-MTC and InVNav-Patriot. The measurements in the Gage R & R
study are accurate if the contribution of the gage variability to the total
study variability (i.e. StudyVar%) is lower than 10%. The system is
considered acceptable if the StudyVar% is between 10 and 30%. The
system is not accurate for values greater than 30% due to large varia-
tions across measurements.

Fig. 6 illustrates the distance to the target in translation vector and
rotation angles recorded for 180 s with the TMS coil and fixed dummy
head. The largest deviations were obtained for translation with an
upper limit of 1.52 mm, and yaw with an upper limit of 1.29°, both for
InVNav-MTC. All values were within the range of = 2mm and * 2° for
InVNav-MTC, while all values were within +0.3 and — 0.05 mm and
degrees for InVNav-Patriot.

Maximum FRE (FRE,,,) and maximum TRE (TRE,,y), average and 95th percentile of localization error and average precision error for InVesalius connected to MTC
and Patriot (InVNav-MTC and InVNav-Patriot, respectively), Nexstim NBS 3.2 connected to Spectra (NBS3.2-Spectra), and Nexstim NBS 4.3 connected to Vicra (NBS

4.3-Vicra).
Navigation FREjax (mm) TREpax (mm) Localization error (mm) Percentile 95™ (mm) Precision (mm)
system
InVNav-MTC 0.38 1.02 1.46 2.41 0.52
InVNav-Patriot 0.40 1.08 1.52 2.55 0.58
NBS3.2-Spectra 0.25 0.67 1.12 2.11 0.46
NBS4.3-Vicra 0.72 1.94 1.17 2.29 0.56
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Fig. 3. Target registration error (TRE) distribution estimated for the cubic phantom used for characterization of (A) InVesalius connected to MTC (InVNav-MTC), (B)
InVesalius connected to Patriot (InVNav-Patriot), (C) Nexstim NBS 3.2 connected to Spectra (NBS3.2-Spectra), and (D) Nexstim NBS 4.3 connected to Vicra
(NBS4.3-Vicra). Red markers represent the location of fiducial points, and the four planes are located along the right-left (RL) axis of the acrylic phantom. TRE for
each point is represented by the color scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

3.3. Localization error for revisiting a target

In the TMS experiment, difference to target varied between the
coordinates of interest (F3gs, = 210.76; p < 0.001) and for the in-
teraction effect of coordinate and tracking device (Fsgs2 = 6.24;
p < 0.001). However, no significant effect of tracking device on the
difference of measurements to target was found (F;os2 = 2.84;
p = 0.092). Post hoc multiple comparisons revealed a significant var-
iation of 0.44° in pitch between InVNav-Patriot and InVNav-MTC
(p = 0.005). Fig. 7 illustrates the comparison of all assessed coordinates
between the two tracking devices connected to InVesalius Navigator.

4. Discussion

Herein we have described the development of an open-source neu-
ronavigation software compatible with multiple tracking devices and
with specific tools for TMS experiments. Our results indicate that re-
gistration and localization errors associated with the developed co-re-
gistration algorithm were low enough to provide good target localiza-
tion and repeatability across multiple sessions. The overall localization
and precision errors of the developed system are comparable to com-
mercially available systems measured with a phantom and in a simu-
lated TMS experiment.

4.1. InVesalius Navigator and NBS characterization

InVesalius Navigator and NBS systems showed an FRE below 1 mm
for all runs of measurements. The obtained values are in the range of
those reported in the literature for several navigation systems (Kuehn
et al., 2008; Omara et al., 2014; Ruohonen and Karhu, 2010; Sollmann
et al., 2016). Even though the FRE is primarily used to indicate the
accuracy of the navigation procedure, its interpretation is limited to the
quality of the registration procedure and fiducial points (Fitzpatrick
et al., 1998). Therefore, maintaining a low FRE may prevent error
propagation throughout the navigation procedure. The obtained FRE
for InVesalius Navigator below 0.5mm suggests that the proposed
three-point fiducial co-registration algorithm is suitable for neurona-
vigation.

