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Abstract
Real-time guidance for the implantation of deep-brain-stimulation (DBS) electrodes in the context of stereotactic neurosur-
gery is essential but currently unavailable. Electromagnetic tracking (EMT) systems offer high-accuracy localization of tools 
in restricted volumes but face compatibility issues with stereotactic procedures due to electromagnetic distortions. This paper 
aims to evaluate and compare the localization performance (position and orientation) of a novel EMT system, the ManaDBS, 
specifically designed for stereotactic surgical environments, against the NDI Aurora, a commercially available EMT system. 
Two studies were conducted to assess the suitability of each EMT system for stereotactic DBS surgery. The first study evalu-
ated performance accuracy within the measurement volume in the presence of two different stereotactic systems (Frame G 
and Vantage system, Elekta). The second study simulated a DBS surgical theater, performing implantation procedures with 
each EMT system and evaluating the position accuracy of the EMT sensor. The localization errors of Aurora (0.66 mm and 
0.89°) were lower to those of ManaDBS (1.57 mm and 1.01°). However, in the presence of a stereotactic system, Aurora 
exhibited notable degradation (2.34 mm and 1.03°), whereas ManaDBS remained unaffected. This pattern persisted dur-
ing simulated implantation in a DBS surgical environment, where nonlinear trajectories with significant error fluctuations 
along the implantation path were observed with Aurora system. The significant electromagnetic-field distortions render the 
Aurora system incompatible for stereotactic DBS surgery. However, the ManaDBS system exhibited no impact from these 
distortions, suggesting its potential suitability for DBS surgery and other potential applications in stereotactic neurosurgery.

Keywords  Electromagnetic tracking · Deep brain stimulation · Interventional guidance · System assessment · Stereotactic 
neurosurgery

Introduction

DBS surgery involves implanting electrodes into deep brain 
structures to alleviate motor disorders such as Parkinson’s 
disease or essential tremor. Typically performed with a ste-
reotactic system under local anesthesia, the procedure is 
complemented by microelectrode recording (MER) of the 
neuronal activity and/or through stimulation tests to verify 
the target location [1]. Intraoperative validation of the elec-
trode implantation position can be achieved using 2D X-rays 
or 3D computed tomography (CT). However, challenges 
remain, such as the angular localization of new directional 
DBS electrodes or real-time navigation during implanta-
tion. A promising technique for addressing these challenges 
is electromagnetic tracking (EMT) [2, 3], which has been 
explored as a complementary or alternative imaging method 
to X-rays. EMT systems provide regular feedback on the 
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position and orientation of DBS electrodes, offering advan-
tages like reduced radiation exposure and precise 3D locali-
zation relative to brain structures. A comprehensive review 
by Frank in 2014 [4] presented an overview of the commer-
cial market and typical EMT technology used. The state-of-
the-art EM systems approved for neurosurgery include the 
AxiEM (Medtronic Inc., Minneapolis, USA) and the Kick 
EM (Brainlab, Munich, Germany). These systems are inte-
grated into surgical platforms that also incorporate optical 
tracking and image-guided software, such as Medtronic’s 
StealthStation. Table 1 summarizes the known character-
istics of the two systems. In the context for DBS electrode, 
a study by Burchiel [5] showed comparable performance 
between EMT and CT guidance. However, due to compat-
ibility issues, frameless stereotactic surgery was performed 
instead of the standard stereotactic procedure.

Despite its potential, EMT technology has limitations that 
affect its clinical application. One inherent limitation is the 
minimum practical sizes of the sensors and field genera-
tors necessary for the optimal functioning of EMT systems. 
Another significant constraint arises from the technology’s 
sensitivity to electromagnetic (EM) distortions caused by 
the proximity of medical diagnostic devices like CT or MRI 
scanners [6], as well as ferromagnetic objects [7]. These 
issues accentuate the need for ongoing advancements to 
enhance EMT’s robustness and adaptability in clinical set-
tings. Commercial EMT systems comprise a field generator 
(FG) that produces an alternating magnetic field and spe-
cialized magnetic sensors known as micro-coils. However, 
operating with alternating magnetic fields at frequencies in 
the hundreds of kilohertz introduces additional EM distor-
tions. Beyond the primary sources of distortions, including 
ferromagnetic materials and electronic devices, conductive 
distortions must also be considered. These distortions arise 
from Eddy currents induced by alternating magnetic fields 
in conductive materials, which generate secondary EM 
fields that interfere with the primary magnetic field. This 

secondary EM field is present only during FG activation 
and operates at the same frequency, making it particularly 
challenging to compensate for. The magnitude of conductive 
distortions depends on many factors such as the size, compo-
sition, proximity, and shape of the distortion sources. Nixon 
et al. [8] proposed an initial theoretical model that corre-
lates tracking errors with distortion sources. This model is 
based on experimental observations and is therefore tailored 
to the specific setup used. Given the unique nature of each 
surgical environment, translating performance assessments 
and compensation strategies [9, 10] across different setups 
remains challenging.

