Chapter 7: Neuronavigation

Stefan M. Goetz, PhD?
Thomas Kammer, MD?

Abstract

The relatively high focality of transcranial brain stimulation requires accurate targeting of the fields
delivered to the brain in order to stimulate the neural circuits that mediate the intended effect while
reducing the unintended exposure of other brain areas. A range of tools support accurate
individualized targeting of transcranial stimulation. Since targets are increasingly defined through
anatomical, functional, or connectivity imaging, individualized gyrus-precise head models help to
identify optimal placement of the stimulation transducers. Neuronavigation systems, such as
frameless stereotaxy, can enable accurate delivery of stimulation to these targets. This is achieved by
real-time tracking of the stimulation transducer and the subject’s head, and co-registering the head
position to a computer model of the head anatomy and other target information. Whereas
neuronavigation is currently limited to the spatial positioning of the transducers relative to the brain
target, stimulation technologies that introduce functional or neuron-type-specific selectivity will
demand novel tools for optimal targeting. As real-time simulation and robot-assisted motion-
compensated transducer placement become feasible, technology is trending towards the
convergence of computational intervention planning and neuronavigation.

Keywords: Target identification; transsynaptic targeting; navigated neurostimulation; real-time
physical modeling; robotic coil placement.

Introduction

Brain stimulation technologies can leverage their spatial focality to exploit the anatomical
organization of brain functions, especially in the cortex (see Section Il of this book). Transcranial
magnetic stimulation (TMS), for instance, offers stimulation coils that allow relatively selective
stimulation of cortex volumes as small as approximately 5 mm x 5 mm x 5 mm (see Chapter 4), and
the focality of transcranial electrical stimulation (tES) has been improved similarly (see Chapter 2)
(Thielscher and Kammer 2004; Dmochowski et al. 2011; Groppa et al. 2012; Goetz and Deng 2017).
Other stimulation and modulation technologies, such as transcranial (focused continuous or pulsed)
ultrasound (Chapter 9), further allow focusing in depth (Lee et al. 2016). However, the focality of
stimulation methods requires accurate determination and maintenance of the stimulation transducer
placement relative to the brain target.

Such accurate targeting typically involves the selection of targeting parameters such that the
stimulation effect in the target brain area is maximized. The placement of the stimulation
transducers is the key targeting parameter. In electrical stimulation, for instance, the shape, size, and
position of the electrodes as well as the polarity of the individual electrode’s current determine the
spatial distribution of the electric field inside the brain (Rawiji et al. 2018; Saturnino, Antunes, and
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Thielscher 2015; Alam et al. 2016; Edwards et al. 2013; Bikson, Rahman, and Datta 2012). In TMS, the
equivalent spatial degrees of freedom for the operator to influence the stimulation target are the
position and orientation of the coil relative to the brain, as well as the current direction of the pulse
(Kammer, Beck, Erb, et al. 2001; Thielscher and Kammer 2002; Brasil-Neto et al. 1992; Mills,
Boniface, and Schubert 1992). In ultrasound stimulation, the main targeting parameters are the type,
position, and orientation of the transducer, whereas the frequency is typically preselected (Tufail et
al. 2010; Tufail et al. 2011; Lee et al. 2016; Wattiez et al. 2017). Ultrasound stimulation can be pulsed
or quasi-continuous. Some advanced stimulation systems synthesize the field or wave front inside
the head through the superposition of several transducers. Such multichannel targeting is technically
most straightforward with electrical and ultrasound arrays, but early-stage technical solutions also
exist for TMS (Dmochowski et al. 2011; Villamar et al. 2013; Bikson et al. 2014; Fischer et al. 2017,
Clement and Hynynen 2002; Groppa et al. 2012; Koponen, Nieminen, and llmoniemi 2018; Ruohonen
and limoniemi 1998). Accordingly, the number of parameters for targeting increases as each channel
affects the spatial field distribution. In such multichannel systems, the degrees of freedom, such as
current amplitude or position, of the different transducers are often generated computationally.

In addition to the spatial targeting parameters, advanced devices introduce even more degrees of
freedom related to the stimulus waveform in electrical and magnetic stimulation (see Chapter 5),
which can provide some extent of activation selectivity at the neuron level (D’Ostilio et al. 2016;
Goetz et al. 2016; Sommer et al. 2018; Halawa et al. 2019). To date, such features are not yet
supported by any targeting or navigation toolbox.

Despite their similarities, the various stimulation technologies differ in several aspects relevant for
targeting. In TMS, the spatial distribution of the induced electric field is largely determined by the
coil, as the conductivity of brain tissues is relatively low. Nevertheless, the electric field is locally
distorted by the individual head anatomy such as the cortical gyrification patterns as well as the large
difference in conductivity between the corticospinal fluid and the brain (see Chapters 1 and 6).
Accordingly, the location of the strongest stimulation can be assumed to be approximately
underneath the area of the coil where the winding is densest and closest to the scalp. For example,
stimulation is strongest underneath the center of a figure-of-eight coil. The exact location, however,
can be markedly shifted due to the brain’s gyrification (Opitz et al. 2011; Thielscher, Opitz, and
Windhoff 2011; Bijsterbosch et al. 2012; Raffin et al. 2015). In contrast to magnetic stimulation, in
electrical stimulation the current injected by the electrodes has to pass through the scalp, the skull
including current-shunting openings such as the orbits, the cerebrospinal fluid, and other head
tissues with diverse structure and electrical conductivities before reaching the brain, resulting in a
complex flow pattern following the path of highest electrical conductivity (Datta et al. 2009).
Moreover, the current can reach deep brain regions where it is shaped by the structure of the cortex,
white matter, subcortical structures, and ventricles. Accordingly, the spatial distribution of the
electric field is determined by the individual anatomy, and estimation of the stimulated target is not
trivial for an operator. Similarly, ultrasound is strongly affected by the mechanical tissue properties,
scattered, and partially reflected at material interfaces (Clement and Hynynen 2002; Pinton et al.
2012).

Importantly, the focality of some stimulation paradigms, such as TMS, has reached a level where
further focality enhancement might be limited by the ability to reliably target smaller locations and
maintaining this target throughout an extended period of time despite small head or skin movements
during a stimulation session. Thus, even if higher spatial focality—ideally down to the single-neuron
level—became available, better methods for targeting and fixing the transducers will become critical.



In addition to the technical problem of ensuring that stimulation is focused on specific brain targets,
the selection of these targets can be challenging as well. The target selection is rarely based on an
exactly known location but typically aims to modulate a specific brain function.

A number of technical means can support planning and execution of the targeting of a brain
stimulation intervention. These include prediction of the stimulated brain areas through simulations
based on the transducer placement and individual head anatomy scans, quantification and display of
the position of transducers relative to the brain through neuronavigation, and holding or stabilizing
transducers in mechanical arms or robots. Importantly, all these tools rely on many assumptions and,
in some cases, may mislead users to believe there is an unrealistically high level of precision and
accuracy. Therefore, operators should be experienced in how to reliably use the tools and to identify
factors that degrade targeting performance. In addition, there should be a sustained effort by
manufacturers and users to quantify and improve the overall accuracy and precision of
neuronavigation tools.

Role and elements of targeting

The goal of neuronavigation is to increase the specificity, strength, and reliability of brain stimulation
effects. Taking TMS as an example, most applications use a focal coil, restricting the effective field
strengths to a small volume of the brain situated close to the coil, typically in the neocortex.
Nevertheless, some interventions, such as one depression treatment protocol, have achieved good
results with relatively unfocused fields (Levkovitz et al. 2015; Deng, Lisanby, and Peterchev 2013).
Thus, the intended effects are based on neurophysiological modulation of a specific part of the
neocortex, reflecting spatial organization and separation of many brain functions (Van Essen et al.
1998). This extends to most other stimulation paradigms, some of which, such as ultrasound, allow
for relatively selective targeting of deeper brain structures.

