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In minimally-invasive surgery, especially in neurosurgery,
the ability to reach deep and functional structures without
damage remains a major challenge. Recent breakthroughs
in microtechnologies have enabled the downsizing of an in-
creasing number of devices. In such a context, the possibility
to navigate a micro-medical device inside the human brain
is areachable ambition. One of the most expected applica-
tions is the identification and the treatment of early stage
cancers which could strongly improve therapies efficiency.
Despite these remarkable attainments, micromachines, to
actually become revolutionary, require a tracking system at
least as accurate as its size and working in an heterogeneous
environment. The aim of the present paper is to provide
an overview of the state of the art in medical device track-
ing systems for the brain. Firstly, the latest advances are
categorized by technological family: magnetic field, electro-
magnetic waves, magnetic resonance, ultrasound waves and
hybrid solutions. Secondly, in a comparative purpose, perfor-
mance criteria are evaluated and displayed in radar diagrams
and graphs to highlight the three dimensions challenge the
systems should take up: performance, invasiveness and user
experience. Finally, the present and future of each localisa-

tion family are provided.
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FIGURE 1 Deep biopsy: sagittal view (A), coronal view (B)

Localisation, Medical devices, Surgical navigation, Surgical robots,
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1 | INTRODUCTION

Today, surgeons only have few possibilities and still unprecise tools to reach deep and essential structures in the human
body. In neurosurgery several emerging therapies as deep brain stimulation (Hariz et al., 2013) and gene therapies
(Hocquemiller et al., 2016) constrain to operate in deep brain zones, reinforcing such need. The real medical challenge
consists in reaching deep pathological structures (Figure 1) without lesioning important areas of the brain. Indeed, key
functional connections and feeding vessels are located between the cortex surface and the potential target which may
possibly be deeply located in the brain as white matter tracts showed in Figure 2. Nowadays, neurosurgery interventions
are based on precise imaging modalities like CT (Computerized Tomography) scans and MRI (Magnetic Resonance
Imaging), providing sub-millimetre pre-planned path (Fitzpatrick, 2010; Lu et al., 2015). These systems, while producing
a precise spatial resolution, may not be used as real-time tools (not sufficient temporal resolution), possibly lowering
the precision of the surgical intervention, as the brain may shift with cerebrospinal fluid leak or tumour progressive
removal. The aim of modern intraoperative neuroimaging is to ensure both spatial and temporal resolution without
loosing any accuracy during the surgery.

Advances in microrobotics during the last twenty years (Chaillet and Stéphane, 2013), especially in the propulsion and
navigation (Kummer et al., 2010; Khalil et al., 2014; Tottori et al., 2011; Kim et al., 2016; Qiu et al., 2015; Ahmed et al.,
2016; Villangca et al., 2016; Dai et al., 2016; Solovev et al., 2009; Magdanz et al., 2015), opened to new perspectives.
Navigation inside the human body (Rich et al., 2018; Taylor et al., 2016; Chen et al., 2018), to become fully controllable,
needs a tracking system able to provide localisation measurements through tissue and bone layers without injuring the
body (Figure 3). To date, studies on microdevice navigation have bypassed the problem by testing in vitro systems and
relying on vision based techniques, which are useless in in vivo essays (Oulmas et al., 2018; Khalil et al., 2014, 2018).
Successive layers of body tissues (Figure 3), through their strongly different characteristics, may therefore bring a
lot of perturbations. The challenge is to extemporaneously localise during the surgical procedure a sub-millimetre
medical device while keeping the same accuracy even under these perturbations (Mariana Medina-Sanchez and Oliver
G. Schmidt, 2017).

In this context, such a system should satisfy several criteria: be safe for humans, be the least invasive, prove the best
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FIGURE 2 3D depictions of limbic system fibers: top view (left), oblique view (right). Figure reproduced
from (Wakana et al., 2004)

sub-millimetre localisation accuracy, be able to operate inside the whole head, work in real time, be as small as possible
and consume the minimum amount of energy.

As for the multi-dimensional challenge of intracranial localisation, the present paper aims to provide the state of
the art of medical device tracking systems. The study covers the different solutions for intra-body localisation and
highlights consequences and challenges of the intracranial situation. The contribution of this work consists in mixing
head environment conditions and microdevice localisation requirements.

Systems will be classified by underlying physical principle. For each system, physics and the possible localisation
measurements are deeply described to then highlight their limits concerning needed therapies.

2 | EXISTING TRACKING SYSTEMS

The literature on tracking systems for human body leads to a physical classification: magnetic field (2.1); electromagnetic
waves (2.2) based on their frequencies (radio (2.2.1), optical (2.2.2), and very high (2.2.3)); magnetic resonance (2.3);
ultrasound waves (2.4) separated in imaging (2.4.1) and tracking systems (2.4.2); and hybrid systems (2.5). Physical
effects and characteristics of the biological environment are presented to better explain the strengths and weaknesses
of each technology. Afterwards, the different systems and their features are detailed, to later propose evolutions
needed to attain the intraoperative tracking of a micro-medical device in the head.

2.1 | Magneticfield

In (Feynman, 1963), Feynman demonstrates that both magnets and coils® generate the same field shape. The papers pre-
sented in the current section are based on one of these two components. According to (Feynman, 1963), the magnetic
field at a certain point may be expressed along the three dimensions: By, B, and B,. When considering the distance
ratios it is clear that B o %, i.e. the magnetic field proportionally decreases with the inverse of the cubic distance.

From a biological point of view, the human brain is a multi-layered heterogeneous structure with different relative

1The only condition for the coil to generate the same field shape is the geometry ratio between the current loop and the distance coil - measuring point which
has to be small enough.
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FIGURE 3 Head anatomy. Figure reproduced from (Rohen et al., 1998)

permittivities e,. Michel, Hernandez and Lee (Michel et al., 2017) provide specific values for brain mediums and demon-
strate that water concentration levels result in different permittivities. Indeed, the electrical characteristics of the
water molecule and, consequently, the relative permittivity of the medium is function of the wave frequency. Figure 4
illustrates the electrical behaviour of brain tissues versus wave frequencies (data source: (Hasgall et al., 2018)). It
appears that the relative permittivities of the gray and white matters drastically fall above 10H z directly impacting the
magnetic field (7?).

The authors of (Son et al., 2016) propose a tracking system that consists of an embedded magnet on a medical
device (6.8 x 6.8 x 12.4mm?3) powered by an external magnet and whose position is acquired through an array of 64
Hall-effect sensors? (Figure 5). Each one measures the magnetic field B (2?). The system is able to measure both position
and orientation of a device with an accuracy of 2.1mm and 6.7° at a frequency of 200Hz and a depth of 50mm. Moreover,
amagnet has to be embedded in the device but it doesn’t need an energy source. The system may be considered as

mini-invasive, since a millimetric incision is sufficient for its insertion.

