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Electromagnetic tracking (EMT) of surgical tools is used for image-guided navigation in minimally invasive interventions.
Calibration of the tracker position and orientation is a fundamental task to correct systematic errors. This article explores the effect
of metallic distortion on the open hardware Anser EMT system and describes a newly developed approach for volume calibration
of the magnetic field model. The technique is also applied to effectively map the field in the presence of magnetic shields that can
be used to reduce electromagnetic distortions passively. Unlike calibration techniques commonly found in literature, which aim to
correct the tracking position error, our method can reconstruct an analytical magnetic field model starting from a reduced amount
of scattered data. This way, a faster convergence of the solver algorithm is obtained, and EMT position and orientation errors are
inherently corrected. The new modeling technique was applied to generate a new, undistorted magnetic field model for Anser EMT,
to demonstrate the effectiveness of passive shielding, and to compensate for the distortion introduced by a commercial fluoroscopy
C-arm. Furthermore, the concept of a real-time distortion compensation technique is expressed based on the modeling method
presented in this article. For all the experiments, sub-millimeter errors were obtained after calibration, which may meet the needs
of most endoscopic and surgical navigation tasks.

Index Terms— Electromagnetic modeling, electromagnetic tracking (EMT), magnetic shielding, minimally invasive medicine.

NOMENCLATURE simple models, e.g., magnetic dipoles [3], [4], [5], current
EMT Electromagnetic tracking. sheets [6], loops [7], or current filaments [8], [9]. Sensors
ROI Region of interest. used in clinical applications are miniature inductive pick-up
FG Field generator. coils [10], [11], and their position and orientation are calcu-
EC Emitter coil. lated as an inverse problem from the field measurements, given
CcU Control unit. the known magnetic field in the ROL
RMSE Root mean square error. Under standard conditions, systematic tracking errors can
N-RMSE Normalized RMSE. be due to the inability of the theoretical models to describe
MAE Mean absolute error. the real magnetic field. Moreover, the presence of conductive
N-RMSE Normalized MAE. or ferromagnetic materials can modify the field shape, causing
ME Mean error. deviation from the ideal model. Either case can be considered
PRC50 50th percentile (or median). a magnetic distortion because the magnetic model used for
PRC95 95th percentile. tracking is different from the real field measured by the sensor.
cdf Cumulative distribution function. System calibration is a fundamental task aimed at compen-
DoF Degrees of freedom. sating for systematic tracking errors due to imperfect modeling

or caused by magnetic distortions in a given clinical envi-
I. INTRODUCTION ronment [12]. Calibration can be obtained on two levels: by
. i correcting the tracked position and orientation or by adjusting

ELECTROMAGNETIC traCkmg (I_EMT) 1S Fhe the field model to match the field measurements.
gold-standarq teghnology usgd mn minimally invasive In the first case, the EMT error is evaluated within the ROI,
surgery  to loca.hze 1nstrumf:nts 1n§1de the hurpan body and an error map is created from the distorted EMT pose to
without the requirement for line-of-sight, such as in flexible o compensated one. Reference positions can be physically
endoscopes, catheters, and robotic capsules [1], [2]. defined by a calibration phantom or by a robotic system,
The main components of an EMT system are an FG, .. ohained using an accurate, undistorted tracking system,
magnetic sensors used as tracking markers, and a CU to  gcp a5 an optical tracking system. Several techniques have
process the data. Usually, the ECs in the FG are designed peep proposed to build the distortion map, and the reader is

to generate magnetic fields that can be well approximated by jirected to [13] for a complete review of EMT error mapping
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the real magnetic field is such that the tracking algorithm
may converge to local minima or not converge at all. For
example, high static distortions could be caused by the pres-
ence of nearby electronics [14] or when a magnetic shield
is employed [15], [16]. In these cases, a characterization of
the field generated by the system is required [17], where a
field map is generated based on FEA simulations or experi-
mental measurements at reference positions in the workspace.
Additional advantages of creating a field map rather than an
error map are: 1) the field is only a function of the location
and not of the sensor orientation; 2) a faster convergence
of the tracking algorithm; and 3) both tracking position and
orientation errors are automatically corrected. Methods of
building a data-driven field model include interpolation of
a lookup table [18], artificial neural networks [14], random
forest [19], and convolutional neural networks [20].