Targeting typically comprises several components. The first component refers to target identification,
i.e., the specification of the neural structure to be stimulated or modulated and its precise location in
the individual patient or subject. Various technologies can support this step by leveraging the brain’s
anatomy, neurophysiology, and connectivity. The second component involves the selection of the
specific targeting parameters of the stimulation or modulation technology, typically by positioning
the stimulation source, including location and orientation. Computational methods and models might
in the future replace or supplement intuition and conventional transducer placement on the scalp
directly over the target. The corresponding positioning of transducers can be performed manually by
the operator with the support of a navigation system that reports any deviations, or by a robotic
positioning system (Krings, Chiappa, et al. 2001; Lancaster et al. 2004). In multichannel stimulation
systems, the stimulator can usually adjust the contribution of the various channels to shift the focus
and direct it to the target. Furthermore, targeting should be maintainable and reproducible within
and across stimulation sessions. Finally, targeting involves documentation of the stimulation site,
both for reporting of the findings and for interventions where the location and related parameters
are a major part of the outcome, such as mapping of brain function (motor cortex, e.g.,Julkunen
2014, visual cortex, e.g., Kammer et al. 2005), which can be used for presurgical planning (Krings,
Foltys, et al. 2001; Picht et al. 2011; Takahashi and Picht 2014; Weiss Lucas et al. 2020; Jeltema et al.
2021).
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Figure 7.1 about here
Caption: Importance of transducer orientation: Even small deviations in the orientation lift

the focus point of a TMS coil off the head and the coil touches the head at another part of the coil
surface (often closer to the coil handle). A deviation of a few degrees can shift the stimulated
location in the brain by millimeters. This problem is likewise important in focal ultrasound
stimulation. For both, the orientation of the transducer plane relative to the local head normal is
most important, which has two axes, shown in Panels A and B. For TMS, rotation around the scalp
normal matters as well, since it determines the direction in the cortex of the induced electric field,



which is approximately tangential to the head surface. This third degree of freedom in orientation is
often chosen so that the induced electric field is perpendicular to the targeted gyrus.

Limits of targeting

In TMS, the field strength and thus physiological effects decay with distance from the coil.
Particularly with common focal coils, already small tilts with respect to the optimum tangential
placement result in attenuation of the maximum field strength (Opitz et al. 2013; Schmidt et al.
2015). Real-time navigation allows for maintenance of the proper tangential placement of the coil
with respect to the head of the subject, with the focus point of the figure-of-eight coil, which in many
coils corresponds to the coil center, touching the scalp. Maintaining the coil placement to be
tangential to the scalp is sometimes overlooked and can be challenging, especially for inexperienced
operators. Instead of placing the focus point of a figure-of-eight coil on the head surface (maintaining
correct pitch), operators tend to touch the head with a point closer to the coil handle; left—right
misalignment (roll) seems to be easier to control (see Figure 7.1). Some neuronavigation systems
therefore detect and display the orientation error but require correct registration and, more
importantly, operator awareness of this issue (see the crosshairs in the lower right corner and the
arrows representing the orientation of the stimulation transducer in the 3D display of Figure 7.2).
The orientation issue is aggravated in focused ultrasound stimulation, which can reach deeper
structures than the rather superficial TMS.

Neuronavigation systems without robotic positioning only measure and report positions and/or
errors relative to a selected target. Typically, these measurements are used as a visual feedback for
the operator to minimize the actual deviation from a specific position. Most available systems can
also record the six degrees of freedom of the coil position in the head coordinate system for each
stimulus if the stimulator’s trigger output is connected with a trigger input of the navigation system
and the triggered recording setting is activated. Recorded position data allow post-hoc analysis. In
combination with computational and/or empirical statistical models, such post-hoc analysis can not
only document the actual coil locations for quality control and reporting, it can also correct output
fluctuations, e.g., of motor evoked potentials (MEP), due to coil position fluctuations to reduce
unaccounted variability and increase accuracy in excitability measurement procedures.
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Figure 7.2 about here

Caption: User interface of a typical neuronavigation system (courtesy of Rogue Resolutions
Inc.) with 3D view (center), position as well as electromyography recordings per sample (bottom left
panel), electromyography trace (top right), slice view (middle right), and bullseye view with
orientation information (bottom right).

Target identification

An important part of neuronavigation is target identification. With stimulation methods evoking
action potentials, such as TMS, only a few cortical regions can be located by a directly observable
response or acute disruption of certain observable brain functions. Most prominent among these are
the primary motor cortex representations of small hand and other peripheral muscles, which
respond to suprathreshold stimulation with twitching. This response can be detected through
electromyography and is also visible for sufficiently strong stimuli (Volz et al. 2015; Westin et al.
2014). Although experienced operators may quickly find representations of many muscles with
suprathreshold stimulation in the primary motor cortex, similar or moderately increased stimulation
amplitudes can also generate motor evoked potentials in more anterior targets outside the primary
motor cortex (Teitti et al. 2008).

Other cortical areas that can be located through relatively simple observations are the
somatosensory cortex, where the perception of peripheral pain stimuli near the sensation threshold
can be suppressed; the visual cortex, where neurostimulation elicits phosphenes and/or shortly
interrupts visual perception; and the speech area, where short stimulus trains cause speech arrests
(Oliver et al. 2009; Hannula et al. 2005; Kanda et al. 2003; Kammer, Beck, Erb, et al. 2001; Amassian
et al. 1989; Devlin and Watkins 2007; Pascual-Leone, Gates, and Dhuna 1991). Through similar
effects—though typically with higher variability and lower retest stability—access points to the
corticovagal circuit can be located in the prefrontal cortex through bursts that act on the autonomic
nervous system and change the heart rate and/or heart rate variability (Makovac, Thayer, and



Ottaviani 2017; Iseger et al. 2017; Iseger et al. 2020; Kaur et al. 2020; Michael and Kaur 2021).3 The
stimulation of several other cortical areas can specifically disrupt certain cognitive functions (Oliver
et al. 2009; Hannula et al. 2005; Kanda et al. 2003; Ro, Farne, and Chang 2002). Experiments suggest
that further targets can be located through their functional connectivity to a site with detectable
responses by stimulating at both locations and shifting the threshold; an example is gating
phosphenes, but this paradigm is complex and prone to variability, so it is rarely used (Amassian et al.
2008).

Based on a detectable and, ideally, quantifiable response to a single stimulus or a stimulus train, an
operator can approach the target iteratively, maximizing the response (Wilson, Thickbroom, and
Mastaglia 1993; Meincke et al. 2016). Such iterative methods solely based on feedback optimization,
sometimes called hot-spot search, have the advantage that, in principle, they converge to the perfect
targeting parameters, typically position and orientation of the stimulation transducers. The
procedure requires minimum assumptions about the focus location or spread of the specific
stimulation technology and does not rely on a spatial model of the underlying physics or a detailed
definition of the neural target.

Aside from these few examples, however, the majority of brain targets are silent, as they do—with
currently available detection techniques and/or low enough variability for intra-individual testing—
not produce a readily observable response These targets can be identified in various ways,
sometimes contradicting each other. These approaches typically involve the identification of
anatomical or functional features in the cortex (Figure 7.3). Still, gyral anatomy is not visible and
functional organization is even less accessible. Thus, in addition to the identification of an anatomical
or functional target, the target location must be registered in a noninvasively accessible coordinate
system.

At the population level, anatomical and some functional targets have been defined empirically and
documented in brain atlases. These allow the estimation of distances to reference points. Most
prominent is the so-called five-centimeter rule (often extended to 6 cm for a more anterior target;
see below) that estimates the location of the dorsolateral prefrontal cortex, as a target for
depression treatment, to be 5 cm anterior to the hand representation in the primary motor cortex
(Lisanby et al. 2008; George et al. 2010). Similarly, the premotor and the primary somatosensory
cortices have been targeted relative to the primary motor cortex (Rizzo et al. 2004; Gerschlager,
Siebner, and Rothwell 2001; Koch et al. 2006). However, absolute distances from a reference do not
account for individual anatomical differences, not even head size. In comparison, the international
10-20 coordinate system, which is used widely in electroencephalography (EEG) (Jasper 1958), scales
with the head dimensions and therefore provides more individualized relative distances (Herwig,
Satrapi, and Schonfeldt-Lecuona 2003; Seyal, Masuoka, and Browne 1992; Walsh et al. 1998).
Approaches defining the target relatively between head landmarks, such as the nasion—inion line, are
applied in therapy as well as in research and resemble the 10-20 system (Walsh et al. 1998; Levkovitz
et al. 2015; Mir-Moghtadaei et al. 2015). The 10-20 and related systems can be combined with
individual imaging data and may serve as a navigation tool without stereotaxy (Wassermann et al.
1996; Weiduschat et al. 2009; Andoh et al. 2009; Paillere Martinot et al. 2010). However, stereotactic
neuronavigation, as described in more detail later in this chapter, can further refine the referencing
of scalp surface to head imaging data (registration) (Neggers et al. 2004).

3 Repetitive TMS at this target has also shown an impact on cortisol and stress regulation, whereas heart-rate
variability measures were not significant in this study, indicating the large fluctuations of this effect (Pulopulos
et al. 2020).