(Plotkin and Paperno, 2003) describes a tracking system based on a 64-coil array and an embedded, monoaxial
receiving coil (0.9mm in diameter and 3mm in length) (Figure 6). To ensure the best trade-off between accuracy and
tracking frequency, the authors separated the process in two steps: the initialization consists of sequential activation of
the 64 coils to maximize the accuracy, whereas the tracking step uses only a subarray of 8 coils to reduce the computa-
tion time. This technology ensures a sub-millimetric position accuracy (750um) and 0.7° orientation accuracy at 50H z

and up to 200mm in depth. The embedded coil is bulky and an energy source is needed to treat the signal received by

2 transducer whose output voltage varies with the magnetic field. It allows to measure electrically the magnetic field.
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FIGURE 6 Trackingsystem proposed by Plotkin and Paperno. Figure reproduced from (Plotkin and Paperno, 2003)

the coil. The millimetric dimensions of the coil allow to classify the system as mini-invasive.

Another system, proposed in (Dai et al., 2018), relies on a three-axes embedded magnetometer which measures both
an alternating magnetic field generated by an external coil to obtain the position and the geomagnetic field to get
the orientation (see Figure 7). This sensor technology guarantees an accuracy of 1.3mm and 1.4° up to 2500Hz and
100mm depth. The embedded sensor needs energy to work and 3 x 3 x 1.4mm? onboard being therefore considered as
mini-invasive. The results were obtained in an open-space environment and are therefore not completely applicable for
an intra-body evaluation.

The last tracking system of this section is an external rotating magnet driving a spiral motion of a capsule (Kim et al.,
2010). It is equipped with 4 Hall-effect sensors (2 on the rotation axis and 1 on each other axis) mounted on a structure
of 5 x 5 x 5mm?3, classifying the system as mini-invasive. The peaks in the magnetic field, which appear when the sensors
are aligned with the field, allow to determine the position and orientation of the capsule. The authors show position and
orientation accuracies of about 10mm and 8°, respectively, for a maximum distance of 300mm. The working frequency

was not specified in their paper.

The millimetric dimensions needed to embed one of these four systems does not meet the bulkiness requirements
of a micro-medical device. Usually, sensor downsizing worsens the Signal to Noise Ratio (SNR), degrading the system
accuracy. The SNR of magnetic sensors, being proportional to their dimension, limits them around the millimetre
because of the noise generated by the brain (Hdmalainen et al., 1993). The challenge consists therefore in reducing the
system size while maintaining the SNR. In addition, the results presented by the different authors were obtained in
homogeneous environments while the human head is composed of several mediums which would probably alter the
signals and decrease the declared performance. Magnet-based devices also suffer from environmental magnetic noise
coming from different sources (geomagnetic field, surgical instruments, imaging systems, persons, far environment like
subway or tram). The problem might be mitigated by introducing a Faraday cage for shielding purposes. To conclude, (??)
clearly highlights the link between the signal strength and the inverse of the cubic distance travelled, creating a physical

barrier that is still difficult to bypass.
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FIGURE 7 Tracking system proposed by Dai et al. Figure reproduced from (Dai et al., 2018)

2.2 | Electromagnetic waves

An electromagnetic (EM) signal sent by an embedded medical device to a sensor, through a medium, may be expressed

through the wave theory:
r(t) = PL(d) s(t — tg(w)) + n(t) (1)

being r(t) the received signal at time ¢, PL(d) the path loss coefficient along the distance d, s(t — 74(w)) the signal sent
attime t — 74(w), 74(w) the delay of the wave propagation at the pulsation w and n(t) the total noise. The norm of the
noiseless signal may be defined as in (2) with initial intensity Iy and absorption coefficient a. The latter may be linked to

the imaginary refractive index of the material « and the wavelength A (3) (Saleh and Teich, 2001).

Ir(®)] = |s(t - 1¢(@))|PL(d) = VToe™ 29 (2)
a = 47”K (3)

The delay in the wave propagation 74(w) is:

ta(w) = % (4)

with 7,4 (w) the average velocity along the path d modeled in (Kawasaki and Kohno, 2009):

(5)

_ c
Vg(w) =

Vsr(w)
being ¢ the speed of light in vacuum and ¢, (w) the weighted average of the tissue relative permittivity along the path
d at the pulsation w. The relation between the wave pulsation w and the tissue relative permittivity e, is explained in
section 2.1 Figure 4. The phase of the EM signal is not proportional to the distance, not allowing a direct link between

signal and travelled distance. An EM signal may also be described according to the quantum theory, as a particle, the
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FIGURE 8 EM spectrum (datafrom (Thanetal.,2012))

photon, whose energy is expressed in (6).

E =hf = Y (6)
where I is the Planck’s constant, f the photon frequency, A its wavelength and ¢ the speed of light in vacuum.
The EM spectrum is split into frequency-wise families (Figure 8). The authors of (Than et al., 2012) mention that only ra-
dio, optical, X-ray and gamma frequencies show a sufficient penetration power in human tissues. Yet, no complete study
on human tissues absorption has been conducted; in other words their imaginary refractive index « is not completely
known. Nevertheless, a few works on narrow spectra have been published, as the representation of the effective depth
of magnetic field penetration for half of the radio frequencies [10MHz — 500MHz] (Figure 9) (R6schmann, 1987); the
measurement of the refractive index of the skin epidermis and dermis for the visible spectrum [187THz — 999THz] (Ding
et al., 2006); or the energy absorption buildup factor of different tissues for the very high frequencies [2EHz — 480EHZz]
(Manohara et al., 2011). The head multi-tissue structure creates reflections at interfaces, which directly impact the
localisation measurement by creating fake positions (Figure 10) (Pourhomayoun et al., 2014). Tracking systems will be
discussed by dividing them into three subfamilies with sufficient penetrability: radio, optical and very high frequencies

(X-ray and gamma ray).

2.2.1 | Radiofrequencies

For the Radio Frequencies (RF) range, the path loss coefficient PL(d) (1) of the signal propagation in the human tissues
is statistically modeled in (Sayrafian-Pour et al., 2009) (7).

PL(d) = PL(dp) + 10alogio(d/dp) + S, d > do (7)

where PL(dp) is the path loss at the reference distance dy = 50mm, a the path loss exponent and S the random scatter
caused by the multiple materials environment. The authors provide PL(dy), a and S for deep and near surface tissues
which are only valid for a distance d greater than the dy threshold (Sayrafian-Pour et al., 2009). Their work bypasses the
lack of refractive index values for radio frequencies.