Concurrently with these advancements, there is a grow-
ing interest in EMT systems based on quasi-static magnetic 
fields. Over the past decade, progress in miniaturized inte-
grated magnetic sensors has enabled the design of func-
tionalized catheters with millimetric dimensions, offering 
enhanced mechanical robustness in contrast to micro-coils. 
The primary benefit of an EMT technique based on inte-
grated magnetic sensors and quasi-static magnetic fields lies 
in its inherent resistance to conductive distortions and ability 
to maintain a high level of precision [11, 12]. Nevertheless, 
this EMT technology suffers from another limitation: its 
reduced update rate ranging from 1 to 10 Hz, which defines 
the number of localization outputs provided per second. This 
limited update rate restricts this EMT technology’s suitabil-
ity to certain surgical procedures such as DBS surgery, as 
it involves slowly inserting electrodes along tens of centim-
eters into the patient’s brain. Knowing that many clinical 
centers heavily rely on stereotactic systems, the introduc-
tion of a compatible EMT system could enhance safety and 
reduce surgery duration. To this end, we developed a quasi-
static EMT system, named ManaDBS, for intraoperative 
localization of DBS electrodes [13, 14].

This paper provides a comprehensive evaluation of the 
performance and a comparative analysis between the NDI 
Aurora V2 system and the ManaDBS system. The two 

Table 1   Description of the two EMT systems available on the market for neurosurgery: Medtronic AxiEM and the Brainlab Kick EM [22, 23]

EMT System Medtronic AxiEM Brainlab Kick EM
(Model: NDI Aurora V3)

Emitter type Flat and Side-mount Side-mount
FG dimension
(approximate)

Side-mount FG: 13.5 x 13.5 x 8.5 cm
Flat FG: 50 x 35 x 3.5 cm

20 x 20 x 7 cm

Magnetic field FG emits low intensity and varying electromagnetic fields which induce small currents in the sensors embedded in the 
instrument.

Volume of tracking Side-mount FG: 46 x 46 x 31 cm
Flat FG: 40 x 40 x 37.5 cm

50 x 50 x 40 cm

Sensors Micro-coils
Datasheet
warnings

Metallic and conductive objects such as the surgical table. 
Recommended distance from the metal of 5 cm for the flat 
emitter and 25 cm for the side-mount emitter.

System accuracy may be affected by the setup (monitor, base 
station...). Some metal objects and radio frequency com-
munication equipment may cause interference.
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studies focuses on the integration of each EMT system 
within a DBS surgical environment including a stereotactic 
system. The commercial system from NDI is a well-known 
electromagnetic tracking system. The V3 version of the NDI 
Aurora system is notably marketed by Brainlab under the 
product name Kick EM, as indicated in the FDA’s 510(k) 
premarket notification [15]. While the system used in this 
paper is an earlier version, the underlying technological 
principles remain the same. Through two distinct studies, 
we aimed to provide valuable insights on the applicability 
of EMT systems in the context of stereotactic DBS surgery.

Materials & Methods

Electromagnetic Tracking Systems

NDI Aurora The commercial EMT system considered in 
this paper is the Aurora V2 from Northern Digital Incorpo-
rated (NDI) (Waterloo, Canada), depicted in Figure 1. The 
FG, with dimensions of 20 × 20 × 7 cm, generates an alter-
nating magnetic field within a tracking volume of 50 × 50 
× 50 cm3. NDI reports localization errors of 0.5 mm and 0.3° 
at the center of the tracking volume with an update rate of 
40 Hz. A flextube of 1.3 mm diameter, containing a standard 
six degrees-of-freedom (DOF) sensor (610060 from NDI) 
was used as the tracking tool in the two evaluative studies. 
All tracking data (positions and orientations) were recorded 
and managed via the NDI ToolBox software.

ManaDBS The technological principle of the ManaDBS 
system relies on quasi-dc magnetic field measured by mon-
olithic magnetic sensors. The FG consists of four planar 
coils which sequentially generate static magnetic field with 
a maximum strength of 160 µT. To ensure consistency with 
the Aurora system and avoid introducing additional errors in 
the comparative study, the dimensions of the FG were made 
identical to those of the Aurora, allowing the two FGs to be 
swapped in the experimental setup. The activation sequence 
of the coils follows five steps: the first four steps involve 
activating each coil individually, and the fifth step involves 
offset cancelation. During offset cancelation, the environ-
mental magnetic field, including the Earth’s magnetic field, 
is measured with all coils turned off. This environmental 
field data is subtracted from the first four measurements to 
eliminate any static perturbations. The outcome of the five-
step sequence is a matrix of 15 magnetic field components, 
reduced to 12 magnetic components after offset cancelation. 
The FG is designed to uniquely encode each point in the 
measurement volume (MV) with a magnetic field amplitude 
vector. This unique encoding is based on the principle of 
multilateration, where an object’s position is determined by 
measuring signals from multiple transmitters. In the case of 
electromagnetic localization, multilateration uses the mag-
netic fields generated by the FG, which vary with the dis-
tance between the FG and the magnetic sensor. The update 
rate of ManaDBS is 0.3 Hz. To ensure high tracking accu-
racy, precise knowledge of the magnetic fields is required. 
Static magnetic field simulations were conducted using the 

Fig. 1   The two navigation systems: Aurora (right) and our developed system ManaDBS (left), both with a field generator of 20 × 20 × 7 cm and 
the associated flextubes with diameters of 1.3 mm and 1.8 mm, respectively
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Radia magnetostatic library in Python 3.8 [16]. Addition-
ally, the current supply to the coils is regulated to ensure 
fluctuations remain within 1% at a supply current of 5 A. 
The detailed principle of the ManaDBS system and its char-
acterization were presented in a previous publication [14], 
which reported localization errors of 1.72 mm and 0.89° 
within a tracking volume of 15 × 15 × 30 cm3. For this study, 
a customized flextube with a diameter of 1.8 mm was devel-
oped. The flextube contains an anisotropic magnetoresistive 
three-axis sensor (MMC5603 NJ, Memsic Semiconductor 
Co.) placed at its tip (Figure 1).