The main drawback of volume characterization methods,
either based on position error or field maps, is that data
collection is time-consuming. Although volume characteriza-
tion can be effectively used for factory calibration or for the
initial system setup in a new environment, it is not suitable
in dynamic scenarios where the position of the distorters may
change frequently, and it is challenging and costly to integrate
into clinical workflows.

One way to possibly overcome the limitations of charac-
terization is to use a physics-based model of the field to
reduce the number of DoF and, therefore, the amount of data
to collect. In this case, it is not required for the data points
to lie on precise grids, homogeneously distributed within the
ROI or to use orthogonal three-axis sensors because the model
calibration is achieved by using the real field measurements to
fit parameters to a structured magnetic model. Moreover, the
limited number of fitting parameters can help reduce random
measurement errors. For example, in a system where magnetic
dipoles represent the ECs, the free calibration parameters
might be the position, orientation, and magnetic moment of
the dipoles, like in a reverse tracking problem [21], [22].
However, this approach cannot always capture local variations
of the tracking error, due to the limits of the simplified model,
especially in proximity to the FG, or due to the presence of
static distorters.

This article presents a modeling technique to fit a
physics-based field model. The technique is flexible enough to
adapt to different kinds of distortion scenarios. The technique
is applied to perform factory calibration of the Anser EMT
system [23] under standard conditions, to build a data-driven
model of magnetic shields used for passive protection, and
to compensate for the static distortion introduced by a flu-
oroscopy imaging system in a clinical environment. The
reduced number of calibration parameters and reference sen-
sors enables the intriguing potential for a real-time distortion
compensation technique based on redundant measurements
of external arrays of sensors [24]. Similar ideas have been
expressed in many recent publications [25], [26], [27], but
a practical working solution for field modeling has never
been demonstrated. Real-time compensation techniques for
dynamic distortions have been proposed, which make use of
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sensor arrays [28], [29], [30], simultaneous localization and
tracking [31], artificial neural networks [32], [33], and fusion
of inertial and magnetic sensors [34], [35], [36]. However,
these methods are based on the correction of the tracked
position. In contrast, the physical interpretation of the calibra-
tion model reduces the number of reference sensors required
and enhances the extrapolation capabilities, both of which are
essential factors for a real-time compensation technique where
the real field inside the ROI is derived from field measurements
collected at known positions around it.

In this article, we rst introduce the field modeling technique
in Section II-A and the Anser EMT system used in the follow-
ing experiments in Section II-B. In a laboratory environment,
the technique was applied to interpolate field measurements
for creating a magnetic model of the FG under undistorted
conditions and in the presence of magnetic shields. In a
clinical environment, after characterizing the tracking error
introduced by a fluoroscopy imaging system, the shielding
effect of the passive shields was demonstrated, and active
compensation for the distortion was obtained using the new
technique. Materials and methods used for the experiments
are described in Section II, and the results are outlined in
Section III. Finally, Section IV discusses the main findings,
and Section V concludes the article.

II. MATERIALS AND METHODS
A. Magnetic Model

The quasi-static magnetic field in a region free of current
sources can be expressed as a gradient of a harmonic scalar
potential [37], [38]. The potential is uniquely defined by the
boundary conditions on a surface enclosing the volume. The
boundary condition can be satisfied by the potential of a
dipole density on the same surface [39], [40], [41]. The dipole
density is equivalent to a distribution of surface currents [42].
However, when a finite number of field measurements are
sampled from the magnetic field in the volume of interest, it is
impossible to find a continuous dipole density. The surface
must be discretized in a finite number of magnetic dipoles.
If the position of the sources of the magnetic field and the
distorters is known, it is convenient to place the magnetic
dipoles at these locations. This choice accurately models the
electric current distribution that generates the target magnetic
flux density. The approximation works better if the currents
are far from the ROI. In this way, the magnetic field can
be expressed as the sum of the fields generated by a set of
magnetic dipoles. The approximation can be seen as a series
expansion, where the field of the dipoles constitutes basis
functions that are linearly summed to fit the field samples.