Instead of population data of anatomy or functional organization from brain atlases, individual brain
scans, such as computed tomography (CT), magnetic resonance tomography (MRI), functional MRI
(fMRI), or positron emission tomography (PET), promise higher accuracy (Volz et al. 2015). T1-
weighted MRI scans currently dominate anatomical target identification. For functional information,
subjects usually perform a specific task during a scan so that 3D activation maps can be collected
together with anatomical data to serve for subsequent individual targeting. Targets within such
widespread areas as the prefrontal cortex may also be identified through their functional
connectivity profile (Weigand et al. 2018).* Although functional imaging is ideally performed prior to
stimulation on an individual level, the identification of a target is often based on inference statistics
of group data including brain normalization procedures, i.e., the individual brain 3D coordinates are
transformed into the normalized Montreal Neurological Institute (MNI) or Talairach spaces for
averaging. A target location reflects maximum activity of a given task on the group level without
consideration of individual variability in cortical gyrification. This group mean, or even an average
taken from several studies, the so-called probabilistic target identification approach (Paus et al.
1997), subsequently serves for coil positioning, corrected by transforming it back into the individual
brain coordinates. Two seminal studies compare a number of different targeting approaches (Sack et
al. 2009; Sparing et al. 2008). Sack and colleagues demonstrated in a cognitive task that the use of
the individual functional architecture yields stronger behavioral effects from stimulation compared
to navigation based on group functional results, as well as navigation based on anatomical
landmarks. The weakest effects were obtained by placing the TMS coil based on scalp coordinates
following the 10—20 system. The statistical power in the study significantly increased when the
targeting was based on the approaches in the following order: 10-20 system, group-fMRI, individual
anatomical MRI, and individual fMRI. Sparing and collaborators found a similar relationship for the
hand representation in the primary motor cortex, with the caveat that individual fMRI-guidance
could not reach the same amplitude of motor evoked potentials as an individual iterative hotspot
search. Similarly, De Witte et al. (2018) demonstrated that the electrode placement in electrical
stimulation for depression treatment as well as the consequential electric field distribution according
to the 10-20 system significantly deviates from the positions chosen if individual anatomical imaging
data were considered.

Depression treatment may be a good example how these various general techniques have been
explored. Initially, an unfocal round TMS coil was used, often simply placed centrally, i.e.,
approximately on Cz in the 10-20 system (Hoflich et al. 1993; Kolbinger et al. 1995). Subsequently,
figure-of-eight coils with increased focality were targeted to Brodman Areas 9 and 46 or the interface
in between (Mayberg 1997; Fitzgerald 2021). However, these areas are still relatively large compared
to the TMS coil focus and are spatially and functionally variable across individuals.® In consequence, a
coil placement definition relative to the motor representation of the hand in the five-centimeter rule
provided a simple method, which became the basis of the first clinical approval studies (Lisanby et al.
2008; Pascual-Leone et al. 1996; George et al. 1997). With time, the five centimeters got extended to
six for more anterior stimulation, which was found to lead to better treatment outcomes (Herbsman
et al. 2009). The unreliability of the five-centimeter rule in targeting was discussed early on, including
lack of proper accounting for the patient’s head size (Gershon, Dannon, and Grunhaus 2003). These

4n addition to the dorsolateral prefrontal cortex, researchers have targeted various circuits based on
connectivity for cognition research and clinical applications (Esterman et al. 2017; Tambini, Nee, and D'Esposito
2018; Raij et al. 2018; Momi et al. 2021). Applicable connectivity between nodes in a circuit is often detected
through functional imaging, diffusion-tensor imaging, or EEG, including TMS—EEG (Weigand et al. 2018; Koch et
al. 2018; Tao et al. 2020).

51t is noteworthy that K. Brodmann separated areas based on their neuronal organization differences emerging
in histology, resulting in relatively large structures with sometimes gradual transitions in between, no function-
based definition, and sometimes diffuse spatial outline that can vary between individuals (Brodmann 1909).



shortcomings led to the development of various anatomical targeting strategies from structural
images (Mylius et al. 2013) and simplified methods referenced to the skull/scalp in 10-20
coordinates, for example coil placement on the F3 position, which is also the basis of the procedure
behind the popular Beam F3 method (Mir-Moghtadaei et al. 2015; Trapp et al. 2020). The latest
targeting methods for depression treatment use functional connectivity, specifically the site with
maximum negative correlation with the subgenual cingulate cortex in group analysis and preferably
on an individual basis (Fox et al. 2012; Fox, Liu, and Pascual-Leone 2013; Weigand et al. 2018; Cole et
al. 2020; Cash et al. 2021). This functional connectivity was reported to coincide with anatomical
connectivity, at least in the left hemisphere (Tao et al. 2020). Connectivity-based targeting may
increase TMS treatment efficacy (Cash et al. 2019). A recent alternative procedure uses the above-
cited effect on the heart rate or heart-rate variability through vagal connectivity, which allows an
iterative target search without imaging tools and according to current understanding also involves
the subgenual cingulate cortex (Iseger et al. 2017; Iseger et al. 2020; Michael and Kaur 2021). In all
cases, individual targeting (e.g., based on structural as well as functional imaging and also
connectivity) has demonstrated increased treatment efficacy (Fitzgerald et al. 2009; Cash et al. 2019).

These results contrast with the actual practice of therapeutic TMS in clinics, which predominantly
uses simple targeting approaches, ignoring anatomical and functional individuality. This practice risks
not only large targeting variability but can also result in stimulation far outside the intended brain
areas, which might influence efficacy and suggests revisiting established procedures for brain
stimulation (Lefaucheur et al. 2007; Pommier et al. 2017; Ahdab et al. 2010; Mir-Moghtadaei et al.
2015; Mir-Moghtadaei et al. 2016; Schonfeldt-Lecuona et al. 2010; Seibt et al. 2015). However, larger
clinical trials are required to demonstrate the superiority of individualized targeting on patient
outcome. Comprehensive summaries of the most recent status on targeting for depression
treatment are available in the literature (Cash et al. 2020; Fitzgerald 2021).

Conventionally, brain stimulation directly targets the brain region of interest. However, some targets
may not be accessible this way, such as subcortical nuclei for TMS. As indicated by the connectivity-
based identification of accessible targets, stimulation at one location can cause activation at remote
sites, including subcortical targets as deep as the hippocampus or the brain stem (Li et al. 2004;
Wang et al. 2014). Transsynaptic targeting and targeting of white-matter tracts actively exploits this
mechanism not just to identify a circuit but to stimulate or modulate neural circuits indirectly
through a site that the operator would otherwise not consider relevant (Nummenmaa et al. 2014).
Individual tractography based on diffusion tensor imaging (DTI) can support the identification of such
indirect stimulation pathways (Hannula et al. 2010). Similar to target identification based on
structural connectivity, indirect targeting can be alternatively based on functional connectivity
between brain regions, obtained, for example, with resting state fMRI (Ulrich et al. 2018; Weigand et
al. 2018; Fox et al. 2012).
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Figure 7.3 about here

Caption: At present, only a few targets can be located through iterative hot-spot search by
maximizing or minimizing feedback (top), most prominently muscle representation in the primary
motor cortex. Indirect targeting through skull/scalp-based references (e.g., 10-20 coordinates) or
structural, functional, or connectivity imaging can provide access to other targets. In case of imaging
data, individual target identification with sufficient statistical power improves the outcome
compared to group analyses in the few existing studies. Computational methods increasingly support
targeting by optimizing the transducer location and orientation, stimulation amplitude, as well as
other parameters in electrical, magnetic, and ultrasound stimulation and modulation.

Stimulation transducer positioning and maintenance of position

In most interventions across all stimulation techniques, a given stimulation site is to be maintained
for a certain time, ranging from minutes to more than an hour. The stimulation transducer (e.g., a
stimulation coil), could be fixed on a tripod or could be handheld by an operator. In both cases, small
head movements and/or transducer movements result in drifts of the transducer position with
respect to the head (Goetz et al. 2018). Navigation systems can provide a means of controlling and
documenting this drift. In the case of handheld operation, the transducer position can be iteratively
corrected to account for head position drifts, whereas this is more complex and challenging in the
case of tripod-mounted transducers. A robot system moving the coil dynamically to compensate for
head movements can be a sophisticated but presently expensive solution.