Measurement volume The tracking volumes of the EMT 
systems are larger than the defined measurement volume for 
the studies. Following the requirements of DBS surgery, the 
measurement volume was defined to be equivalent to the vol-
ume of the head, i.e., 15 × 15 × 15 cm3. The offset distance, 
defined as the distance between the FG and the closest point 
from the measurement volume, was set at 18 cm.

Study 1: Tracking Performance 
in the Presence of a Stereotactic System

Study 1 evaluated the performance of both EMT systems 
within the measurement volume using a high-precision 
setup to accurately replicate experimental conditions. 
Three distinct settings were examined. Initially, we estab-
lished a baseline environment free of any EM perturbations. 

Subsequently, we conducted two additional experiments 
introducing two different stereotactic systems: the Leksell 
Stereotactic G System (Elekta AB, Stockholm, Sweden), 
which has been a reference for functional neurosurgery and 
particularly for DBS surgery for over two decades, and the 
recently released Leksell Vantage Stereotactic System (Ele-
kta AB). These three settings are referred to as the baseline, 
Gframe, and Vantage setups, respectively.

3D assessment setup Setups for assessing the perfor-
mance of EMT systems are commonly made from Lego 
[17] or Polymethyl methacrylate (PMMA) arrangements 
[18, 19] to avoid additional EM distortions. A custom-
made fixed-size 3D system was built using 5 mm PMMA 
plates (Figure 2). Four 2D platforms of varying heights were 
sequentially positioned at 18 cm from the FG. Each platform 
included 25 positions. A 3D-printed piece holding the flex-
tube was manually placed at each position. A total of 100 
positions were acquired, covering a volume of 11.25 × 11.25 
× 11.25 cm3, as depicted in Figure 2. At each position, 25 
measurements were acquired for each flextube. The stereo-
tactic systems (frame and arc) were positioned around the 
platforms and secured using 3D-printed holders.

Setup calibration To validate the placement of the flex-
tube within the assessment setup, we established reference 
positions using the NDI Optotrak Certus optical tracking 
system (Northern Digital Inc., Waterloo, Canada). This cali-
bration step was essential to correct any errors introduced 
during the manufacturing of the 3D assessment setup. The 

Fig. 2   On the left, a rendering of the 3D assessment setup, constructed with 5 mm-thick PMMA. The measurement volume (15 × 15 × 15 cm3) 
is represented in red. On the right, a picture of the Gframe setup, including the Stereotactic G system (frame and arc) and the ManaDBS system



1516	 C. Vergne et al.

NDI Optotrak Certus system provides a reported localiza-
tion accuracy of 0.1 mm. Four LED markers were fixed on 
the FG, while four embedded markers were integrated into 
the flextube holder. These optical markers were employed 
to capture the 100 positions within the 3D assessment setup, 
which were then transformed into the coordinate system of 
the FG. Subsequently, the reference positions were aligned 
with the measured positions of the baseline setup using the 
iterative closest point (ICP) algorithm simpleICP [20]. The 
ICP algorithm accounted for any misalignment or errors 
arising from the placement of LED markers on the FG and 
flextube holder. Once the ICP registration was completed, 
the corrected reference positions were saved and used as the 
ground truth for evaluating localization performance.

Data analysis The measured positions and orientations 
were averaged over 25 measurements per location. Position 
errors were defined as the Euclidian distance between the 
measured position and the ground-truth position. The ori-
entation error was also defined as the Euclidian distance (in 
the angular space) between the measured orientation and the 
true orientation. The latter was defined to be the average ori-
entation measured over 100 positions in the baseline setup. 
The jitter for both position and orientation, was calculated as 
the standard deviation of all 25 measurements per location. 
Statistical analysis was performed using Python 3.9 and the 
library Scipy.stats. A Kruskal–Wallis one-way ANOVA test 
with Bonferroni correction was used to compare the three 
setups described above. A p < 0.001 was considered a sta-
tistically significant difference.

Study 2: DBS Electrode Implantation

Study 2 assessed the suitability of both EMT systems for the 
DBS operating room. A DBS surgical theater was created to 
mimic as faithfully as possible the EM disturbances associ-
ated with this environment. During the implantation process, 
the flextube was used in place of the DBS electrode. Straight 
implantations were performed for both EMT systems and 
registered using the Optotrak system.

Surgical environment The simulated operating-theater 
environment included an operating table along with its requi-
site accessories: a surgical bed (Maquet Betaclassic, Getinge 
AB, Gothenburg, Sweden), fixtures for the stereotactic frame 
comprising a connection bracket (1130.54B0, Getinge AB) 
and an adjustable base unit (1005.50 A0, Getinge AB), two 
stereotactic systems with their respective interfaces for the 
operating table (Leksell Stereotactic System Clamp and Van-
tage Starburst 3/8”, Elekta AB), and fixations for each EMT 
system to be attached to the right side rail of the operating 
table (Figure 3). In contrast to study 1, the FG was placed at 
the bottom left side of the stereotactic system. A 3D-printed 
head phantom was positioned within the stereotactic frame. 

Subsequently, a C-arm (Ziehm Vision FD Vario 3D, Ziehm 
Imaging GmbH, Nuremberg, Germany) was positioned on 
either side of the stereotactic arc.

Reference system The Optotrak tracking system was 
again used as the reference system. Four LED markers were 
fixed to the FG, while a rigid body integrating four embed-
ded LED markers (S-type 4-marker Probe, 8700311, NDI) 
and the flextube (Figure 3) was used to capture the ground-
truth positions and orientations. Subsequently, spatial infor-
mation was translated into the coordinate system of the FGs.