The magnetic flux density, B, generated by a magnetic
dipole is expressed in the following equation:

3 S Up)Uy —
B(r)=f—;|:—(m ik m}m (1)

where m = X-uy, is the magnetic moment and r = R-u, is
the position vector that identifies the evaluation point relative
to the dipole position. Magnitudes X[A - m?] and R[m] are
scalars, and uyand u, are unit vectors.
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If the dipole magnitude X is isolated, (1) can be rewritten
as follows:

3(up - up)uy —
B(r) = Ho (up - up)uy
4 R3
Considering the magnetic sensor as a uniaxial inductive
coil oriented along the unit vector n, the field component is

measured which is parallel to the sensor direction

U
i| X =fmX[T]. (2

Vi(r,m) = kn' - B(r)[V] 3)

where k; includes all the physical constants associated with
the sensor gain, the magnetic field frequency, and the signal
acquisition channel.

During calibration, a number P of sensor measurements
are collected at different locations, r), and with different
sensor orientations, n). The proposed method approximates
the unknown magnetic field in the ROI as the field due
to a set of N virtual magnetic dipoles placed at positions
r, According to this model, the ith sensor measurement is
approximated as a sum of N contributions each calculated as
per (2) and (3)

N
VO, n®) = n@T. 3 f (e — ) x 0
j=1

N
= Z f(n(i)’ l'(U))X(j)[V] 4)
j=1
where r@) = r® — r() is the relative position.

Equation (4) can be rewritten in matrix form by defining M
as the P by N coupling matrix, whose entries M;; are given
by fm@, r7y of @), X =[--- XU ...]T, with 1 < j < N,
as the vector including the magnitudes of the dipoles, and
Ve=1[-- Vs(i) ---1%, with 1 <i < P, as the vector including
the field measurements. In this way, (4) becomes

Vi=M-X ®)
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Experimental setup in the laboratory environment. Tool A includes three triaxial sensor coils. Tool B is equipped with two uniaxial clinical-size

which is solved for the dipole magnitudes that best fit the field
measurements in a least-squares sense. When P > N, (5) is an
overdetermined linear system that can be solved using typical
methods for linear least-squares problems.

If there is no assumption on the orientations of the dipoles,
the method can be extended by considering the three dipole
components as independent dipoles. If the dipoles’ positions
are not fixed, they become part of the optimization process as
independent variables in matrix M. In this case, the problem
is non-linear and can be solved using iterative methods. It is
worth mentioning that the global problem where the magnetic
flux density is calibrated in the ROI can be decomposed into
smaller local problems where X is optimized for different
sub-regions.

In this work, the position and orientation of the virtual
dipole sources were defined in advance, and (5) was solved
using the backslash operator in MATLAB

X = M\V,. (6)

B. Electromagnetic Tracking (EMT) System

Anser EMT 1is an open-source project aiming to be a
platform for researching novel methods for EMT [23]. Anser
EMT provides a cost-effective, open-hardware system used
in this work to validate the proposed calibration method
experimentally. The open-source system was used because the
black-box nature of commercial tracking systems does not
give access to the magnetic field measurements required to
train the virtual dipole distribution used for static distortion
compensation.

The Anser EMT CU includes the drive circuit to power
the FG and the sense circuit to acquire magnetic field mea-
surements and transmit the data to a computer. The FG is a
two-layer planar printed-circuit board with an array of eight
ECs, as depicted in Fig. 1. Each coil has a square shape and
can be totally represented as a set of 100 straight tracks. The
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magnetic field of every coil is independently modeled as the
sum of the field due to straight current filaments [43], [44].
The coils are driven at different ac frequencies in a bandwidth
that can be customized and was set from 6 to 7.2 kHz.