Neuronavigation systems can support brain stimulation interventions in several ways. First, such
systems can serve in procedure planning and target identification using functional or anatomical
data. Second, neuronavigation can help maintain the stimulation focus on the target during a session
by reporting the placement error in real time with respect to the six degrees of freedom (i.e., three
translational and three rotational) using the above mathematical formalism. Finally, neuronavigation
can help document brain stimulation interventions by recording the position of the transducers,



which aids interpretation and reproducibility of the procedures. For example, two or more
consecutive sessions with the same subject or patient often require an identical coil position, which
can be stored and reproduced using the neuronavigation system. In this case, anatomical or
functional data from subjects are not strictly required, since a generic head model could be used
instead. At present, frameless stereotactical neuronavigation systems routinely serve for TMS coil
positioning, digitizing EEG or stimulation electrode coordinates, or ultrasound transducer placement
in research (Barnett et al. 1993; Beisteiner et al. 2020).

Frameless stereotactic neuronavigation systems were adopted from neurosurgery to measure the
position and orientation (six degrees of freedom) of transducers and the subject’s head and to derive
relative coordinates between them. Various neuronavigation systems developed for neurosurgery or
dedicated to transcranial brain stimulation are available on the market.®” Several open-source
solutions have been presented in publications as well (Ambrosini et al. 2018; Souza et al. 2018;
Rodseth, Washabaugh, and Krishnan 2017).8

While presently most of the neuronavigation systems used for transcranial stimulation are optical,
magnetic and radio-frequency stereotaxy played a role in early studies (Wassermann et al. 1996;
Paus 1998; Bastings et al. 1998; Picht et al. 2009). Such electromagnetic tracking systems are widely
used in other fields of medicine and technology, including early neurosurgery, as they do not need a
direct line of sight, although they are known to suffer from distortion in the vicinity of magnetic or
conductive materials or currents that generate interfering electromagnetic fields in the right spectral
range (Franz et al. 2014; Sorriento et al. 2020; Poulin and Amiot 2002). Nevertheless,
electromagnetic tracking has recently received regulatory clearance for TMS (Datta 2020).

Early optical neuronavigation systems used in brain stimulation employed active markers (e.g., light
sources such as infrared light emitting diodes, LEDs) fixed to spots on the transducers and the subject
that do not move relative to the skull (Schénfeldt-Lecuona et al. 2005). These light sources, also
called trackers, are monitored by at least two cameras with different, known positions (e.g., in a
stereo camera), which can identify the position of an LED by triangulation. Accordingly, through the
pixel coordinates each camera can identify a line pointing to the position of the LED in its view; the
intersection of both lines provides the position. If the system uses at least three LEDs with known

6 Commercial neuronavigation systems used in brain stimulation are available from (examples in alphabetical
order) ANT Neuro (Hengelo, Netherlands), Brain Science Tools (De Bilt, Netherlands), EMS Medical (Bologna,
Italy), HHTNK Xi'an Solitaire Brain Control Medical Technology Co. (Xi’an, China), Localite (Bonn, Germany),
Nexstim (Helsinki, Finland), Rogue Research (Montreal (QC), Canada), Soterix Medical (New York (NY), USA),
and Storz Medical (Tagerwilen, Switzerland). Several commercial systems primarily for neurosurgery from
Brainlab (Munich, Germany), Medtronic (Minnesota (MN), USA), Stryker Navigation (Kalamazoo (Ml), USA), and
Zeiss Medical (Jena, Germany) have been used for brain stimulation as well.

7 Most available neuronavigation setups do not use a custom-designed tracking component but build upon
available solutions from third parties to perform triangulation. Suppliers for optical infrared tracking platforms
include Northern Digital (Waterloo (ON), Canada), ClaroNav (previously incorporated as Claron Technology,
Toronto (ON), Canada), Atracsys LLC (Puidoux, Switzerland), BTS Bioengineering Corp. (Quincy (MA), USA), PS-
Tech (Amsterdam, Netherlands), NaturalPoint with the brand OptiTrack (Corvalis (OR), USA), Qualisys AB
(Goteborg, Sweden), PhaseSpace (San Leandro (CA), USA), Vicon Motion Systems Ltd. (Oxford, UK), and
Ultraleap Ltd. (Bristol, UK). The former four have a strong focus on medical procedures; the latter are used in
film-production motion tracking, industry applications, and biomechanics. The FreeTrack project provides a
mostly open-source optical tracking software application and library similar to the commercial systems,
operating with a wide range of consumer-grade and professional cameras. Such systems could in principle
bring down the cost of neuronavigation, but a brain-stimulation application layer and a standardized setup for
controlled accuracy and/or calibration are yet to be developed.

8 Most prominent among the open-source solutions specifically for brain stimulation are StimTrack, which
builds upon the open InVesalius software package, and NeuRRoNav (Ambrosini et al. 2018; Souza et al. 2018;
Rodseth, Washabaugh, and Krishnan 2017).



relative position to each other on an object and if they are not collinearly arranged, the system can
measure the orientation of the object based on the distance of each of the three LEDs (Zhou et al.
2017). If multiple LEDs such as triples with different positions of the individual LEDs to each other are
used, the system can identify each of the triples, for example, subject versus stimulation transducer
or various transducers. LEDs further allow modulation of the light signal to encode and communicate
further information or to identify them individually. However, active light sources such as LEDs
require power, typically delivered through cables, which can move or detach the LEDs due to the
cables’ weight or get in the way of other equipment. Instead, most modern frameless stereotactic
neuronavigation systems use retroreflective trackers, known from cat’s eye bike reflectors and road
markings, which are illuminated by external light sources (typically infrared) located around the
cameras. If the reflective trackers are shaped like small balls, they are visible from almost all
directions and maximize the detectable positions of the subject and transducers (see Figure 7.4).
However, as the trackers are covered with fine glass beads to generate the retroreflective effect,
they are very sensitive to abrasion and dirt, and should therefore not be touched.

(X, Vo 2,)

Figure 7.4 about here

Caption: Retroreflective markers mounted on a subject’s forehead and a TMS coil (left). The
subject tracker is fixed via an almost inelastic and wide band and without a post that could form a
long lever. Glasses (see Figure 7.8) could further stabilize the position and are less susceptible to face
muscle activity. At least two cameras detect predominantly the retroreflective balls in their view as
their brightness in response to the infrared light sources near the camera axes outshines any other
object under typical in-door light conditions (middle). With exact knowledge of the positions of the
left (x, yi, 1) and right (x, y:, z:) cameras, either through calibration or as they are mounted to a fixed
camera beam, software can interpret each pixel location as a spherical angle (¢, 8 and ¢, &) and
estimate the position of corresponding light spots in 3D from it (right). The comparison of the relative
geometric position of the individual balls with reference arrangements (typically three or four balls)
allows the identification of different trackers to single out the subject’s and one or several
instruments’ positions.

Infrared cameras® with strong light sources that are mounted closely, e.g., coaxially with the
cameras, see practically only the retroreflective markers in their images, which appear as bright,

° Typically those cameras use normal complementary metal—-oxide—semiconductor (CMOS) or charge-coupled
device (CCD) sensors, as in digital consumer cameras, with filters for the visible spectrum and are therefore
mostly sensitive to near-infrared light.



almost saturated pixels on a relatively dark background (see Figure 7.4). These images allow
relatively simple processing either as binary bit maps after thresholding luminosity (i.e., strictly black
and white) or as grey-scale pictures with few gradation levels to allow for subpixel position
estimation. The spherical shape of the markers leads to identical projections from any angle and
allows simple estimation of their center from each perspective if the line of sight is not covered
unfavorably or a large portion of a ball shadowed. The computationally fastest method for estimating
the center of a ball may be calculating the first-order moment by taking the average of the pixel
positions of contiguous white spots—weighted with the pixel value if not thresholded—but can
introduce bias for partial coverage of a ball. Maximume-likelihood or similar regression of a round
outline can improve performance at the cost of speed. Closely related are vote-based search
methods such as the Hough transformation, for which faster derivations are available (Yuen et al.
1990; Wu et al. 2019).

Sunlight and other sufficiently strong infrared light sources can confuse such simple processing but
are rarely present in brain stimulation laboratories. If the geometric position of the two individual
cameras is fixed relative to each other, no further calibration of their reference frame is required.
Each pixel of the images collects light from sources within a sharp spherical angle so that each pixel
lighting up in one camera image represents an axis on which the corresponding ball is expected.
Since the axes of the two cameras intersect, the 3D position of each ball and thus also their center is
well defined in the camera coordinate system, i.e., relative to the camera positions, through
triangulation (Hartley and Sturm 1997). From the 3D positions of the individual balls, the trackers
with their specific unique geometric arrangement of balls can be tested with maximum likelihood
and similar techniques against all stored geometric arrangements to identify the trackers of specific
subjects and transducers.