The authors of (Pourhomayoun et al., 2014) propose a tracking system based on a RF sensor grid outside of the
body working with an embedded medical device which emits EM waves. Their work is based on (1) which considers
the phase shift and the path loss. Figure 11 shows the system principle with sensors on the body skin and a grid at the

bottom. The sensors acquire the signal sent by the implant and the processing unit compares it with a model to deduce
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FIGURE 11 Tracking system proposed by Pourhomayoun et al. Figure reproduced from (Pourhomayoun et al.,
2014)

the implant position. This method constitutes a trade-off between the grid step and the computation time. In simulation,
they achieved a position accuracy of 7mm from 50mm to 100mm deep but the potential operation frequency was not
specified. If used for capsule endoscopy, such system could be considered as mini-invasive or invasive, depending of the
capsule size. In addition, the emitter needs onboard volume and energy to operate.

Another RF system is based only on the path loss equation (7) (Wang et al., 2011). The authors built a system of one or
two grid(s) of 4 x 4 sensors placed on the body surface and paired with an embedded RF emitting capsule. They directly
deduce the distance from the received signal strength (RSS) and neglect the delay created by the different body layers.
In simulation, they reached, for 3 organs (stomach, small and large intestines), a position accuracy of 40mm for a depth
going from 50mm to 200mm. They don't specify the operational frequency; their embedded capsule is bulky and uses
energy to send the localisation signal. The capsule endoscope may be classified, depending on its size, as mini-invasive
or invasive.

The authors of (Wille et al., 2011) introduce a RF tracking system based on phase difference thanks to the Radio
Frequency IDentification (RFID) process3. They placed several RFID sensors around a tank simulating the human body
and inserted a RFID tag (90 x 10 x 1Tmm3) which ranks the system as invasive. The authors trained the system at different
known positions to find the optimized measurement sensor weights in the tag working space. With their fine grid

training (5mm step), they achieved a position accuracy of 1.6mm for a depth between 85mm and 117mm. The orientation

3see page 15 of (Li, 2012) for details on localisation with RFID.
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FIGURE 12 Study by Yizhar et al. about light penetration in brain tissues. Figure reproduced from (Yizhar et al.,
2011)

of the tag didn’t change during the experiment and the operational frequency isn't mentioned. The tag does not use
energy to work but needs its volume to be embarked.

The millimetric (or more) dimensions needed to use the presented RF devices do not correspond to micro-medical
devices requirements. Furthermore, the results were obtained via simulations or in homogeneous environments,
limiting their relevance. Indeed, the cranial space would impose to increase the invasiveness by creating a window in
the skull to maintain the performance or to reduce the accuracy by going through the layers. Concerning the noise,
the EM frequencies regulation reserves a specific frequency band for each EM communication family reducing any
noise-related issues. Finally, the main limitation of EM RF techniques is their lack of accurate human body modelisation.

2.2.2 | Optical frequencies

Optical signals have a low penetration depth in comparison to the RF signals. In the supplementary methods section of
(Huber et al., 2008), the light penetration inside a murin opened brain is depicted, showing that the light intensity is
halved after one millimetre propagation. The authors of (Yizhar et al., 2011) measured the light penetration inside brain
tissues as well, and found a penetration depth capped to 2mm (Figure 12). In the case of closed skull, the light would not
penetrate inside the brain due to the total absorption of the light by the bone layer. This phenomenon strongly reduces

the applications of the optical frequencies and limit them at close environment localisation.

A pertinent work on such approach was proposed in (Bao et al., 2014) and consisted of a Wireless Capsule En-
doscope (WCE) equipped with a 6 frames per second (fps) camera for non-invasive imaging of the gastrointestinal

(GI) tract. The authors proposed an odometry process which uses an ASIFT# feature points recognition algorithm. As

4More details about Affine Scale-Invariant Feature Transform (ASIFT) can be found in (Morel and Yu, 2009).
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FIGURE 13 Visual odometry schematic proposed by Bao et al. Figure reproduced from (Bao et al., 2014)

illustrated in Figure 13, the displacement between two frames is then estimated through basic geometry, with P the
feature point detected in both frames, C and C’ both camera positions, 8; and 8, both angular depths and R the small
intestine radius®. The authors attained an accuracy of 2.71cm with tests on consecutive couples of frames taken by an
endoscope. In areal case, as the estimations of the new pose is based on the previous one, uncertainty on the actual
localisation would grow at each new pose estimation. This type of localisation system (i.e. relative) regularly needs an
accessory absolute localisation system to correct the position and then avoid the divergence of the error. As accuracy
was extrapolated only on couples of adjacent frames, it cannot be compared in a longer frame time, i.e. %s. The system
operates at 6Hz and is considered as invasive because of the camera embedded which needs onboard volume and
energy to work. In conclusion, the optical waves, as strongly attenuated by the brain, need to be embarked inside the
device. Nevertheless, the current technologies (mainly points recognition) are not competitive and need to be improved.

2.2.3 | VeryHighfrequencies

As explained in (6) the higher the frequency, the higher the photon energy. Very High Frequencies (VHF) gather the
photons able to ionize® an atom. The absorbed dose by the human body during an exposure of such radiations is
measured in Gray (Gy) which corresponds to one Joule absorbed per kilogram of matter. The harmfulness of the dose
is measured in Sievert (Sv) and depends on the tissues sensitivity and radiation type. According to the World Health
Organization (WHO) the exposure to such radiations may cause organ malfunction or effects such as skin redness,
hair loss, radiation burn or acute radiation syndrome (WHO, 2016). In such context, the International Commission on
Radiological Protection (ICRP) recommends exposure dose limits to avoid adverse health effects (Table 1) (Valentin and

on Radiological Protection, 2007).

5The authors published an algorithm which automatically computes the small intestine radius R (Liang Mi et al., 2014).

oA photon (or an already pulled out electron), classified as an ionizing radiation, hits an atom and pulls out an electron resulting in an ion creation or in other
words, an electron-hole pair generation. It is called the photoelectric effect.

7E><posure of workers incurred as a result of their work.
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Limit dose from occupa- Limit dose from public expo-

tional exposure” sure
Effective 20mSv/year, averaged over 1mSv/year
dose 5 years, no single year >

50mSv

TABLE 1 Limitdoses recommended by ICRP (data from (Valentin and on Radiological Protection, 2007))
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The CT scanner consists of an X-ray tube® coupled to a scintillation detector?, mounted face-to-face on a rotating
gantry (Goldman, 2007). CT scans provide image slices of the target organ by pre-planned translation and rotation of
the sensor array (Figure 14). This technology does not need to insert anything in the human body, and is therefore totally
non-invasive. As for performances, the advantage of a 64-slice sensor instead of a 16-slice was demonstrated in (Flohr
et al., 2004). The larger number of slice, combined to an advanced z-sampling1© technique, allows to obtain thinner
slices along the z-axis and results in 0.36 x 0.36 x 0.36mm? voxels with temporal resolution between 160ms and 85ms,
i.e. 6.3Hz and 11.7Hz. The authors of (Flohr et al., 2006) also evaluated a dual-source CT scanner constituted of two
tube-detector couples (DSCT) with a relative angular offset of 90° on the gantry (Figure 15). This structure allows to
half the slice time if compared with the simple source CT scanner. The authors achieved a voxel size of 0.5 x 0.4 x 0.4mm?3
with a temporal resolution of 83ms, i.e 12Hz. The CT technology needs neither energy source nor volume onboard
because of its noninvasiveness.