Data analysis Two rectilinear trajectories (one per hemi-
sphere) of 10 cm were defined according to the stereotactic 
parameters in Table 2. The implantation started from the 
surface of the phantom head—i.e., the closest of the ste-
reotactic frame—and went down to a depth of 10 cm, fur-
ther from the stereotactic arc. These two trajectories were 
reproduced five times for a total of ten trajectories per EMT 
system and per stereotactic system. Along each trajectory, 
ten positions were recorded, and for each position 25 meas-
urements were made. In study 2, the systematic error was 
removed by fitting the two rectilinear trajectories from the 
optical reference to the two trajectories obtained with the 
EMT system. An automatic fitting could not be performed 
with the ICP algorithm as no baseline was available. There-
fore, a 3D linear transformation was manually applied. This 
process eliminated systematic error, leaving only the error 
associated with trajectory nonlinearity. In image-guided pro-
cedures employing EMT or optical tracking, systematic error 
is typically addressed during the registration step. This step 
is performed at the beginning of the procedure and involves 
identifying patient-specific fiducials—such as anatomical 
landmarks—using both the patient’s imaging and the track-
ing system. From these fiducials, the spatial transformation 
between the tracking coordinate space and the patient’s coor-
dinate space is established. To simulate the outcome of this 
registration step, we manually corrected the systematic error 
in our study. In this study, the position error was defined as 
the Euclidian distance between the measured position and 
the fitted optical reference. Jitter error for each position was 
defined as previously introduced. Statistical analysis was 
performed as stated above. The orientation was not investi-
gated due to the missing reference.

Results

Study 1: Tracking Performance in the Presence 
of a Stereotactic System

On average, for the ManaDBS system, there was no signifi-
cant difference in the position and orientation errors between 
the baseline and the stereotactic setups (p > 0.2) (Figure 4). 
The median position errors (Q1–Q3) of the ManaDBS 
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system were about 1.57 mm (1.3–1.9 mm) for all the setups. 
The median orientation errors (Q1–Q3) were about 1.01° 
(0.65–1.4°) for all the setups.

For the Aurora system, a significant difference in the 
position error between the baseline and each stereotactic 
setup was observed (p < 0.001). The median position errors 
(Q1–Q3) increased from 0.66 mm (0.13–0.89 mm) at base-
line to 2.1 mm (1.37–3.24 mm) in the Gframe setup and 
2.34 mm (1.67–2.84 mm) in the Vantage setup. There was 
no significant difference in the orientation errors. However, 
a slightly high p-value (p = 0.07) was observed in the ori-
entation errors between the baseline and the Gframe setup. 
The median orientation errors (Q1–Q3) were about 0.94° 
(0.5–1.6°) for all the setups.

There were not any significant differences between the 
setups for the position jitter (all < 0.8 mm and all < 0.08 
mm) and the orientation jitter (all < 0.35° and all < 0.3°) for 
the ManaDBS and Aurora systems, respectively. The jitter 
was ten times higher for ManaDBS than Aurora. Addition-
ally, both the position error and the jitter increased at greater 
distances from the FG, particularly for ManaDBS. These 
observations can be attributed to the high RMS noise of the 
sensor used in the ManaDBS system.

The position error as a function of the distance of the 
EMT sensor from the FG for both systems is shown in Fig-
ure 5. For ManaDBS, the position error increased by 0.8 mm 
at greater distances from the FG, but it remained consistent 
across all the setups. In contrast, the Aurora system exhibited 

Fig. 3   DBS surgical theater: On the left, a picture of the fixation of 
the EMT system (ManaDBS) and the stereotactic system (G system) 
to the operating table in the presence of the Optotrak system and the 
C-arm imager. On the bottom right, the zoom on the stereotactic sys-

tem with at its bottom left, the ManaDBS FG and the associated opti-
cal markers. On the top right, a picture of the rigid body integrating 
the ManaDBS flextube

Table 2   Parameters chosen 
for the Leksell Frame G 
and Vantage Frame. These 
parameters are possible 
parameters for patients suffering 
from Parkinson’s disease or 
essential tremor

Side x y z Ring Arc

Left 110 98 116 78 112

Right 88 98 116 78 65
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a specific error pattern for the stereotactic setup, with large 
peak errors at greater distances. These peaks occurred near 
large metallic parts of the stereotactic systems.

Figure 6 shows the distribution of position errors in 3D 
space relative to the placement of the stereotactic systems. 
The arrow indicates the direction of the error, pointing from 
the ground-truth position to the measured position. The 
color of the arrow represents the magnitude of the error. To 

enhance the visibility of the small error values, the arrow 
length has been scaled by a factor of 10.

Study 2: DBS Electrode Implantation

In Study 2, the position error reflected the nonlinearity 
of the trajectory, as the systematic errors were removed. 
Differences were observed based on the implantation side, 

Fig. 4   Boxplots of the position (blue boxes on the left) and orientation (yellow boxes on the right) error per setup, calculated from the 100 meas-
urements in the 3D assessment setup. Significant differences are indicated at the top of the boxplots (Color figure online)

Fig. 5   Position error for the ManaDBS system (left) and the Aurora 
system (right) with 95% confidence intervals as a function of the dis-
tance to the FG for the two EMT systems. Data from the three differ-

ent setups are presented: baseline (gray), Gframe (blue), and Vantage 
(yellow) (Color figure online)
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as shown in the boxplot in Figure 7. For ManaDBS, the 
median position errors (Q1–Q3) were about 0.55 mm 
(0.4–0.9 mm) for all the setups. No significant differences 
between the stereotactic setups were observed regarding 
the position errors. However, there was a significant dif-
ference between the implantation sides for the Vantage 
setup. Similarly, significant differences between the two 
implantation sides were observed for the Aurora system. 
On the left side, the median position errors (Q1–Q3) were 
2.3 mm (1.5–2.7 mm) in the Gframe setup and 1.2 mm 
(0.9–1.7 mm) for the Vantage setup. On the right side, 
the median position errors (Q1–Q3) increased to 2.8 mm 
(2.5–3.2 mm) for the Gframe setup and remained about 1.2 
mm (1.0–1.7 mm) for the Vantage setup.