Ideally, the camera is close to the normal of the plane spanned by three or more balls and can clearly
differentiate them. In the worst case, two balls are located collinearly on or near a camera axis. Then,
the two balls become indiscernible to the stereo camera and the accuracy of the position estimation
may suffer. As soon as the images of two balls—also balls from different tracker—touch each other,
some systems can have problems separating them into individual balls.

For the triangulation of markers, the corresponding location of each marker has to be identified in
every camera image. Present mathematical descriptions typically do not just interpret every camera
pixel by its two angles (see Figure 7.4), but represent the problem through projection equations. In
turn, they can also compensate imperfections; for example, lens aberration and other distortion of
the camera system can be corrected if an invertible prior camera characterization is available. Each
camera projects the three coordinates of a point in space, e.g., of a retro-reflective marker r =

(x, y, 2)"in world coordinates into two projected coordinates (¢;, 9;)" in the image plane of each
camera i. For two cameras in a stereo setup—one on the left, one on the right (i € {I, r})—the overall
equation reads
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with the 3D-2D projection functions P, and P, (R* — R?) of the left and right cameras and the
camera’s individual geometric transformations Tyand T, (R®* — R3) from the same world coordinates
to the individual camera location and perspective. Without any individual camera distortion, the



projections P;and P: are identical since the geometric conditions of the cameras and their individual
relations to the world origin are exclusively represented by the geometric transformations. Whereas
the projection mappings are linear, the geometric transformations include rotation and translation to
account for the different camera locations as well as perspectives, and accordingly are affine
mappings. Using the four-dimensional representation described below, the affine mappings can be
linearized and turned into homomorphisms, each represented by a matrix.

The triangulation equation system (1) has to be solved for (x, y, z)" based on the detected and known
pixel coordinates in the camera projections (¢, 9, ¢, 9:)". Accordingly, it is typically over-defined by
at least one degree of freedom—at least two camera projection pictures with two degrees of
freedom each to measure the three degrees of freedom of a marker (e.g., a retroreflective ball or
pad) in space. Accordingly, the matching has in most cases one best-fitting solution. Sometimes,
however, matching of individual trackers in the various camera images can cause problems and lead
to ambiguity, particularly with many of trackers in view, where the chances increase that the camera
positions and more than one marker are in the same plane (camera—marker coplanarity) (Yan et al.
2014).2° An incorrect matching leads to so-called ghost images or ghost marker locations, where the
system assumes a wrong position for a reflector. The inclusion of additional information and
constraints can turn this matching problem into a constrained tree-search task. First, the individual
markers on one tool typically have known geometric relationships, which can rule out ambiguity in
matching (Liere and Mulder 2003). Furthermore, the silhouette, specifically the size of the outline of
the retroreflective markers in the camera projections, can reduce the risk of wrong matching (Lin et
al. 2018). As soon as the trackers associated with a specific object are identified and located, the
corresponding object can be represented in 3D with its exact outline, position, and orientation if the
object’s outline, e.g., a 3D model of it, has been registered relative to the trackers before.

Mathematically, stereotaxy has strong ties to computer graphics and computer vision. With
retroreflective markers and strong infrared light sources, stereotaxy systems generate a scenery
largely independent from the visible world and do not need complicated object recognition or
anatomical feature detection, though such functions might improve neuronavigation systems in the
future. Instead, triangulation of the markers provides the location of the head frame as well as the
tool frame, both in six degrees of freedom with a position vector p and the orientation matrix O in
the world coordinate system,

Xp
r, = Yp | and
Zp

1 0 0 cosp 0 sinf\ /cosy siny 0
0 = 011 OpitchOyaw = (O cosa —sin a) ( 0 1 0 ) (siny cosy O)
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011 012 013
= (021 022 023), (2)
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where a, B, and y are the roll, pitch, and yaw angles, respectively.!! These vectors and matrices
represent the transformation necessary to bring the head, stimulation transducers, or other tools

101n the case of such camera—marker coplanarity of two or more markers, these markers share at least one
coordinate in the camera projections so that the over-definition is gone and their camera images mutually
fulfill the triangulation equations.

11 The order of the individual rotations changes the outcome as rotations in three dimensions do not
commutate. Any of the six different possible orders of rotations can be used in a system with correct results if
the initial definition is used consistently.



from their generic origin positions to the detected positions so that each point on a specific object p,
= (Xo, Yo, Zo)" undergoes the transformation

X Xo Xp
<y> = Orollopitchoyaw <y0) + <yp)- (3)
V4 Zy Zp

The matrix O and the translation vector r, are generated for every tracker by the stereotaxy camera
and sent to the neuronavigation software. Typically, the neuronavigation software eliminates the
world coordinate system as soon as a subject’s or patient’s head is registered relative to the
respective tracker and represents every other object relative to that, i.e., through vector subtraction.
Given a target point r; with three degrees of freedom and the closest point on the scalp to that point,
an axis can be added so that the software can calculate and display the deviations in position and
orientation of a stimulation actuator with known stimulation characteristics, e.g., a focus point on
the coil surface.

Often, translation and rotation are combined in a four-dimensional matrix—vector formalism so that
the affine mapping of Equation (3) turns into a purely linear transformation,

011 012 013 Xp Xo
021 022 023 Yp \[ Vo
031 032 033 Zp Zo
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The added last dimension?? serves merely as an auxiliary dimension for a consistent and closed
incorporation of the sum and the orientation. Of the 16 entries in the 4 x 4 matrix, only six degrees of
freedom are used. Consequently, the entries are highly constrained.®® The matrix fully describes the
position and orientation of a tool and can be recorded in response to a trigger in most modern
neuronavigation systems, e.g., for each administered stimulus. Typically, the neuronavigation
software can export the individual elements of the matrix of Equation (4) in text format for storing
the transducer position and orientation relative to the head and for post-processing.

Alternatively, the problem can be described in quaternions, i.e., Hamilton’s four-dimensional
complex division ring H, which bring about substantial speed advantages and gimbal definiteness
(Hamilton 1844-1850; Pletinckx 1989; Goldman 2011). With i% = j> = k? = —1 and antisymmetric
commutation of the pairwise products of the imaginary elements i, j, and k € H, numbers are formed
of a scalar and a vector part. The location of a point in space can be represented by a number with
vector part r = ix + jy +kz only and a rotation with angle { around a normalized axis a = iax + jay, + ka,
turns into (cos %2 + sin %/2 a) r (cos %/» + sin %/ a)*, where * denotes the complex conjugation
operator. Details on the use of quaternions for three-dimensional geometry in general and the use in
medical navigation in particular as well as their relationship with vector analysis can be found in the
literature (Pletinckx 1989; Chou 1992; Goldman 2011; Benjemaa and Schmitt 1998).

Combining the estimated coordinates of the stimulation transducers relative to the head with the
computational power of modern computers, almost all available stereotactic systems for brain
stimulation can display the monitored scene in 3D as well as several slice representations in real time

12 sometimes, the additional dimension is equivalently added as the first dimension by circularly shifting the
columns and rows in the matrices and the vectors.

13 The unused 16 — 6 = 10 degrees of freedom (DOF) are: scaling in each of the three dimensions (3 DOF),
reflection with respect to three planes (3 DOF), and a zero constraint on the fourth, auxiliary coordinate, fixing
the four remaining DOFs.



and overlay them with actual brain scan data of the subject after co-registration (see Figure 7.2). The
brain data can be both structural scans as well as activation maps computed from fMRI or PET.

Technical limitations of neuronavigation

The deceptive perfection of neuronavigation pictures and the apparent precision of the reported
coordinates conceal several important limitations. Stereotaxy only measures the positions of
trackers, such as retroreflective balls, in space and establishes a coordinate system, but does not
automatically know where the head is. Instead, the subject’s head and the brain within have to be
registered in that coordinate system. Thus, the operator has to link several points of the subject’s
physical head with their counterparts on the virtual head model, imaging data, or other anatomical
datasets within the neuronavigation software each time the head trackers are mounted or relocated.
The procedure requires distinct anatomical points that can be identified easily and unambiguously
both in the anatomical dataset and on the subject. Furthermore, these points have to be small and
confined enough to avoid a large spread in identifying their location. Errors in the latter detract
directly from the accuracy of the neuronavigation procedure. As the head has few sharp anatomical
landmarks that are accessible noninvasively, are clearly visible in imaging data, and are relatively
stable with respect to the skull, locating corresponding points on the head and in the virtual dataset
can easily spread by 5 mm (Soteriou et al. 2016; Woerdeman et al. 2007; Pfisterer et al. 2008;
Stieglitz et al. 2013; Mascott et al. 2006; Golfinos et al. 1995; Wang and Song 2011).%* Although a
minimum of three points is mathematically sufficient to register a physical head with its imaging
data, it is highly recommended to use more than three points to average out the error of the
registration.’® Frequently selected anatomical features are the intertragic notches®¢, the canthi, and
the nasion (Kammer, Vorwerg, and Herrnberger 2007). To avoid the dependency on a few
registration points, sampling of the scalp surface with a pointer or laser scanner was suggested
(Noirhomme et al. 2004; Hironaga et al. 2018). As soon as imaging data are co-registered with the
physical head, the neuronavigation system can display the positions of all instruments that bear
trackers and whose geometry is known to the system, such as pointer tools and stimulation
transducers, on the 3D virtual head image overlaid with the anatomical and/or functional data.