The Positron Emission Tomography (PET) scanner is based on radioactive molecules whose decay releases photons
detected by scintillation detectors. The main used radiotracers and the medical aspects of such systems are detailed in

(Shevzov-Zebrun et al., 2015). The performance of the PET technology was theoretically studied in terms of spatial

8\/acuum tube composed of a cathode, emitting the electrons, and an anode, collecting the electrons. The collision of the electrons with the anode material
creates an energy radiation, usually perpendicular to the path of the electrons, as X-rays.
?Scintillator (luminescent material which re-emits the absorbed energy in the form of light) coupled with an electronic light element which transforms the light
inan electric charge.
10 By convention z axis is perpendicular to the 2D images.
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resolution (Moses, 2011). The author obtained a theoretical maximum spatial resolution of 2.36mm FWHM! for a
clinical camera. PET technology only needs the volume to embark radiotracers whose size ranks the technology in the

micro-invasive family.

Both CT and PET scans, considering their performances and constraints, fit micro-medical device requirements. The
major limit of such technologies is the potential for causing harm associated to an elevated exposure to high frequencies
waves. A link between exposure and lifetime attributable risk of cancer incidence was demonstrated in (Huang et al.,
2009). This effect leads to limited doses or, in other words, maximum operation time imposed by regulators, blocking
their use for long-time applications.

2.3 | Magneticresonance

MRI uses signals emitted by mobile hydrogen (protons) within the human body. Indeed, their spin, because of their

electric charge, generates a detectable magnetic field. An MRI measurement is comprised of three steps:

e A superconductive magnet creates a stationary external magnetic field which causes a few mobile protons per
million to align and reach a low energy state.

e Transmit coils generate RF radiations (perpendicular to the magnet magnetic field) absorbed by the protons which
consequently jump into a transient higher state. The 2D space (slice) is coded by the amplitude and phase of RF
radiations.

e After RF radiations stop, protons relax and emit photons at their resonance frequency. The relaxation time

constants are measured to obtain MRl images.
MRI domain is based on three main techniques:

e T1-weighted imaging measures the time taken by protons to relax, i.e. the time taken to return to the lower energy
state. This process needs an energy exchange between the protons and their environment, in other words the
macromolecular environment is indirectly measured.

e T2-weighted imaging measures the decay of the protons signal resulting in cumulative losses in phase coherence
due to the protons dephasing. The duration of this phenomenon reflects the proportion of mobile hydrogen, typical
of a specific tissue.

e Proton density (PD) measures the signal of mobile protons proportion by minimizing the T1-weighting and T2-
weighting signals.

For more information, MRI sequences, equipment and clinical use are detailed in (Himes and Young, 2015).

The settings used in the study on ultra-high resolution brain images (Zeineh et al., 2014) are listed in Table 2.
Another work (Stucht et al., 2015) introduced a system, correcting the motion of the patient during the imaging time,
which achieved high spatial resolution (Figure 16). The settings used for this study are summarized in Table 2 as well.

The MRI technology allows non-invasive imaging of the human body. It respects the requirements for a micro-
medical device, in terms of spatial resolution. Table 2 shows time per slice longer than one second, with imaging
frequency less than 1Hz. Figure 17 presents the data of Table 2 and highlights a trade-off between spatial and time

11Fyll Width Half Maximum (FWHM) is the width of a spectrum curve at 50% of its maximum. For an imaging system, it corresponds approximately at the
minimum distance between two separable objects, i.e. the resolution.
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FIGURE 16 0.44mm isotropic voxel with motion correction off (A) and on (B). Figure reproduced from (Stucht et al.,
2015)

Voxel size [mm?] Time taken per slice [s]

0.4x0.4x0.4 5.18
0.7x0.7x0.7 2.06
0.8x0.8x0.8 2.01
0.12x0.12 % 0.6 145.33
0.25%x0.25%x2 48.75
0.44 x 0.44 x 0.44 3.16

TABLE 2 Settings used in (Zeineh et al., 2014) (first line) and (Stucht et al., 2015) (second line)
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FIGURE 17 MRItrade-off between spatial and time resolution (data from (Zeineh et al., 2014; Stucht et al., 2015))

resolution. In conclusion, with the MRI technology, if sub-millimetric resolution is needed, the time resolution is limited
below 1Hz. That is why, so far, the use of MRI technology for sub-millimetre devices tracking has not been implemented.

2.4 | Ultrasound waves

An ultrasound signal travelling through a medium consists of particle vibrations transmitted from one molecule to the
next one. Sound waves may be longitudinal or transverse, i.e. particle vibrations may be parallel or transverse to the
direction of propagation. Only solids allow transverse sound waves propagation. According to (Ziskin, 1993) soft tissues
behave like liquids, i.e. only supporting longitudinal waves, whereas bone can support transverse waves. The sound
wave traveling through tissues induces an energy loss due to the internal friction, which is intrinsic to any material. This
attenuation includes several processes: the divergence!2, the absorption’3 and the deflection composed of reflection,
interfaces refraction, and scattering. The two major sources of attenuation in the human body are the absorption

through a tissue and the losses at interfaces.

10|Og10(?):—AX'd'f (8)
s

The logarithm absorption (%) is linear to the sound wave frequency f in [MHz] and the travelled path d in [cm] with I,
the signal intensity received, I the signal intensity sent and A, the absorption coefficient of the tissue x in [dB/cm/MHZz].
Signal loss at the interface is mainly due to reflections caused by differences in the acoustic impedance of the two medi-
ums. Reflection may be specular or diffuse depending on the ratio between interface irregularities and the wavelength.
According to (Ziskin, 1993), for human tissues, sound is scattered by cells and tissue elements, because they are small
beside the soundwave wavelength. Disturbances are also due to material intrinsic characteristics. The deviation of the

transmitted signal is modeled by Snell’s law while the Newton-Laplace equation models the speed of sound in a medium.

12Effect of spreading the acoustic energy over a larger beam area and therefore reducing the beam intensity.
13Effect of transferring the beam energy to the material and degrading it into heat.



FRANCOIS ET AL. 17

Ultrasound attenuation through tissues

—2cm of white matter

—1mm of cortical bone

Attenuation [/]

0.2

0 | |
102 10 10° 108
Frequency [Hz]

FIGURE 18 Ultrasound attenuation (obtained with 8) for two intra-body path examples (data from (Hasgall et al.,
2018))

Concerning the biological environment, the head is composed of several different materials as blood, bone, grey
matter, white matter, cerebrospinal fluid (CSF), cerebellum, etc. This diversity causes a lot of reflections along the
ultrasound path, like the CSF-grey matter interface reflecting 1.7% of the signal or the cortical bone-CSF transition
reflecting 63.1% of the signal (data source: (Hasgall et al., 2018)). These reflections cause multi-path issues and disturb
the localisation measurement. In addition, tissues absorption and even more bone absorption are significant. Figure 18
presents the attenuation through the thickness of the frontal A inner table14 taken from (Lillie et al., 2015) and through
2 cm of white matter relative to the frequency of the ultrasound waves (data source: (Hasgall et al., 2018)). Bone
attenuation is twenty times greater than the one due to the white matter.