Two commercially available sensors were used in this
work. A three-axis receiver coil (3DV11AOI-A-S0600J, Grupo
Premo, Malaga, Spain) was chosen as a cost-effective solution
to collect low-noise data quickly during the volume calibra-
tion. However, this sensor has a dimension of 1 x 1 cm?,
which is not compatible with the requirements for endoscopic
applications. For this reason, a miniature coil (610158, North-
ern Digital Inc., Waterloo, Canada), with dimensions @0.45 x
8.2 mm length, was used when evaluating the EMT positional
and angular accuracy.

In the case of both sensors, the inductive sensor is subject
to a voltage proportional to the superposition of the eight ac
magnetic fluxes linking the sensor coil. After demodulating
the different frequency contributions, the fluxes can be used
to train the magnetic field models during calibration or to find
the sensor position and orientation for EMT. The sensor coils
were connected to different acquisition channels of the CU and
were previously calibrated to give consistent measurements.

The sensors were mounted on customized 3-D-printed
dynamic reference frames [45]. One tool included three
three-axis coils (Grupo Premo) spaced 3 cm, for a total of
nine pick-up coils that could detect the eight magnetic fluxes
from the ECs at the same time. A second tool was equipped
with two miniature single-axis coils (NDI) with orthogonal
orientations. In this article, we will refer to the two tools as
tools A and B, respectively, as shown in Fig. 1.

The linear transformation between the reference frames’
local coordinate systems and the sensors’ locations was cal-
culated by EMT in a non-distorted environment. The Polaris
Vega optical system (Northern Digital Inc., Waterloo, Canada)
provided ground-truth pose reference of the sensors and the
FG. The system has a volumetric accuracy of 0.15 mm rms,
declared by the manufacturer [46].

C. Experiments in the Laboratory Environment

The method presented in Section II-A was tested in a
laboratory setting to demonstrate the capability to fit real field
measurements and to predict new values.

The magnetic sensors were moved in two directions by two
stepper motors controlled by Arduino hardware. A wooden
structure kept the metallic motors at more than 1 m from
the ROI to avoid magnetic field distortions. Tolerances of the
motorized system did not add to the measurement uncertainty
because the external optical system was used for position and
orientation reference. The acquisition setup is shown in Fig. 1.

1) Novel Data-Driven Model for Anser EMT: As men-
tioned above, the magnetic model currently used by the Anser
EMT system is based on the Biot—Savart law, under the
assumption that each EC can be modeled by straight current
filaments in the free space. In this experiment, a new analytical
model was created for each EC. The model is based on
a virtual distribution of magnetic dipoles whose magnitude
was trained on real field measurements, as explained in
Section II-A.
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TABLE I
SHIELD PARAMETERS

Material Conductivity Relative Edge Thickness
(MS/m) permeability (mm) (mm)

Aluminium 35 1 250 1

Mu-metal 1.8 >100000 250 1

Parameters of the two square planar shields used in this work.

Tools A and B were used for characterization and for
tracking, respectively, to demonstrate that the magnetic model
is generally independent of the sensor used as a tracking
marker in the final application.

Tool A was used to collect a 31 x 31 x 3 grid of points
in a volume of 30 x 30 x 6 cm?® located 15 cm above the
planar FG. A total of P = 8649 measurements per EC were
collected and used for model training. The position of the
virtual dipole sources was initialized in the proximity of the
real position of the field generator. The number of dipoles was
determined by optimizing the fitting performance at a selection
of validation points randomly selected from the training set
and not used for training. This way, the real magnetic field
could be adequately modeled while avoiding overfitting. The
optimal number resulted in N = 12 x 12 = 144 dipoles. The
fit was calculated as per (6).

A 2-D grid of 26 x 26 points was collected on a mid-plane
of 25 x 25 cm?, using Tool B with the two clinical-size
sensors horizontally and vertically oriented relative to the FG
along the Y and Z axes defined in Fig. 1, respectively. These
measurements were used to test the EMT accuracy of the novel
data-driven model compared to the previous analytical model.

The position error at each point was expressed
as the Euclidean distance between the tracked position
and the optical reference. The orientation error was expressed
as the absolute angle between the tracked and real direction
vectors.