The precision and accuracy of locating the reflective trackers are often assumed to determine the
performance of a frameless stereotactic system.” However, in actual setups for brain stimulation,

1 These studies furthermore show that the error for bone screws and even surface markers, as preferred in
neurosurgery to match locations between the head and the imaging data, is typically less than about a third of
that of anatomical landmarks.

15 The error decreases approximately with 1/vn for uncorrelated random errors and no bias, i.e., without
systematic error that introduces such bias, where n is the number of registration points.

16 Alternatively, the superior end of the tragus where it touches the helix provides a distinct feature. Further,
the preauricular point on each side of the head is often cited in the literature, which is situated slightly anterior
and is located where a horizontal axis running through the superior end of the tragus reaches the posterior end
of the zygomatic arch on each side. This point would technically sit on a bone for a stiff support, but is in
practice hard to identify reliably.

17 The technical accuracy of triangulation and marker localization is considered sufficiently high compared to
other error sources for most current optical tracking systems with retroreflective markers (Elfring, de la Fuente,
and Radermacher 2010; States and Pappas 2006; Frantz et al. 2003; Wiles, Thompson, and Frantz 2004; Zhou et
al. 2017). The American Society for Testing and Measurement released a standardized testing procedure for
measuring the technical accuracy of medical stereotactic systems with a focus on surgery in ASTM F2554,
which was largely derived from the international standard ISO 10360 for the accuracy of 3D coordinate
measuring systems used in engineering and manufacturing. The ASTM F2554 standard includes technical
drawings of the required setup. However, the aspects of practical accuracy beyond the marker tracking are not



other factors dominate the error. Whereas the trackers on stimulation transducers can be fixed
almost perfectly, those on the subject are more vulnerable to transient or permanent movement.
Direct bone mounting, which is ideal from a mechanical standpoint, is not justifiable outside of
neurosurgical settings, for which neuronavigation systems were designed originally. Therefore,
trackers are typically attached to glasses worn by the subject, stuck to the skin with double-sided
tape or adhesive pads such as repurposed electromyography electrodes, or affixed to elastic
headbands. If trackers change their position or orientation relative to the head, the entire coordinate
system defined by them moves and—even worse for accuracy—rotates. Thus, the operator would
stimulate a different location than intended even though all the target error numbers reported by
the neuronavigation software appear to be negligibly small.

In the case of temporary tracker displacement, the trackers return to their original position and the
error leads to variability in the position and orientation data. In the case of permanent displacement,
the trackers are typically sliding. Both are often caused by facial muscles, such as the frontalis and
the procerus muscles, but can also occur following activity of other musculature. The closer the
trackers are to the face or the neck, the less stable the skin position is. Trackers integrated into
glasses ideally sit on the nose bone and the auricular sulci—three points that form a relatively wide
fixed frame with low orientational tolerance and minimal movement due to facial muscle activity.
The stability of the glasses can be improved by securing them with double-sided tape to the bridge of
the nose and/or the temples. Trackers that do not rest on a bone structure but only stick to the skin
should use the forehead carefully. With every movement of the eyebrows, the operator must expect
wrong readings from the navigation system. Headbands tend to perform worst compared to other
tracker mounting approaches. They do not have as well-defined positions as glasses and,
consequently, small movements would not be obvious to the operator. Additionally, if such
movements were to occur, the headband cannot be moved back to a well-defined position.
Headbands are held in place by friction promoted by the elastic force of the band and easily slide on
the subjects’ hair. In fact, the relatively heavy weight of the trackers promotes such sliding. In
addition to the weight, the assembly of at least three reflectors is often mounted on a small plastic or
metal frame that protrudes from the head for better visibility from various camera perspectives.
However, such frames generate a lever and therefore—in response to gravity or any acceleration of
the head—a tilting motion around its root point occurs, which the band typically cannot suppress. A
tilt of only 5° of the markers near the forehead already shifts the motor cortex by more than 10 mm.
Further, subjects tend to touch trackers, either from an unconscious habit to touch or lift glasses or
to explore this novel object, despite instructions to avoid doing so. Finally, dependent on the position
of the trackers on the head, the operator may touch or push the trackers as well as the mounting
(e.g., headband) while positioning the transducers.

In summary, typical stereotactic neuronavigation systems cannot detect any movement of the
trackers relative to the subject’s head. Moreover, many operators are unaware of the extent and
impact of possible tracker movements. Independent sets of head trackers could detect such
movements, but existing commercial systems do not offer this feature. Importantly, each set of
trackers should be mounted to the head such that its movement is as independent from the other
trackers as possible. Such consistency monitoring and cross-validation could eliminate unnecessary
targeting errors through proper technical solutions and should be considered in the future.

A comparatively limited but practical method entails repeated checks of the location of the
registration points, e.g., intertragic notches, the canthi, and the nasion, relative to the typically
drifting head tracker. At least a second measurement of the registration points at the end of a

part of this standard to date. Some background information about the standardization and the observation that
practical errors can be higher by a factor of ten is also summarized in the literature (Clarke et al. 2010).



session and reporting the drift values appears to be a good practice and is advisable. Still, such
consistency check suffers from the problems of registration with features on soft tissue, since the
operator can push the tissue with the pointer for each point until the pre-session values can be
reached and errors are apparently zero. Therefore, neuronavigation tools would be well-advised to
offer a mode for registration check at the end of a session that does not provide any comparison with
the initial registration until after the locations are re-registered to avoid bias of the operator. Further,
repetition of the point detection, if done without knowledge of previous registration for statistical
independence, can average out measurement variability.

Whereas electromagnetic neuronavigation systems can be susceptible to interference and distortion
from external electromagnetic sources or magnetic or shielding materials, optical systems need an
unobstructed line of sight from every camera to every marker (Poulin and Amiot 2002; Datta 2020).
Multi-camera systems with more than two, ideally different perspectives can improve the visibility
conditions, allow for partial shading in some perspectives, and trade off certain errors (Dai et al.
2020). To avoid trackers and the associated issues altogether, laser scanning of the scene during a
session has been repeatedly considered as an alternative (Richter, Bruder, et al. 2010; Hironaga et al.
2018; Ettinger et al. 1998). Such systems acquire 3D information of all surfaces, including facial and
other head features to establish a local coordinate system. However, laser scanning systems still have
slower acquisition rates than simple stereo cameras, resulting in limited update rates. Consequently,
technology development has concentrated on tracker-based systems.

The improvement of data quality using navigated TMS in motor cortex stimulation has been
investigated repeatedly. The comparison of navigated with unnavigated coil positioning and position
maintenance yet includes conflicting data concerning MEP reliability. Whereas Gugino et al. (2001);
Sparing et al. (2008); Julkunen et al. (2009) observed advantages of neuronavigation in the reliability
or size of MEP responses, Jung et al. (2010) did not find differences in the variance of MEPs.
However, MEP distributions are non-Gaussian, heteroscedastic, and affected by coil movements in
complex ways, which renders extraction of unbiased statistics complicated and suggests caution
interpreting such data (Goetz et al. 2014).

Latest trends in frameless stereotaxy

A major cost driver in optical frameless stereotactic systems is currently the camera. The availability
of 3D cameras in consumer and automotive electronics has recently excited interest in low-cost
neuronavigation (Rajput et al. 2018; Xiao, Ruan, and Wang 2018; Zhang, Wang, and Lin 2018;
Sathyanarayana et al. 2020; Jaroonsorn et al. 2020). Researchers demonstrated that retroreflective
trackers can be read out with more affordable cameras and even simple webcams in combination
with strong light sources in the visible range (Washabaugh and Krishnan 2016; Rodseth,
Washabaugh, and Krishnan 2017). The above-referenced FreeTrack project provides a well-
maintained mostly open-source optical tracking library for both consumer-grade and professional
cameras in the visible spectrum as well as infrared cameras.’®*® Optical distortion of low-cost
cameras will have to be taken into account, but may be below the practical error sources listed
above.