Ultrasound systems are classified in two subfamilies: on one hand, ultrasound neuroimaging working with acoustic
contrast agents inserted in the blood (2.4.1) and on the other hand, ultrasound tracking systems (2.4.2).

2.4.1 | VUltrasound Neuroimaging

Ultrasounds are used to dynamically image the brain by measuring changes in cerebral blood volume (CBV), i.e. the
blood flow inside the brain vascular network. The objective is to demonstrate the correlation between an external
stimulus and the changed blood flow in the corresponding brain zone. The authors of (Deffieux et al., 2018) give an
idea of the phenomenon: the CBV response may occur in one cortical column (approx. 100um), starts at 0.3s and climbs
until 1s after a 300ps stimulus. CBV measurements are realized with power Doppler sequence® which, because of the
effects mentioned above, lacks of sensitivity to detect small brain elements. The authors explain that acoustic contrast
agents (microbubbles) inserted in the blood increase the sensitivity of the system and therefore its resolution. Ultrafast
Doppler is another way to boost the SNR and consists in acquiring images at kHz frequencies. According to (Deffieux

etal.,, 2018), skull crossing s still a difficulty but may be bypassed by thinning or opening an ultrasound window throughiit.

Ultrafast Doppler technology was used to image the thalamus-cortical auditory tract of awake ferrets (Demené

14considered as cortical bone

15 Doppler sequence that measures the ultrasonic energy backscattered from red blood cells in each pixel of the image (Deffieux et al., 2018).
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FIGURE 19 Ultrafast Doppler imaging of awake ferrets. Figure reproduced from (Demené et al., 2016a)

et al., 2016a). The authors exploited the UltraFast Doppler Tomography (UFD-T) which briefly consists of 2D power
Doppler images acquired at 500Hz (each frame built with 11 tilted plane wave emissions fired at 5500Hz) combined with
the translation and rotation of the sensor (for more details, see (Demené et al., 2016b)). They achieved an isotropic
3D resolution of 100pm in a total volume of 14 x 14 x 20mm? (Figure 19). To obtain these results, they performed a
craniotomy on each ferret, classifying the method as invasive, and used a custom miniaturized probe with a central
frequency of 15MHz.

The ultrafast Ultrasound Localisation Microscopy (UULM) is proposed in (Errico et al., 2015), inspired from the optical
localisation microscopy concept (Ehrenberg, 2014), which captures the transient signal decorrelation created by acous-
tic contrast agents at more than 500Hz. It allows non-invasive sub-wavelength imaging deep in the brain thanks to the
breaking of the diffraction barrier. A super-resolved image is constructed by localizing each bubble center separately
and accumulating their positions to recover the vessels network, hundred times smaller than the wavelength (Figure 20).
The use of microbubbles (with a diameter ranging from 1 to 3um), thanks to their high deformation, allows to outperform
accuracy limitations due to the classical wave diffraction theory which, according to the authors, gives accuracy limits
between 200um and Tmm in clinical applications. In classical ultrasounds, resolution is directly linked to the ultrasound
frequency and consequently to the penetration depth (8). In Ultrafast Ultrasound Imaging (UUI), the resolution depends
on contrast agents and sensor characteristics: signal-to-noise ratio, bandwidth of backscattered echoes and number of
array elements used in the beamforming process which, according to (Errico et al., 2015), give a theoretical resolution of
2.5um. The authors obtained 10 x 8um? pixels, 3mm deep through a thinned skull (invasive method), which corresponds
to aten-times increase in resolution compared to conventional ultrasound imaging. They also performed measurements
through the intact skull (non-invasive method) and detected vessels down to 20um width deeper than 8mm into the brain.
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FIGURE 20 uULMrealized through a thinned skull with a resolution of 10um x 8um. Figure reproduced
from (Errico et al., 2015)

2.4.2 | Ultrasound Tracking Systems

Several research teams proposed ultrasound tracking systems which are, here, classified by type of detection: interface

reflection (??); embarked sensor and bubble use.

The authors of (Gumprecht et al., 2013) built a system consisting of a magnet driving unit and a transcuta-
neous sonographic probe mounted on a 2D Cartesian robot to, respectively, propel and track the endoscope capsule
(15mm in diameter and 38.3mm long) through the back of the patient (Figure 21). The size of the inserted device clas-
sifies the system as invasive. The authors tested two measurement processes with phantom gel model of paraffin to
simulate the human body:

e measurement of the capsule position, movement of the ultrasound probe with the Cartesian robot, measurement
of the new capsule position and comparison of the distance to the reference movement given by the Cartesian
robot: the resolution depends on the ultrasound probe;

e centering of the ultrasound probe on a capsule landmark, movement of the capsule thanks to the magnetic drive
unit, recentering of the ultrasound probe on the landmark and computation of the probe movement: the resolution
depends on the Cartesian robot

They used a commercial probe (2.5-5 MHz center frequency, BK Medical, Herlev, Denmark) with an axial resolution of
2mm and a Cartesian robot having a Imm movement resolution. With such a setup, they achieved 0.56mm and 0.44mm
accuracy for the first and second process, respectively. The working depth was not mentioned in the work.

A closed-loop motion control of paramagnetic microparticles (average diameter of 100pm) using an ultrasound lo-
calisation system is proposed in (Khalil et al., 2014). The authors used a commercial ultrasound probe (5.5-18 MHz
center frequency, 18L6 HD, Siemens Healthcare, Mountain View, USA), placed at 25mm off the center of the workspace

(Figure 22). The calibration of the ultrasound system (with a microscope with an accuracy of 2.34um per pixel) resulted



20 FRANCOIS ET AL.

FIGURE 21 (a) Ultrasound robot: (1) endoscope capsule, (2) ultrasound waves, (3) flexible membrane adapting to
patient’s back, (4) ultrasound liquid, (5) ultrasound probe, (6) kinematics, (7) magnetic drive unit | (b) Layer model: (8)
ultrasound waves, (9) endoscope capsule, (10) tissue, (11) ultrasound fluid, (12) sonographic probe, (13) membrane, (14)
wave with reflection schematic. Figure reproduced from (Gumprecht et al., 2013)
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FIGURE 22 Setup with in the center the water reservoir containing the paramagnetic microparticles. Figure
reproduced from (Khalil et al., 2014)
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FIGURE 23 Experiments setup of Khalil et al. Figure reproduced from (Khalil et al., 2018)

on a 20.98um/pixel accuracy with an operating depth up to 35mm. The operating frequency was not mentioned in the
paper.