The TRE was estimated for all crossing points of the phantom con-
sidering each navigation system’s maximum FRE in order to assess the
specific error to locate a target point in space. Maximum estimated TRE
was about 1 mm for all tested devices, except for NBS4.3-Vicra at about
1.9mm. The highest TRE for NBS4.3-Vicra is probably due to the
substantial maximum FRE compared to other systems, as the TRE
computed by Eq. (6) is directly proportional to the FRE. This observa-
tion highlights the importance of carefully selecting fiducials, as larger
registration errors may enhance the accuracy to locate a point in space.
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Fig. 4. Localization error distribution measured for (A) InVesalius connected to MTC (InVNav-MTC), (B) InVesalius connected to Patriot (InVNav-Patriot), (C)
Nexstim NBS 3.2 connected to Spectra (NBS3.2-Spectra), and (D) Nexstim NBS 4.3 connected to Vicra (NBS4.3-Vicra). Marker coordinates correspond to the crossing
wires in the acrylic phantom assessed with the tracking device probe during neuronavigation. Red markers represent the location of fiducial points and color scale
represents the localization error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3 illustrates the spatial distribution of TRE for all points measured
in the phantom. Points close to the centroid of the fiducials’ config-
uration showed the lowest TRE, while points with highest TRE were
located opposite to the plane containing the fiducials. This observation
corroborates the theory of TRE proposed by Fitzpatrick et al. (1998),
pointing out that the region of lowest TRE is close to the principal axis
of the point set used for co-registration. Even though the TRE may be
reduced for co-registration algorithms with a higher number of fiducial
markers, the estimated location errors seem to be low enough to pro-
vide accurate navigation.

The localization and precision errors obtained for all tested navi-
gation systems are lower than the recommended limits for frameless
systems, 2-3 mm for mean localization error (Orringer et al., 2012;
Steinmeier et al., 2000) and 3-4 mm for the 95th percentile (Mascott,
2006; Poggi et al., 2003), and lower than frame-based systems with
95th percentile of 3-5mm (Maciunas et al., 1992). Moreover, NBS
systems showed lower localization error of about 0.4 mm compared to
InVesalius Navigator. The higher resolution and lower measurement
fluctuations observed on the NBS3.2-Spectra and NBS4.3-Vicra
tracking devices compared to InVNav-MTC and InVNav-Patriot prob-
ably explain the lower error for NBS systems. However, this deviation in
the main applications of interest for InVesalius Navigator might be
negligible, as the mean localization error for all systems were about
1.5mm; half of the maximum recommended in the literature
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(Ruohonen and Karhu, 2010; Steinmeier et al., 2000).

Localization error spatial distribution showed lower values around
the top part of the phantom, and higher error on the bottom-most re-
gion, as shown in Fig. 4. Possible explanations for the localization error
inhomogeneous spatial variation are the spatial inhomogeneity in co-
registration error and difficulty in accessing the points in the phantom.
The target error given by the co-registration algorithm depends on the
distance from the fiducial points’ centroid (Fitzpatrick et al., 1998). The
region around the centroid showed the lowest TRE, while the most
distant corners resulted in the highest errors, thus affecting the locali-
zation error depending on the spatial location of each point. In addition,
accessing all the points in the phantom required different probe entry
maneuvers. Central, anterior and posterior areas were easily accessible,
while the top and bottom points were accessed with increased diffi-
culty, mainly because it required the probe to pass through the entire
network of crossing nylon lines. This issue possibly led to an increase in
the obtained localization error.

The main factors influencing the neuronavigation accuracy are co-
registration method, tracking devices technical specifications, image
parameters, and clinical events such as brain shift (Steinmeier et al.,
2000). The phantom built for this study enabled assessment of the first
two factors, and our results indicate that errors associated to our system
are comparable to those of commercially available devices (Kuehn
et al., 2008). Geometric imaging distortions might be disregarded in our
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Fig. 5. Measurements of localization error on InVesalius connected to MTC and
Patriot (InVNav-MTC and InVNav-Patriot, respectively), Nexstim NBS 3.2
connected to Spectra (NBS3.2-Spectra), and Nexstim NBS 4.3 connected to
Vicra (NBS 4.3-Vicra). The box in the boxplot extends from the first to the third
quartile of the data with the horizontal dashed line as the median, the notch
represents the confidence interval around the median and the whiskers extend
to the first data point equal to or 1.5 times less beyond the interquartile range.
The gray circles represent the Euclidian distance between each measured co-
ordinate in image space during navigation, and the actual coordinate in the
simulated phantom image. * p < 0.05.

study because the phantom tomographic image was created using a
computational algorithm. Moreover, MRI distortions have already been
shown to have a low effect on the navigation accuracy (Steinmeier
et al., 2000). Also, clinical events that may arise from the brain and
positional shifts during the procedure may also have minimal impact on
non-invasive applications such as a TMS experiment.