There were no significant differences between ManaDBS 
and Aurora for the position jitter (all < 0.4 mm and < 0.2 
mm, respectively) for both the Gframe and Vantage setups.

Figure 8 illustrates the position errors relative to the 
implantation depths of the EMT sensors. The graph also 
depicts the distance to the FG as a function of implantation 
depth. The implantations for both EMT systems were per-
formed at similar distances from the FG, ranging from 24 
to 30 cm. For ManaDBS, the position errors remained low 
and consistent across different stereotactic setups. In con-
trast, the Aurora system exhibited high nonlinear behavior, 
with errors between 0.6 and 10 mm. The largest errors were 
observed at the start of the implantations near the stereotac-
tic arc. In the Vantage setup, the position errors decreased 

Fig. 6   Position error distribution of the ManaDBS (top) and Aurora (bottom) systems for the three setups: baseline (left), Gframe (middle), and 
Vantage (right). Stereotactic system pictures were transparently added
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with implantation depth. However, in the Gframe setup, the 
errors initially decreased but subsequently increased.

Discussion

The DBS surgical theater is a challenging environment that 
includes many devices such as the operating table, imaging 
technologies, and stereotactic systems. Providing regular and 
high-accuracy navigation for the implantation of the DBS 
electrode has not yet been achieved. When considering fac-
tors such as cost, safety, and integration into the surgical 
environment, electromagnetic navigation emerges as the 
most suitable technology. However, electromagnetic track-
ing has only been investigated in frameless settings, which 
are not the gold standard in DBS surgery [5].

This paper compares the performance of a commercial 
system and a novel EMT system currently under develop-
ment. The results indicated that ManaDBS is well-suited for 
the DBS surgical environment. Study 1 revealed increased 
localization errors for the Aurora system when a stereotactic 
system was introduced, whereas ManaDBS maintained con-
sistent localization performance. In study 2, the Aurora sys-
tem exhibited high nonlinear errors on rectilinear trajecto-
ries, with localization errors of up to several millimeters near 
the stereotactic systems. In contrast, the ManaDBS tracking 
performance was unaffected, even in a simulated DBS surgi-
cal theater. Due to the asymmetry of the experimental setup, 
differences in performance between the two hemispheres 
were expected. For the Aurora system, this difference can 
be partially explained by a greater distance to the FG for the 
Vantage setup (Figure 8). However, the distance to the FG is 
not considered the primary cause of this variability; rather, 
the proximity to the stereotactic system likely contributed to 
a greater extent. Indeed, the largest errors occurred near the 

stereotactic arc at the beginning of the implantations. Addi-
tionally, in the Gframe setup, increased errors were noted at 
greater implantation depths. This may be due to the proxim-
ity to the stereotactic frame at the end of implantation. The 
Vantage frame is made from resin, while the Frame G is 
made from metal, resulting in increased EM perturbations 
from the Gframe setup. These results confirm the expected 
performance degradation observed in the Aurora system, 
which is primarily due to conductive distortions induced 
by the high-frequency alternating magnetic fields within 
the stereotactic systems. In contrast, the ManaDBS system 
generates a quasi-static magnetic field at low frequencies, 
effectively eliminating these conductive distortions. While 
the results are promising, further validation is required, as 
the ManaDBS system has not yet been tested in clinical 
environments.

This study considers only the effects of non-magnetic 
metallic tools, such as stereotactic systems, but does not 
address performance degradation caused by static mag-
netic distortions from magnetic sources or tools made from 
ferromagnetic materials. While the offset cancelation step 
accounts for stray magnetic fields during the activation 
sequence, it does not mitigate distortions introduced by 
ferromagnetic objects, which can impact tracking perfor-
mance. To evaluate the integrity of tracking performance, 
we tested both EMT systems by positioning various surgi-
cal tools (scalpel, retractor, needle holder, and MER elec-
trode…) at distances ranging from 80 to 2 mm from the 
magnetic sensors (data not presented). Overall, the Aurora 
system demonstrated better resilience to ferromagnetic 
tools in position localization (maximal error < 0.3 mm) 
but showed significant degradation in orientation tracking 
(ranging from a few degrees at 20 mm to 30 degrees at 
2 mm). In contrast, the ManaDBS system was less resil-
ient, with notable impacts on both position and orientation 

Fig. 7   Boxplots of the posi-
tion errors for the trajectories 
implanted on the left side (blue 
boxes on the left) and right side 
(yellow boxes on the right) per 
setup. Significant differences 
are indicated at the top of the 
boxplots
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tracking performance (ranging from a few degrees and 0.2 
mm at 20 mm to 30 degrees and 1.3 mm at 2 mm). These 
preliminary results indicate that both systems experienced 
performance degradation when larger magnetic instru-
ments, such as the retractor and needle holder made of 
steel, were used. Therefore, a minimum distance of 20 mm 
from these magnetic tools should be maintained. However, 
larger tools like retractors and needle holders are typically 
positioned farther from the DBS electrode in practice. 
Conversely, the MER electrode, being the closest tool, had 
no impact on tracking performance in our tests. Currently, 
commercial systems can detect significant EM perturba-
tions and disable tracking feedback when near distortion 
sources. A similar approach could be implemented in the 
ManaDBS system. Further research and development are 

necessary to better address EM perturbations caused by 
magnetic sources.