The authors of (Khalil et al., 2018) introduced a new way to rub blood clots with an helical robot, magnetically propelled
and using ultrasounds for guidance. As in (Khalil et al., 2014), ultrasound localisation feedback is used to set up a closed
loop control and handle the motion of the microrobot (346um in diameter). The system is composed of the magnetic
actuation system (Figure 23:1), microscopes to image the blood clot (Figure 23:5), the ultrasound probe (Figure 23:4)
to track the robot, and the testing environment (Figure 23:3) made of gelatin (6 x 4.5 x 1.5cm?). The authors used a
commercial ultrasound system (HD 5 Diagnostic Ultrasound System with transducer NOCTN340, Philips and Neusoft
Medical Systems, Amsterdam, The Netherlands) placed 7.5mm away from the catheter segment and set the gain, the
frequency and the depth to 43, 10 MHz and 3 cm, respectively. They reached a steady-state error of 0.84mm.

These three systems, as based on wave reflection at the environment-robot interface, need neither volume nor onboard
energy to operate. Nevertheless, in-vitro environments are not multi-material and do not produce multi-reflection
echoes as the head. Moreover, the ultrasound systems would need a skull window to go through the bone thickness
ranking the method as invasive.

A system using embarked sensor, proposed in (Nikolov and Jensen, 2008), consists of an ultrasound probe sending
waves to a mini-invasive needle introduced in the patient body and equipped with ultrasound sensors (Figure 24).
Sensorized needles allow to avoid specular reflection® problems. The authors also suggest another solution: increase

the needle surface roughness to generate diffuse reflection. Two measurement processes are evaluated, each based on

1éDeflection of the sound wave away from the ultrasound probe.
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FIGURE 24 Block diagram of the work of Nikolov and Jensen. Figure reproduced from (Nikolov and Jensen, 2008)

the time of arrival:

e the mostintense beam received is considered as the most direct sensor on the wave path and then the distance is
measured

e the position is found with a classical triangulation algorithm by resolving a linear equation system

Robustness to noise is assured by averaging several position estimates. They used a linear array of 192 US transducers
with a center frequency of 7 MHz and with a spacing distance of 202um. For tip depths varying from 10mm to 120mm,
the authors found an accuracy of 0.3mm and 0.1mm, respectively. This system, as sensors are embarked, is bulky and
needs energy to operate. Moreover, the authors used a wire to link tip sensors to the processing unit therefore it would

necessitate the development of a wireless communication unit onboard to go deeply in organs without wire.

Acoustic reporter genes (ARGs) were recently introduced (Bourdeau et al., 2018) and consist in genetic elements
that grant bacteria to be visualized in vivo by ultrasounds. According to the authors, these elements are a unique
class of gas-filled protein nanostructures, expressed mainly in water-dwelling photosynthetic organisms whose role
is their buoyancy regulation. These structures are similar to microbubbles and therefore, allow to outperform the
diffraction theory limits, while having a longer lifetime. To demonstrate the concept, they expressed ARGs in E. Coli
strain Nissle 1917 (ECN) which is a probiotic microorganism able to colonize the mammalian gastrointestinal tract
(Figure 25 and 26). They used a research ultrasound probe (L11-4v128-element linear array transducer, Verasonics)
with a center frequency of 6.25 MHz at a depth of 20mm. They attained a detection threshold of 0.005% volume fraction
or, in other words, 100 cells per voxel of 100um side. The system needs onboard volume to embark microorganisms
(mini-invasive) but no energy to operate. These results were obtained without going through a bone layer: in that case, a
skull window should be required to maintain the accuracy. By being embarked on medical devices, this concept could
allow the increase of the accuracy of the ultrasound localisation.

No tracking system (2.4.2) presented in this section proposes a solution to operate through an intact skull. The most
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FIGURE 25 Tracking system proposed by Bourdeau et al. Figure reproduced from (Bourdeau et al., 2018)
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FIGURE 26 Image of acoustic reporter genes inside a murine model. Figure reproduced from (Bourdeau et al.,
2018)
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FIGURE 27 Projection views of PAT resolution scans of intact (a) and removed (b) skull. Figure reproduced
from (Kneipp et al., 2016)

advanced work on this side is the proposition of ultrasound imaging system in (Errico et al., 2015) where a resolution of
20um through an intact murine skull is presented. Every proposed ultrasound system fits in terms of volume and energy
with micro-medical device requirements. To be fully usable, ultrasound imaging systems (2.4.1) need to be adapted to
microdevices, whereas the tracking systems (2.4.2) need to increase their SNR to be able to operate through the skull

layer.

2.5 | Hybrid

Hybrid technologies are based on a combination of at least two technologies presented in the previous sections. These
types of systems are classified in three groups: photoacoustic; external with internal localisation systems; and combina-
tion of imaging principles.

Photoacoustic tomography (PAT), as explained in (Xia et al., 2014), consists of the acoustic detection of the optical

7 or exogenous constrast agent!8: the energy is sent as light radiations,

absorption of endogenous chromophores?!
transformed by human body elements into acoustic energy (photacoustic effect) and detected by acoustic sensors, set
outside the body. This technology overcomes the diffusion limit of optical imaging because of the weaker scattering of
backward acoustic waves. Distortions, introduced by an adult murine skull in transcranial optoacoustic imaging, are
studied in (Kneipp et al., 2016) by comparing intact, thinned and removed skull impact. The skull introduces time shift
and ringing artifacts of the optoacoustic signals, limiting the transmission frequency at 5 MHz. The authors obtained a
resolution of 40.5um, 29.4pm and 21.8um FWHM for the intact, thinned and removed skull, respectively (Figure 27).

The authors of (Buehler et al., 2012) proposed a PAT real-time system for small-sized animal. The machine is based
on simultaneous acquisition of signals from 256 points distributed over a spherical surface surrounding the sample
and enabling an image region of about 10 x 10 x 10mm?3 for one laser pulse (Figure 28). To demonstrate the resolution

of their system, the authors used a phantom consisting of a 1.9cm diameter light scattering cylinder and containing a

17Elements originated from the human body which are responsible of light absorption and consquently of its color. As an example, according to (Young, 1997),
the epidermis contains several major solar ultraviolet-radiation-absorbing endogenous chromophores like DNA, amino acids, melanins, ...
18 Liquid, originated from outside of the human body, intravenously injected into a patient that increases visibility of pathologies, like tumours.
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FIGURE 28 Schematic representation of the PAT system proposed by Buehler et al. Figure reproduced
from (Buehler et al., 2012)

100um black absorbing microsphere placed in three positions. The imaging volume is 22 x 24 x 3mm? using voxel of
37 x 40 x 40um3. They also performed a test with a murine heart to demonstrate the dynamic imaging of the beating
heart. They obtained a transverse and radial resolution of 850um and 200um, respectively, at 10 Hz and 10mm depth.