It should be noticed that the position of the phantom points may
vary due to the nylon wires’ flexibility. Therefore, it possibly over-
estimates the navigation system’s error if compared to other rigid
phantoms. However, the flexible material was employed to allow the
probe insertion through the phantom, and to access the internal points.
Moreover, the dimensions approximating a human head provided an
overall visualization of spatial distribution errors relative to the fiducial
markers. Considering that localization error is unevenly distributed in
space, the development of a phantom with realistic head geometry
would be a critical improvement to provide an assessment of errors
with anatomical references.

4.2. InVesalius Navigator accuracy for revisiting a target

MTC and Patriot devices connected to InVesalius provided stable
measurements of position and orientation during a 3-minute recording,
as shown in Fig. 6. Translation and angular coordinates were critically
lower than the acceptance range of 3mm or 3°. Fluctuations of mea-
surements with InVNav-Patriot were lower than 0.2 mm in translation,
and within 0.05° in every orientation. Interestingly, InVNav-MTC
showed larger variations than InVNav-Patriot, with higher range limits
in translation and yaw angle of about 1.5 mm and 1.3°, respectively.
The larger variations in translation compared to other coordinates is
possibly explained by the fact that it sums x, y and z coordinates, and

Table 2
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thus might be more sensitive to fluctuations in measurements from
tracking devices. Overall, the apparent reduced stability of MTC com-
pared to Patriot might be due to a more complex set of factors influ-
encing the visible light camera-based algorithm compared to the elec-
tromagnetic measurement given by Patriot. Also, optical markers
attached to the TMS coil in this experiment were relatively small
compared to the camera-sensor distance during navigation. The stabi-
lity of measurements with MTC can possibly be improved by designing
suitable, larger optical markers for better acquisition of coordinates
with the camera.

Assessment of the TMS coil position and orientation across distinct
registrations revealed a repeatability level below 1 mm or 1° in all co-
ordinates for InVNav-MTC and InVNav-Patriot. The obtained repeat-
ability is critically lower than the values recommended in the literature
(Ruohonen and Karhu, 2010; Sollmann et al., 2016). The Gage R & R
study showed high variability in pitch and roll angles for both systems
compared to translation and yaw. Both angles are partially aligned with
the force direction applied by the handle to support the coil’s weight.
Thus, a greater variation might be expected in elevation and roll or-
ientations, in which the balance of forces is more critical. Nevertheless,
the repeatability and variation were lower than the tolerance for neu-
ronavigation (i.e. 3mm) and might not significantly affect the naviga-
tion accuracy. Therefore, the registration algorithm of InVesalius Na-
vigator provides accurate measurements of coil position and orientation
within multiple combinations of head and instrument registrations.

Finally, the target revisiting experiment for InVNav-MTC and
InVNav-Patriot systems enabled instrument placement within a dis-
tance to the target of 3 mm or 3°. Interestingly, the difference in pitch
angle varied between InVNav-MTC and InVNav-Patriot. Ambrosini
et al. (2018) also reported a difference in positioning of pitch angle
between StimTrack and BrainSight (Rogue Research Inc., Montreal
Canada). Considering that pitch is the elevation angle that moves the
tracking sensor attached to the coil farther away from the plane of the
camera, there might be a decrease in measurement agreement in this
specific coordinate. In turn, Patriot seems to be less affected in this
specific orientation and might provide a better estimate. In summary,
the guiding interface for the TMS coil positioning provided an accurate
return to the target across the different instrument and head co-regis-
trations.