The ManaDBS system is particularly well-suited for 
DBS procedures, as they involve the gradual insertion of 
electrodes over several centimeters into the patient’s brain. 
However, the system’s low update rate should ideally be 
increased to 2 Hz for better integration and expanded appli-
cability. To address this issue, several improvements can 
be considered. Using a sensor with lower rms noise and 
higher frequency would reduce the activation time required 
for each coil during measurement, enabling an increase 
in frequency. Alternatively, increasing the magnetic field 
strength could mitigate the sensor noise, reducing the num-
ber of sensor readings needed to maintain tracking perfor-
mance and thereby increasing the frequency. However, the 

Fig. 8   At the top, position errors with 95% confidence intervals as a 
function of the implantation depth for the ManaDBS system (left) and 
the Aurora system, (right). Data from the two different stereotactic 
setups and implantation sides: Gframe left side (dark blue), Gframe 

right side (light blue), Vantage left side (orange), and Vantage right 
side (yellow). At the bottom, implantation depth as a function of the 
distance to the FG
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frequency would still be constrained by the ramp-up time 
of currents into the coil. Furthermore, the observed spatial 
position error remained slightly worse than expected for 
DBS when compared to the performance based on imaging 
methods (approximately 1–2 mm) [5]. The performance of 
the ManaDBS system is influenced by the magnetic field 
strength and the accuracy of current control through the coils 
that generate the magnetic field. The system’s ability to dif-
ferentiate between two spatial positions relies on detectable 
differences in their magnetic fields, which necessitates suf-
ficient sensitivity in the magnetic sensors. In this study, the 
system’s performance is mainly limited by the rms noise of 
the sensor, approximately 250 nT, with a resolution of 6.25 
nT/LSB. The performance should be enhanced using a sen-
sor with a higher resolution and lower rms noise but also an 
improved control of the current injected through the FG, and 
a characterized magnetic field associated with the unique FG 
magnetic field. The ManaDBS system had not been fully 
optimized, limiting its actual tracking performance. How-
ever, the aim of this study was to compare the compatibility 
of two EMT systems within a DBS environment.

In addition, the feedback on the position and orienta-
tion of the DBS electrode can be coupled with visualization 
software such as 3D Slicer [21], providing surgeons with 
visualization of the electrode displacement according to the 
anatomical brain structures of the patient. Another advan-
tage is the potential mechanical compatibility of the submil-
limeter magnetic sensor with the DBS electrode. In contrast 
to the micro-coils used in the commercial system, which 
typically have a length of 10 mm, rendering them impos-
sible to integrate permanently into the DBS electrode, the 
magnetic sensor chosen with a robust package of 0.8 × 0.8 
× 0.4 mm3 should alter the rigidity of the DBS electrode only 
locally at its tip. The overall length of the DBS electrode 
should not be affected, allowing the elastic modulus of the 
DBS electrode to remain close to the brain reducing tissue 
damage. Providing electrode orientation feedback to the neu-
rosurgeon offers significant advantages, enabling optimized 
positioning and programming of chronic stimulation. The 
position and orientation can be transferred to the neurolo-
gist to speed up the parametrization process of the direc-
tional DBS electrode. While the directional DBS electrode 
offers substantial benefits by steering the stimulation and 
expanding the therapeutic stimulation by avoiding adverse 
effects, it also increases the possible stimulation settings. 
The ManaDBS system demonstrated an orientation error of 
1° across 100 tested positions, which is adequate for DBS 
application. However, on study 1, only a limited range of 
orientations was evaluated, further orientations should be 
tested to cover all possible orientations.

To our knowledge, this paper is the first to quantify 
the impact of stereotactic systems on the accuracy of an 
EMT system within a 3D-tracking volume relevant to DBS 

surgery. Our findings demonstrate that when using Aurora 
with two different stereotactic systems (Frame G and Van-
tage, Elekta), there were localization errors of up to 10 mm 
in position and 1.0° in orientation. In contrast, the ManaDBS 
system exhibited better compatibility with the DBS environ-
ment, achieving an accuracy of approximately 1.7 mm in 
position and 1.0° in orientation within the clinical working 
volume. System adaptations are expected to further improve 
this performance. The results of our studies suggest that 
navigating DBS electrodes may be feasible using this new 
generation of EMT system.

Acknowledgments  Thanks to all the students and coworkers in the 
Institute for Medical Engineering and Medical Informatics of the 
University of Applied Sciences and Arts Northwestern Switzerland 
for their collaboration during the study measurements. Thanks to Dr. 
Antony Mahler for proofreading and editing of the article.

Author Contributions  All authors contributed to the study conception 
and design. The material preparation, data collection, and analysis were 
performed by Céline Vergne. The first draft of the manuscript was 
written by Céline Vergne, and all the authors commented on previous 
versions of the manuscript. All the authors read and approved the final 
manuscript.

Funding  Open access funding provided by FHNW University of 
Applied Sciences and Arts Northwestern Switzerland. This research 
was funded by the Swiss National Science Foundation (SNSF) 
[204448]. For the purpose of Open Access, a CC BY public copyright 
license will be applied to any author-accepted-manuscript (AAM) 
version arising from this submission.