This imaging technology requires neither energy nor volume onboard.

Combination of an external and internal localisation system allows to increase the accuracy in comparison to stan-
dalone systems. The fusion process, generally based on the error propagation (covariance matrix) of the measurements,
is designed to take into account the most precise measurement at each time step. Such a system, proposed in (Goh et al.,
2014), uses electromagnetic direction-of-arrival (DOA) and Inertial Measurement Unit (IMU) measurements fused by an
unscented Kalman filter (UKF). The authors used their system to measure the localisation and the orientation of a WCE
equipped with an IMU and with a transponder to send a localisation signal to the external antennas (Figure 29). Their
simulations resulted in a position accuracy of about 3mm for a DOA error of 0.1°. The frequency was not mentioned
and the system needs energy for both the IMU and the transponder which are bulky.

Another WCE localisation system, merging embedded visual odometry and RF information, is introduced in (Bao
et al,, 2015). The algorithm fuses data of the visual odometry (section 2.2.2) (Bao et al., 2014) and of a classical RSS
RF architecture based on path loss modelisation (7) with a Kalman filter. It allows the visual motion tracking to avoid
cumulative estimation errors leading to drift and to increase the accuracy of the RF measurement (Figure 30). They
achieved 5 cm localisation accuracy at 6 frames/sec until approximately 50cm depth. The camera and the RF transmitter

need their dimensions in space and energy onboard.

A PET-CT-UUI triple-imaging system which merges the three image modalities for simultaneous co-registered
imaging is presented in (Provost et al., 2018). The instrument, composed of commercially available devices, combines
the PET millimetre detection of picomolar molecular concentration with the anatomical precise imaging of the CT and
with the very high frame rate acquisition of UUI. The imaging volume is 20 x 12.9 x 420mm3, which allows to image
tumour (Figure 31) with voxel of 400 x 400 x 400um? for PET-CT and 100 x 100 x 100um? for UUI. The registration
accuracy achieved is about 95um but the authors do not precise the operation frequency. The imaging technologies
need neither onboard volume nor energy.

The systems proposed in this section demonstrate the same limits of the technologies they combine. The fusion
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FIGURE 29 Schematic representation of the system proposed by Goh et al. Figure reproduced from (Goh et al.,

2014)
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FIGURE 30 Evolution of localisation error as the capsule moves. Figure reproduced from (Bao et al., 2015)
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FIGURE 31 PET-CT-UUIlimages of a mouse tumour xenograft with greyscale for CT, heat scale for UUI, yellow-blue
scale for PET. Left: the ultrasound probe located above the targeted tumour in the CT volume and the fused PET- UUI
volume depicting the vasculature. Middle: maximal intensity projection view of the spatially co-registered tumour.
Right: view of image plane inside the volume. Figure reproduced from (Provost et al., 2018)

algorithm does not totally cancel the cons of each technology but lower them. That is why, the limitations come from

the technologies themselves which are not completely ready to be combined and still need intrinsic improvements.

3 | DISCUSSION

Today, during a surgery, practitioners still have to juggle with different localisation and imaging systems. As an example,
challenging deep brain tumour to be attained needs a system able to track in real-time a millimetric device to guide it
precisely until the operation site. In addition, the already complex medical environment needs localisation systems to
be "easy to use", i.e. minimally invasive, reproducible and applicable to patients. This need is particularly highlighted by
neurosurgery applications combining tracking means and surgical techniques to reach delivery of novel therapies: Deep
Brain Stimulation (DBS) (Hariz et al., 2013); gene therapy or cell grafts (Hocquemiller et al., 2016); tumour improved
resection and local delivery of drugs active against tumours (Sanai and Berger, 2008). Figure 32 shows the performance
needs of the current and future neurosurgery applications.

For comparative purpose, four quantitative and three qualitative criteria, listed in Table 3, were chosen to represent
the main characteristics of each system. The orientation is not taken into account because too few publications address
such issue. Figure 33 summarizes all listed systems in 2 by gathering their characteristics through radar diagrams?.
Each column represents technologies from one family following the architecture of 2. Four colours are used to image
the qualitative differences between systems: red: bad health effects; dark blue: the system needs energy and volume
onboard; blue: the system needs energy or volume onboard (only one); light blue: the system needs neither energy nor
volume onboard.

For performance comparative purposes, the same solutions are set on a double axes chart (Figure 34): depth and
position accuracy are represented on x and y axes, respectively. The frequency is depicted with the shape and the size
of the markers: a cross when the system cannot operate in real time, i.e. below 20Hz; and a triangle when the system
works in real time, i.e. 20Hz and more. The frequency is mentioned next to the marker when specified by the authors.
The colour scale is the same as in Figure 33. Green lines differentiate the zone equivalent to 100% of the scale chosen

for comparison (Table 3).

19Radar charts are composed of axes pointing towards the exterior of the shape, each one represents one criterium. This representation enables the area to
draw a shape whose size depends on the correlation between the system’s characteristics and the criteria.
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Criterion 0% 100%

Quantitative

Position accuracy 1 mm, millimetric ac- 0.1 mm, sub-
curacy millimetric accuracy
Depth Omm 100 mm, roughly half
of the head (Bushby
etal., 1992)
Frequency OHz 20 Hz, considered as
real time
Non-invasiveness Invasive (opening > Noinsertion
1cm)
Qualitative
Take volume Yes No
Need energy Yes No
Bad health effect Yes No

TABLE 3 Criteriaused to compare the tracking systems

The system distribution lets appear a diagonal line going from the top of the y-axis to the end of the x-axis. In terms of
performance, it means that a system cannot satisfy both deep penetration and high resolution. It appears a current

three dimensions performance compromise: accuracy-depth-frequency, partly depicted by the limit diagonal.

In addition, the need to be less invasive is brought by both the desire of diminishing side effects on the patient
(caused by anesthesia and openings in the skull) and the accuracy requirements. Invasiveness, through its impact on
the registration2C step, caps the reachable accuracy. Indeed, a skull opening, by creating a leak of CSF, induces a brain
shift (potentially up to few centimeters) which falses the targeted operation site acquired from pre-operative imaging
techniques. The reduction of the invasiveness can be achieved by decreasing the skull opening size or even by not
opening it, which induces a skull layer to be crossed. The performance of the localisation system is directly impacted
by this layer which increases both the depth and the attenuation along the signal path (Figure 18). In this respect, the
position accuracy is interesting to study against the invasiveness to illuminate the link between accuracy requirement
and impact on the body (Figure 35). A global affine correlation seems to emerge: the invasiveness decreases when the
accuracy increases (except for the microscope and the ultrafast Doppler tomography which use a skull window to work).
In fact, the most precise systems use smaller embedded elements directly favouring the noninvasiveness. Moreover,
the only non-invasive systems (CT and MRI) which appear on the chart are currently the most widely used all over the

world, demonstrating the importance of invasiveness in the current medicine.