Regarding TMS applications, it is important to note that the current
navigation algorithm of InVesalius Navigator does not project the sti-
mulation target to the brain cortical surface, as in line-navigated and
electric-field-navigated commercial software. Both methods of navi-
gated TMS have been shown to locate the stimulation targets distant
from about 10 mm, which may lead to different motor mapping re-
presentations in presurgical applications (Sollmann et al., 2016). In-
Vesalius Navigator allows the operator to use the TMS coil location and
orientation relative to the MRI for offline processing of stimulation
target and computation of electric field. In the future, online electric
field computation should be incorporated to the InVesalius Navigator
pipeline, which might enable better target localization with a lower
number of pulses, and respecting each subject’s anatomy (Laakso et al.,
2018). Furthermore, one should note that even though no physiological
measurements were performed in this study, the obtained repeatability
and localization error ensure reliable TMS coil positioning throughout
multiple sessions.

Repeatability as standard deviations and the total study variation percentage (StudyVar%) estimated from the Gage R & R study on InVesalius connected to MTC and

Patriot (InVNav-MTC and InVNav-Patriot, respectively).

System Repeatability Translation (mm)/StudyVar%

Yaw (°)/StudyVar%

Pitch (°)/StudyVar% Roll (°)/StudyVar%

InvNav-MTC
InVNav-Patriot

0.95/9.65%
0.64/7.55%

0.86/2.81%
0.50/2.64%

0.91/13.66%
0.52/22.49%

0.80/9.70%
0.58/18.15%
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Fig. 6. Difference between measurements of translation and rotation angles (yaw, pitch, and roll) to target during navigation with InVesalius connected to MTC and
Patriot (InVNav-MTC and InVNav-Patriot, respectively). Data points are the coordinates sampled every 2 s for 180 s, with coil and head static during the experiment
to validate instrument position and orientation. The solid line represents the average and dashed lines represent 1.96 times the standard deviation (95% intervals) for

each coordinate.

InVesalius Navigator stands out in comparison with commercially
available navigation systems by being able to communicate with sev-
eral spatial tracking devices, by its portability and minimum opera-
tional requirements. The software enables navigation and use of the
target interface without an individual MRI by means of the MNI152
brain template (Fonov et al., 2011). InVesalius Navigator can be used
with any TMS coil model, or any other instrument, and might be cus-
tomizable to operate with recently developed controllable (Peterchev
et al., 2014) and multi-locus TMS devices (Koponen et al., 2018). The
software also provides methods for image and data manipulation such

as segmentation and processing tools, and might be integrated
straightforwardly to existing tools for neuroimaging analysis and TMS
control such as MNE (Gramfort, 2013) and MagPy (McNair, 2017).
InVesalius Navigator is distributed as an executable file that allows
Windows (Microsoft Corporation) end users to install it easily [https://
www.cti.gov.br/invesalius]. The source code with instructions for de-
velopers is hosted in a GitHub repository for version control [https://
github.com/invesalius/invesalius3; (Souza et al., 2018)], and to allow
third-party contributors to incorporate relevant features for their ap-
plications.
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Fig. 7. The difference to the target in translation and rotation angles (yaw, pitch, and roll) in the target revisiting experiment for InVesalius connected to MTC
(InVNav-MTC; white boxes) and Patriot (InVNav—Patriot; gray boxes). The box in the boxplot extends from the first to the third quartile of the data with the
horizontal dashed line as the median, the notch represents the confidence interval around the median and the whiskers extend to the first data point equal to or 1.5

times less beyond the interquartile range. * p = 0.005.
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Appendix A

Consider a coordinate system E that belongs to R3. The aim is to find the change of basis matrix from the canonical reference system R? to E. To

do so, we first need to collect three distinct points, P;, P, and P; with coordinates given in R3. Then, a vector vi"* is created subtracting P, from P;. A

second vector v3*™* is created subtracting P; from P;. The point resulting from the projection of v3™ in v{"* will be used as the origin Q. Then, vector v;
is computed from P; to Q and v, is computed from P; to Q. Vector v; is obtained by the cross product between v; and v,. Then, we define the

correspondent transformation matrix of E.

_ P—Q
= pql (A1)
_ b-Q
V2= ql (A2)
V3=V XV, (A3)

Vi V21 V3
M= |Vi2 V22 V32
Viz V23 Vi3 (A4)
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