Data Availability  The data are not publicly available. The data that 
support the findings of this study will be made available by the cor-
responding author, CV, upon reasonable request.

Declarations 

Conflict of interests  The authors do not have any conflicts of interest 
to declare.

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent to publication  Not applicable.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

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


1523In Vitro Assessment and Comparison of a Novel Electromagnetic Tracking System for Stereotactic…

References

	 1.	 Hemm, S., and K. Wårdell. Stereotactic implantation of deep brain 
stimulation electrodes: a review of technical systems, methods and 
emerging tools. Med Biol Eng Comput. 48:611–624, 2010. https://​
doi.​org/​10.​1007/​s11517-​010-​0633-y.

	 2.	 Baszyński, M., Z. Moroń, and N. Tewel. Electromagnetic navi-
gation in medicine – basic issues, advantages and shortcomings, 
prospects of improvement. J Phys Conf Ser.238:012056, 2010. 
https://​doi.​org/​10.​1088/​1742-​6596/​238/1/​012056.

	 3.	 Peters, T., and K. Cleary. Image-Guided Interventions: Technol-
ogy and Applications. US, Boston, MA: Springer, 2008.

	 4.	 Franz, A. M., T. Haidegger, W. Birkfellner, K. Cleary, T. M. 
Peters, and L. Maier-Hein. Electromagnetic tracking in medi-
cine—a review of technology, validation, and applications. IEEE 
Trans Med Imaging. 33:1702–1725, 2014. https://​doi.​org/​10.​1109/​
TMI.​2014.​23217​77.

	 5.	 Burchiel, K. J., M. Kinsman, K. Mansfield, and A. Mitchell. Ver-
ification of the deep brain stimulation electrode position using 
intraoperative electromagnetic localization. Stereotact Funct Neu-
rosurg. 98:37–42, 2020. https://​doi.​org/​10.​1159/​00050​5494.

	 6.	 Yaniv, Z., E. Wilson, D. Lindisch, and K. Cleary. Electromag-
netic tracking in the clinical environment. Med Phys. 36:876–892, 
2009. https://​doi.​org/​10.​1118/1.​30758​29.

	 7.	 Poulin, F., and L.-P. Amiot. Interference during the use of an elec-
tromagnetic tracking system under OR conditions. J Biomech. 
35:733–737, 2002. https://​doi.​org/​10.​1016/​S0021-​9290(02)​
00036-2.

	 8.	 Nixon, M. A., B. C. McCallum, W. R. Fright, and N. B. Price. The 
effects of metals and interfering fields on electromagnetic trackers. 
Presence Teleoperators Virtual Environ. 7:204–218, 1998. https://​
doi.​org/​10.​1162/​10547​46985​65587.

	 9.	 Sadjadi, H., K. Hashtrudi-Zaad, and G. Fichtinger. Simultaneous 
Electromagnetic Tracking and Calibration for Dynamic Field Dis-
tortion Compensation. IEEE Trans Biomed Eng. 63:1771–1781, 
2016. https://​doi.​org/​10.​1109/​TBME.​2015.​25021​38.

	10.	 Zhang, Y., K. Wang, J. Jiang, and Q. Tan. Research on intraopera-
tive organ motion tracking method based on fusion of inertial and 
electromagnetic navigation. IEEE Access. 9:49069–49081, 2021. 
https://​doi.​org/​10.​1109/​ACCESS.​2021.​30687​41.

	11.	 Sharma, S., A. Telikicherla, G. Ding, F. Aghlmand, A. H. Talk-
hooncheh, M. G. Shapiro, and A. Emami. Wireless 3D surgical 
navigation and tracking system with 100μm accuracy using mag-
netic-field gradient-based localization. IEEE Trans Med Imaging. 
40:2066–2079, 2021. https://​doi.​org/​10.​1109/​TMI.​2021.​30711​20.

	12.	 Lu, J., L. Zhang, and R. Maeda. Real-time tracking of organ-shape 
and vessel-locations for surgical navigation using MEMS tri-axis 
magnetic sensors. Med Eng Phys. 93:42–48, 2021. https://​doi.​org/​
10.​1016/j.​meden​gphy.​2021.​05.​020.

	13.	 Vergne, C., M. Morgan, G. Raphael, P. Joris, and H. Simone. 
Towards a new generation of electromagnetic navigation sys-
tem for deep brain stimulation. XXV Congress of the European 

Society for Stereotactic and Functional Neurosurgery. Stereotactic 
and Functional Neurosurgery. 102:94–95, 2023. https://​doi.​org/​
10.​1159/​00053​9983.

	14.	 Vergne, C., M. Madec, T. Quirin, R. Guzman, S. Hemm, and J. 
Pascal. Electromagnetic tracking system for position and orienta-
tion detection of deep brain stimulation electrodes during surgery. 
IEEE Trans Biomed Eng. 2025. https://​doi.​org/​10.​1109/​TBME.​
2025.​35297​16.

	15.	 (2022) 510(k) Premarket notification - k213989 - Cranial EM 
System. Food and Drug Administration (FDA) - Department of 
Health and Human services Accessed: 06/01/2025: https://​www.​
acces​sdata.​fda.​gov/​cdrh_​docs/​pdf21/​K2139​89.​pdf

	16.	 Chubar, O., P. Elleaume, and J. Chavanne. A three-dimensional 
magnetostatics computer code for insertion devices. J Synchrotron 
Radiat. 5:481–484, 1998. https://​doi.​org/​10.​1107/​S0909​04959​
70135​02.