Advancements of computer vision and videometry furthermore promise the elimination of trackers.
Demonstrated trackerless methods either detect features such as facial landmarks of subjects
without previous registration and are practically unsupervised or match the camera images with

18 FreeTrack General Purpose Motion Tracking Project. https://www.free-track.net.
19 FreeTrack Code Repository. https://github.com/PeterN/freetrack.
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reference data of the specific subject, e.g., imaging data, through statistical estimation. As for laser
scanning, sharp anatomical landmarks on the head are mostly located in the face whereas the hair
tends to be problematic as it can move and deform if touched. As a compromise, low-cost consumer
cameras can avoid retroreflective trackers but read out distinctive black-and-white patterns similar
to quick response (QR) codes on stickers to replace expensive medical infrared stereocameras (Souza
et al. 2018; Leuze et al. 2018; Benligiray, Topal, and Akinlar 2019).

In addition, Sathyanarayana, Leuze, and colleagues demonstrated that consumer-grade head-
mounted displays previously known from avionics allow a real-time overlay of brain anatomy or
functional data with the view of the operator (Sathyanarayana et al. 2020; Leuze et al. 2018). As the
data in such augmented reality setups are the same as in more conventional neuronavigation
systems with a separate screen, this development primarily aims at the user interface through
handling and practicability.
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Figure 7.5 about here

Caption: Electric field model of a figure-of-eight TMS coil with its focus point above the
central fissure, highlighting the interaction of electromagnetic induction with the cortical folding
(skull depicted on the left and the brain surface on the right). Several gyri relatively remote from the
focus point show similarly strong electric fields and have to be considered supra-threshold while
there is obviously no target in the central fissure where the focus points.

Combination of neuronavigation with computational modeling

As pointed out earlier, the assumption that stimulation takes place underneath a well-defined focal
point of a stimulation transducer is a substantial simplification as it ignores the interaction of the
emitted field with the head tissues. The cortical gyrification and the different physical properties of
the scalp, skull, cerebrospinal fluid, as well as brain tissue shift and spread the activated volume for
electromagnetic, electrical, and ultrasound stimulation (see Figure 7.5). It is therefore advantageous
to use computational modeling to plan the transducers’ placement as well as other stimulation



parameters to reach the intended target with maximum focality and minimal transducer energy.
Similarly, recorded positions can be used for post-hoc analysis, e.g., to estimate the most likely site of
activation, and potential correction of position fluctuations, e.g., in MEP amplitude (Bijsterbosch et
al. 2012; Weise et al. 2020).

Simulation models used for targeting range from simple spherical approximations to realistic gyrus-
precise models of a representative head template or the individual subject. Although group models
appear sufficient, individual anatomic models might offer better accuracy and lower variability,
particularly in combination with a target identification on an individual level (Goodwin and Butson
2015; Lee et al. 2015; Stokes et al. 2005; Antonenko et al. 2019; Laakso et al. 2018; Aonuma et al.
2018; Opitz et al. 2013). Studies with TMS over the motor cortex have shown that systematic
variation of coil positions in combination with realistic field modelling is able to identify a presumable
stimulation site within a gyrus where the calculated field strength is proportional to the measured
physiological responses (Laakso et al. 2019; Weise et al. 2020; Bungert et al. 2017). Based on such
work, intervention planning can adjust the targeting degrees of freedom, such as the position and
orientation of the transducers and the stimulus amplitude, to achieve a specific field strength at the
target. Magnetic, electrical, and ultrasound stimulation are often simulated with tools for general
physics and engineering problems, which are based on finite element, finite difference, or finite
boundary methods, although dedicated tools for brain stimulation have been developed as well (see
Chapter 6).

For multichannel electrical stimulation, dedicated software packages are available. Instead of so-
called forward modeling (i.e., heuristic and typically manual modification of targeting parameters
until a sufficiently good result is achieved), they mathematically optimize current amplitude and
polarity for many channels to maximize the field strength in the selected target while minimizing it
outside as demonstrated in Figure 7.6 (Dmochowski et al. 2011). Several neuronavigation and
simulation tools can also computationally optimize the position and orientation of a single TMS coil
to maximize the electric field in a selected target (Gomez-Tames et al. 2018; Gomez, Dannhauer, and
Peterchev 2021; Dannhauer et al. 2021).

2D Electrode Layout

Figure 7.6 about here

Caption: (A) Multichannel electrical stimulation system and (B) computational intervention
planning through electric field modeling in the neuronavigation tool (courtesy of Soterix Medical
Inc.).



The techniques described above typically support planning and preparation before a stimulation
procedure. The computational solution of realistic high-resolution models used to be on the order of
minutes to hours and even mathematical formulations for faster computation have been too slow to
enable real-time computation in stereotactic neuronavigation systems (Miranda, Hallett, and Basser
2003; Makarov et al. 2018). For TMS, some commercially available systems estimate the induced
electric field online based on simplifications such as a spherical head (Salminen-Vaparanta et al.
2014). However, the gyrification, which is missing in spherical models, is one of the dominant
anatomic features that distort the induced electric field (Thielscher, Opitz, and Windhoff 2011).%° For
ultrasound stimulation, especially focused approaches, accurate estimation of scattering and of the
locations with highest intensities likewise requires a realistic model (see also Chapter 6 and Chapter
9). With the evolving performance of central and graphics processing units (CPUs and GPUs), online
field calculation and visualization have become possible (Laakso and Hirata 2012; Paffi et al. 2015;
Stenroos and Koponen 2019). It can be expected that neuronavigation systems will soon not only
display the position of the stimulation transducer(s) relative to the brain and overlay it with imaging
data, but will also include the physics as well as the physiology, show the field distribution, and even
mark the expected stimulated, activated, or modulated volumes in real time.

Transducer holders

Whereas the above-described targeting methods help select the brain location to be stimulated and
the placement of the stimulation transducer(s), the latter still have to be mechanically positioned
relative to the brain. In electrical stimulation, adhesive surface electrodes and electrode caps (e.g.,
according to the 10-20 system) can be fixed on the scalp to provide a relatively stable position with
minor influence of facial muscle movement (Villamar et al. 2013; Woods et al. 2016; Bikson et al.
2014); electrode pads fixed with simple straps, however, tend to drift (Woods et al. 2015).

In contrast, TMS and ultrasound typically involve bulky stimulation transducers, such as cooled or
iron-core coils or immersion ultrasound transducers with metal casings (Lorenzen and Weyh 1992;
Epstein and Davey 2002; Tufail et al. 2011). Manual placement of a TMS coil throughout long sessions
requires continuous attention, causes rapid operator fatigue due to the coil weight, and depends on
the operator’s abilities and experience (Sollmann et al. 2017). Passive mechanical coil holders are
common and can, in principle, maintain an initially set coil position throughout a session, given a
stable head position (Traad 1990). As the positioning of both TMS and ultrasound transducers
involves six degrees of freedom, many holders use articulated arms, i.e., a number of arms series-
connected through joints, which are inspired by photography and film technology (Chronicle,
Pearson, and Matthews 2005). The joints can provide calibrating protractors to define a coordinate
system so that positions can be documented and set based on their coordinates (see also Figure 7.7).
However, such conventional mechanical holders are typically cumbersome to stabilize heavy
actuators, often show elasticity of their arms as well as joints, and can render accurate adjustments
with millimeter accuracy difficult. Counterweights can balance the weight of the stimulation
transducer as well as the arm itself and can partially mediate such mechanical problems, but do not
solve the issue that passive coil holders cannot compensate any movements of the subject (Hynninen
and Jarnefelt 2015).

20 The physics of the magnetic and electrical stimulation fields is linear so that the problem can, for example, be solved for
gyrus-precise anatomy models through mathematical convolution of the anatomy with a Green’s function of a specific coil,
which is computationally notably faster than solving strongly coupled equation systems derived from the Maxwell
equations in real time.



Figure 7.7 about here

Caption: A. Mechanical coil holder for TMS with stereotactical position read-out of the
stimulation transducer through calibrated goniometers at each joint from around 1996 based on a
commercial position digitization system of the time (specifically MicroScribe 3DX, Immersion
Corporation, San Jose (CA), USA) and used in various TMS studies (Kammer, Beck, Thielscher, et al.
2001). B. Commercially available mechanical holder with spherical kinematics adjusted for brain
stimulation reminding of stereotactic frames from surgery and following earlier designs from the
1990s (Traad 1990; Wolfel, Hirschbeck, and Haringer 2018; Cameron et al. 2010) (Courtesy of
Mag&More, Munich, Germany).