To draw the most accurate picture of the field, performance and invasiveness (Figure 34 and 35, respectively) are
crossed with physics.
The magnetic field family (Son et al., 2016; Plotkin and Paperno, 2003; Dai et al., 2018; Kim et al., 2010), presents position

20According to (Farhat et al., 2015), registration describes the process of identifying a transformation that aligns one data set with another, fusing complemen-
tary information sources for planning and intraprocedural guidance. For more details on this subject, see (Fitzpatrick, 2010).
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Radar charts of the current localisation solutions
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FIGURE 33 Radar charts of the current localisation solutions (corresponding references in Appendix)

accuracy around the millimetre, which is not appropriate for microdevice localisation. The link between the signal
strength and the inverse of the cubic travelled distance blocks the technology improvement and caps the achievable
accuracy.

The EM RF waves technologies (Pourhomayoun et al., 2014; Wang et al., 2011; Wille et al., 2011) are limited by their
centimetric position accuracy, not fitting the microdevice requirements. Position accuracy is directly impacted by the
lack of knowledge of the human body refractive index, inserting errors in the position computation. As for the future,
until the human body is sufficiently modeled, the EM RF techniques will suffer from such a lack of accuracy.

The EM optical waves family (Bao et al., 2014; Khalil et al., 2014) is subject to strong absorptions in human tissues
(Figure 12) limiting the depth of operation and imposing invasiveness to bypass bone layers. The only way to use optical
waves in the brain is to embark the system inside the device. Nevertheless, the current technologies are not competitive
and need to be improved.

EM VHF waves (Flohr et al., 2004, 2006; Moses, 2011), beyond limit doses, have a bad impact on human tissues, as
explained by the WHO (WHO, 2016). This directly prohibits the compatibility with future long-time applications.

MRI technology is capped by its intrinsic trade-off between time and spatial resolutions (Portnoy et al., 2009). Several
research teams are focusing on overcoming this trade-off limitation, to develop an ultimate non-invasive imaging tech-
nology. The use of MRI prohibits the use of magnetic materials, strongly reducing the number of embeddable systems.
To conclude, until a new breakthrough in the field, the MRI use will be limited for micro-medical device tracking.
Ultrasound waves (Demené et al., 2016a,b; Errico et al., 2015; Khalil et al., 2014, 2018; Nikolov and Jensen, 2008; Bour-
deau et al., 2018) suffer from attenuation in tissue layers and from reflection at interfaces, limiting the performance trio:
invasiveness, position accuracy and depth of use. Recent discoveries enable to break the barrier created by attenuation
and reflections, opening a new field of applications called the "neuroimaging" and fitting with micro-medical device
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Comparison of the current localisation solutions performance
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FIGURE 34 Comparison of the current localisation solutions performance (corresponding references in Appendix)
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requirements. On the other side, ultrasound tracking systems also try to circumvent this barrier through different
solutions, which always negatively impact other system’s characteristics. In the future, the merging of neuroimaging
technologies and tracking systems seems able to overcome the triple dimension trade-off without compromise.

Hybrid systems (Bao et al., 2015; Buehler et al., 2012; Goh et al., 2014; Provost et al., 2018) don't succeed in outperform-
ing the technologies they rely on, and in attenuating their drawbacks. Indeed, each separate technology is not ready to
be combined to another one yet and should be intrinsically improved. It is probably for this reason that this field is still

emerging.

4 | CONCLUSION

Neurosurgeons cannot reach today deep and functional structures without causing tissue damage. The challenge of
deep body operations remains crucial to allow new emerging diagnostic procedures and targeted therapies, such as
the identification and treatment of early stage cancers. Besides medicine, big advances on the propulsion and the
navigation at the micron scale (Kummer et al., 2010; Khalil et al., 2014; Tottori et al., 2011; Kim et al., 2016; Qiu et al.,
2015; Ahmed et al., 2016; Villangca et al., 2016; Dai et al., 2016; Solovev et al., 2009; Magdanz et al., 2015) open the way
to neurosurgery operations by micromachines. Deep operations with microdevices, to be suitable for clinical use, need
a sub-millimetre tracking system, providing localisation in such heterogeneous and changing environments (Mariana
Medina-Sanchez and Oliver G. Schmidt, 2017).

In the present paper, tracking systems for the whole body were listed and each family was described : magnetic

field, EM optical waves and MRI families are, today, limited by the physics and the current technologies; EM RF waves
family suffers from a lack of models of the human body; EM VHF waves have a bad effect on human body; ultrasound
technologies are still emerging; and hybrid systems show the same lack of the systems they combine.
Systems were also compared, as for therapy needs (Figure 32), performance (Figure 34) and invasiveness (Figure 35). A
diagonal line caps the current systems performance, demonstrating the present trade-off between accuracy, depth
and frequency whereas therapies requirements (Figure 32) highlight the need to overcome this limit. Moreover, the
evaluation of the invasiveness (Figure 35) showed that the facility of use is a major issue for clinicians to decide to adopt
a specific system and that the higher the accuracy the less invasive the system.

All those reflections introduce a three sides challenge that tracking systems for intracranial medical devices have
to deal with: performance (position accuracy, depth, frequency), invasiveness (impact on performance and patient
comfort) and user experience (easy applicable to patient and easy reproducible). The future of the neurosurgery will
pass by the development of localisation systems fitting these requirements and allowing to widely spread out new
localised therapies as deep brain stimulation (Hariz et al., 2013) and gene therapies (Hocquemiller et al., 2016). section
conclusion (end)

APPENDIX

Table 4 shows the correspondence between Figure 33, 34, 35 labels and references number.

Labels in Figure 33, 34, 35 Reference
Permanent Magnet (Sonetal., 2016)
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Embarked coil

(Plotkin and Paperno, 2003)

Embarked magnetometer

(Dai et al., 2018)

Rotating external permanent magnet

(Kimetal., 2010)

Time of arrival, device emission

(Pourhomayoun et al., 2014)

RSS

(Wangetal.,2011)

RFID

(Wille et al.,, 2011)

Vision odometry

(Bao et al., 2014)

Microscope (Khalil et al., 2014)
X-ray (CT) (Flohr et al., 2006)

Gamma ray (PET) (Moses, 2011)

MRI (Stucht et al.,, 2015)

Ultrafast Doppler Tomography

(Demené et al., 2016a)

Interface reflection

(Khalil et al., 2018)

Embarked sensor

(Nikolov and Jensen, 2008)

Bubble in protein

(Bourdeau et al., 2018)

RF + vision odometry

(Baoetal., 2015)

Photoacoustic

(Buehler et al., 2012)

Direction of arrival + IMU

(Goh et al., 2014)

PET+CT+US

(Provost et al., 2018)

TABLE 4 Correspondence between Figure 33, 34, 35 and references
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