	17.	 Kügler, D., H. Krumb, J. Bredemann, I. Stenin, J. Kristin, T. Klen-
zner, J. Schipper, R. Schmitt, G. Sakas, and A. Mukhopadhyay. 
High-precision evaluation of electromagnetic tracking. Int J Com-
put Assist Radiol Surg. 14:1127–1135, 2019. https://​doi.​org/​10.​
1007/​s11548-​019-​01959-5.

	18.	 Hummel, J., M. Figl, W. Birkfellner, M. R. Bax, R. Shahidi, C. R. 
Maurer, and H. Bergmann. Evaluation of a new electromagnetic 
tracking system using a standardized assessment protocol. Phys 
Med Biol. 51:N205–N210, 2006. https://​doi.​org/​10.​1088/​0031-​
9155/​51/​10/​N01.

	19.	 Sirokai B, Kiss M, Kovács L, Benyó B, Benyó Z, Haidegger T 
Best Practices in Electromagnetic Tracking System Assessment

	20.	 Glira P, Pfeifer N, Briese C, Ressl C A Correspondence Frame-
work for ALS Strip Adjustments based on Variants of the ICP 
Algorithm

	21.	 Fedorov, A., R. Beichel, J. Kalpathy-Cramer, J. Finet, J.-C. Fillion-
Robin, S. Pujol, C. Bauer, D. Jennings, F. Fennessy, M. Sonka, 
J. Buatti, S. Aylward, J. V. Miller, S. Pieper, and R. Kikinis. 3D 
Slicer as an image computing platform for the Quantitative Imag-
ing Network. Magn Reson Imaging. 30:1323–1341, 2012. https://​
doi.​org/​10.​1016/j.​mri.​2012.​05.​001.

	22.	 (2024) ENT EM Software User Guide - Revision 1.6. Brainlab 
AG. Accessed: 06/01/2025: https://​userg​uides.​brain​lab.​com/​wp-​
conte​nt/​uploa​ds/​userg​uides/​5839/​ENT-​EM-​versi​on.1.​2-​revis​ion.1.​
6-​en.​pdf

	23.	 (2024) StealthStation FlexENT System Quick Reference Guide 
- M334577Z001DOC1 Revision C. Medtronic Navigation, Inc. 
Accessed: 06/01/2025: https://​www.​medtr​onic.​com/​conte​nt/​dam/​
emanu​als/​st/​M3345​77Z00​1DOC1_C_​97361​92EUSW_​FlexE​NT_​
SYS_​QRG_​COLOR.​pdf

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s11517-010-0633-y
https://doi.org/10.1007/s11517-010-0633-y
https://doi.org/10.1088/1742-6596/238/1/012056
https://doi.org/10.1109/TMI.2014.2321777
https://doi.org/10.1109/TMI.2014.2321777
https://doi.org/10.1159/000505494
https://doi.org/10.1118/1.3075829
https://doi.org/10.1016/S0021-9290(02)00036-2
https://doi.org/10.1016/S0021-9290(02)00036-2
https://doi.org/10.1162/105474698565587
https://doi.org/10.1162/105474698565587
https://doi.org/10.1109/TBME.2015.2502138
https://doi.org/10.1109/ACCESS.2021.3068741
https://doi.org/10.1109/TMI.2021.3071120
https://doi.org/10.1016/j.medengphy.2021.05.020
https://doi.org/10.1016/j.medengphy.2021.05.020
https://doi.org/10.1159/000539983
https://doi.org/10.1159/000539983
https://doi.org/10.1109/TBME.2025.3529716
https://doi.org/10.1109/TBME.2025.3529716
https://www.accessdata.fda.gov/cdrh_docs/pdf21/K213989.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf21/K213989.pdf
https://doi.org/10.1107/S0909049597013502
https://doi.org/10.1107/S0909049597013502
https://doi.org/10.1007/s11548-019-01959-5
https://doi.org/10.1007/s11548-019-01959-5
https://doi.org/10.1088/0031-9155/51/10/N01
https://doi.org/10.1088/0031-9155/51/10/N01
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1016/j.mri.2012.05.001
https://userguides.brainlab.com/wp-content/uploads/userguides/5839/ENT-EM-version.1.2-revision.1.6-en.pdf
https://userguides.brainlab.com/wp-content/uploads/userguides/5839/ENT-EM-version.1.2-revision.1.6-en.pdf
https://userguides.brainlab.com/wp-content/uploads/userguides/5839/ENT-EM-version.1.2-revision.1.6-en.pdf
https://www.medtronic.com/content/dam/emanuals/st/M334577Z001DOC1_C_9736192EUSW_FlexENT_SYS_QRG_COLOR.pdf
https://www.medtronic.com/content/dam/emanuals/st/M334577Z001DOC1_C_9736192EUSW_FlexENT_SYS_QRG_COLOR.pdf
https://www.medtronic.com/content/dam/emanuals/st/M334577Z001DOC1_C_9736192EUSW_FlexENT_SYS_QRG_COLOR.pdf

	In Vitro Assessment and Comparison of a Novel Electromagnetic Tracking System for Stereotactic DBS Surgery
	Abstract
	Introduction
	Materials & Methods
	Electromagnetic Tracking Systems

	Study 1: Tracking Performance in the Presence of a Stereotactic System
	Study 2: DBS Electrode Implantation
	Results
	Study 1: Tracking Performance in the Presence of a Stereotactic System
	Study 2: DBS Electrode Implantation

	Discussion
	Acknowledgments 
	References