Brain stimulation during walking or other exercises often uses dedicated transducer holders that deal
with the motion as well as associated forces and typically either mount or fix the transducer on a
helmet-like setup or lock the head position relative to the torso (Schubert et al. 1997; Taube et al.
2008; Barthélemy et al. 2012). Similar solutions have recently been suggested to individualize coil
positioning for medical treatment through custom-made rigs or helmets based on individual imaging
data, and commercialization has been announced (Mansouri et al. 2018).

For a well-defined head position (e.g., with a head rest that enforces a certain head posture), the
required action space is typically smaller and frames with finer adjustment means can allow
millimeter- and degree-level tuning of position and orientation, respectively (Traad 1990; Wolfel,
Hirschbeck, and Haringer 2018; Cameron et al. 2010). Those conditions are typically met in imaging
scanners, for which sophisticated nonmagnetic setups are available (Moisa et al. 2009; Bohning et al.
2003). If such high-accuracy setups are combined with conventional general-purpose arms, they tend
to suffer from the mechanical tolerances of the latter. Furthermore, subjects with either freely
moving or constrained heads tend to constantly move (e.g., due to muscle contraction), which can
worsen if subjects visually scan the room, have to follow a moving object on a screen in a task, or
have certain medical conditions (Fuller 1992; Stahl 1999; Goetz et al. 2018; Treleaven 2008). Even
small movements of the transducer relative to the brain practically reduce the precision of
stimulation in neuromodulation interventions and increase the endogenous trial-to-trial variability of
the response to brain stimulation (Ellaway et al. 1998; Amassian, Cracco, and Maccabee 1989; Goetz
et al. 2014). Vacuum pillows adopted from traumatology are sometimes used to stabilize the head
position, but reports on the accuracy of this approach are lacking (Topp and Patten 2015).



Robotic transducer positioning

Navigated robotic systems promise improvements in positioning as they can reach a location with
high accuracy and compensate movements of the subject (Richter, Neumann, et al. 2013; Lancaster
et al. 2004; Kantelhardt et al. 2010; Lebosse et al. 2007; Richter, Bruder, et al. 2010; Zorn et al. 2012;
Richter, Trillenberg, et al. 2013). These systems currently focus on TMS but could, in principle, serve
for ultrasound stimulation as well. The majority of setups use articulated robots with series
kinematics, as shown in Figure 7.8, which are commonly used for assembly-line welding (Richter,
Bruder, et al. 2010; Lancaster et al. 2004). Although the sub-millimeter accuracy of industrial robots
is sufficient, custom kinematics can align the main axes of the robot with those of the human head
and, in principle, achieve a wider action space with an overall smaller setup.? This adjustment can
increase repositioning speed in the most relevant directions, avoid singularities requiring
compensation movements of the articulations, and add safety features (Lebosse et al. 2007; Zorn et
al. 2012; Shiakolas, Conrad, and Yih 2002).

Figure 7.8 about here
Caption: Robotic targeting setup with an industrial robot, which tracks the head position
through a stereo camera and infrared reflectors on the head.

More important than the kinematics might be the control. Most available systems are combined with
stereotaxy to track the position of the subject’s head (Richter, Bruder, et al. 2010; Richter, Matthaus,
et al. 2010). Some of those further use position control so that their control loop minimizes the

distance of the transducer to the set position and orientation (Lebosse et al. 2007; Richter, Bruder, et

21 Such alignment was already suggested for the first passive coil holders (Traad 1990).



al. 2010). However, position control alone suffers from limitations, such as a challenge in establishing
a stable, well-defined contact between the stimulation transducer and the head, which is relevant for
both TMS and ultrasound stimulation. A well-defined contact with some friction helps to reduce the
oscillatory and random-walk-like movements that subjects perform trying to stabilize their head, and
also avoids painful pressure of the transducer on the head. With position control only, subjects tend
either to lean against the transducer if the contact is loose, with the effect of systematically pushing
it further away into that direction, or to feel pushed by the transducer and move away, while the
robot keeps following (Goetz et al. 2018; Goetz et al. 2016). As this process is subtle, the drift can be
as slow as a millimeter per second or less, but generally leads to leaving the robot action space
and/or forcing the subject into an uncomfortable posture. Since neither the transducer nor the head
are particularly elastic, even sub-millimeter deviations from the set position of the transducer can
cause either too loose or too tight contact. In ultrasound stimulation, direct mechanical or gel-
mediated contact is further required to transmit the sound to the skull (Wattiez et al. 2017; Tufail et
al. 2010; Tufail et al. 2011). For safety, robot controllers limit the speed of the effector and all joints
to minimize the momentum in case of a collision (Richter and Bruder 2013). Typical speeds are below
10 mm/s, which leads to so-called slewing if subjects move faster (Kantelhardt et al. 2010; Zorn et al.
2012; Richter 2013).

In robotic setups, subjects can typically move their head relatively freely but are encouraged to keep
their head as still as possible and move only slowly so that the robot can follow (Ginhoux et al. 2013;
Kantelhardt et al. 2010; Goetz et al. 2018). Head rests in combination with exclusive position control
can be critical because the robot is physically strong enough to harm the subject, e.g., if it pushes the
head against any fixed object. Most industrial robots have a torque and collision detection, often
based on the current of its motors in the joints to trigger an emergency shut off; alternatively, torque
or force sensors can be used (Richter and Bruder 2013). However, in either case, a detected collision
usually shuts off the system completely, terminates a session and may lead to loss of the session
configuration. In addition to position control, the robot can control the head—transducer contact,
e.g., the normal force (Lebosse et al. 2011; Zorn et al. 2012). In a workaround, an elastic element
introduced between the transducer and the head can enhance pure position control of a robot
(Goetz et al. 2018). The elasticity links transducer—head distance and force or pressure so that the
otherwise exclusive position control loop receives a pressure control component. The elastic element
may be detrimental for ultrasound stimulation but acceptable for TMS if it is sufficiently thin to avoid
the need for substantially higher machine output for the same field strength at the target and any
considerable loss of focality due to the increased distance (McConnell et al. 2001; Thielscher and
Kammer 2004; Goetz and Deng 2017; Hewitt, Meincke, and Liebetanz 2017).

Available robotic setups offer several modes. Typically, the robot can run a motion-compensation
mode, where it keeps the latest position and orientation of the stimulation transducer constant
relative to the subject’s head, which could be manually set up beforehand. Alternatively, the robotic
system can bring the transducer to a specified head-referenced position, such as in Talairach or MNI
coordinates, or scan a number of points successively, for instance, for cortical mapping (Finke et al.
2008; Kantelhardt et al. 2010; Meincke et al. 2016; Meincke et al. 2018). However, as in conventional
neuronavigation, establishing the relationship between the placement of the transducer and the
actual target in the brain requires a model of the physics and physiology of the specific stimulation
technology and is usually not part of available robot systems. Finally, cooperative systems—inspired
by research in human—robot interaction and often abbreviated as cobots—allow the operator to
interact with the robot more immediately and intuitively (Dimeas and Aspragathos 2016; Lee et al.
2014; Richter, Bruder, and Schweikard 2012). Instead of only setting positions through software, e.g.,
a module in the neuronavigation user interface, operators can, for instance, move the stimulation
transducer manually while the robot compensates a majority of the forces, such as the robot’s and



transducer’s weight. Manual coil repositioning with a cobot can simplify and accelerate a hotspot
search or comparable dynamic procedures with frequent transducer movements for experienced
operators, particularly as fully automated methods are still time-consuming mostly due to still slow
robotic repositioning. Similarly, the more immediate interaction with a cobot allows manual
readjustment of positioning errors or rapid movements more convenient and faster than actuation
through a mouse or keyboard interface.

Reported positioning accuracies throughout a procedure range from less than one millimeter
(Lancaster et al. 2004) to a few millimeters (Zorn et al. 2012), with the robotic systems typically
outperforming manual holding by at least 40% lower positioning error in direct comparison (Ginhoux
et al. 2013). In actual studies with human subjects, such low errors relative to the initially set position
appear achievable but tend to slowly grow throughout the session (Goetz et al. 2018). Moreover,
robotic positioning with stereotaxy inherits the general limitations of neuronavigation, such as
tracker sliding due to unreliable headband mounting.

For studies with robotic actuator positioning, sufficient time for setting up each subject has to be
budgeted in, which was reported to be approximately 14 min for one commercial system (Goetz et
al. 2018). Improved solutions might reduce such set-up time and enable the use in clinical
applications for a higher degree of automation and reproducibility.
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