Average position and orientation errors were expressed as
the root-mean-square error (RMSE) and the ME over the total
number of observations, P

RMSE:,/%Zez; ME:%Ze (7)

where e is the position (or orientation) error at one test point.

Additional statistical measures were calculated to give an
insight into the global error in the tested region, namely the
median or PRC50 and the PRC95.

2) Modeling Highly Distorted Magnetic Fields: Magnetic
shielding is commonly used to reduce the effect of metallic
objects under the FG [47], [48]. The presence of a magnetic
shield produces a distortion of the magnetic field, which must
be accurately modeled prior to sensor tracking. Low-frequency
ac magnetic fields, such as those used in the Anser EMT
system, can be shielded by conductive or high-permeability
materials or a combination of both [16]. The effects of
aluminum and Mu-metal planar shields were studied. The
parameters of the two plates are detailed in Table 1.

As will be seen in Section III-A, the eddy currents appearing
in the shields introduced a quadrature component to the ac
magnetic field. The sum of out-of-phase vectors resulted in
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Fig. 2. Fit of the highly distorted magnetic field in the presence of metallic shields under the FG. The model was represented by an array of 12 x 12 magnetic
dipole virtual sources, the magnitude of which was optimized to match the training point’s magnetic measurements. Interpolation results were evaluated on

the test points.

magnetic fields that rotated in ellipses at every point within the
ROIL. In this case, the three-axis coils of Tool A showed non-
linear behavior. It is believed that this has to be ascribed to the
effect of the rotating field vectors on the larger ferromagnetic
cores, causing crosstalk between the orthogonal coils.

For this reason, Tool B was used in this experiment,
and the two uniaxial sensors in orthogonal directions pro-
vided the information to model the 3-D magnetic field vector.
The fitting and interpolation performance of the proposed
calibration technique was evaluated in the distorted scenario
of the aluminum and Mu-metal planar shields placed below
the FG.

A grid of points was sampled at a height of 15 cm above the
FG. The measured data was split into a set of training points,
used to calculate the virtual dipole sources distribution, and
a set of test points for independent validation, as shown in
Fig. 2.

The following metrics were used to evaluate the fitting
performance on the training points and the interpolation effec-
tiveness on the test points for the magnetic fields modeled.
The MAE and the root-mean-square error (RMSE) were
calculated by averaging the values from the two sensors and
the eight ECs. The N-MAE and the N-RMSE were obtained
by normalizing for the difference between the maximum and
the minimum field values

N MAE— E bSe‘/( Xe “l]]le)
- _ a ma. —

1
N-RMSE = ‘/ﬁ > €?/(maxe — mine)

where P is the total number of observations and e is the
magnetic field difference at one test point.

As for the other tracking tests presented in this work,
the error on the test points was also expressed in terms of
positional and angular accuracy.

®)

Fig. 3. (a) C-arm effect was evaluated at different distances from the FG,
from an undistorted scenario to a minimum distance of 2 ¢cm (maximum
distortion). (b) Planar magnetic shield was placed below the FG as a possible
solution against static and dynamic distorters.

D. Experiments in the Clinical Environment

The Anser EMT system was tested to demonstrate its per-
formance when surrounded by metallic instruments commonly
found in a clinical environment.

For these experiments, Tools A and B presented in
Section II-B were mounted on Duplo blocks (The Lego
Company, Billund, Denmark) and moved on a planar Duplo
plate placed on the FG. The blocks served to keep the sensors
stable at test points while taking the magnetic measurements
and for moving the tools repeatedly and consistently. Even if
positions on the Duplo grid have a defined spacing, the Polaris
Vega optical system was used for ground-truth pose reference
because it provided higher accuracy.

1) Distortion Introduced by the C-Arm: A mobile X-ray
machine, also called C-arm in this article, is composed of
metallic materials, both conductive and ferromagnetic, and can
cause magnetic tracking errors which depend on the position
of the machine.

The C-arm (GE OEC Fluorostar, General Electric Company,
Boston, MA, USA) was moved at different distances from the
tracking volume, from an undistorted scenario to a maximum
distortion at 2 cm below the FG, as shown in Fig. 3(a).
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Fig. 4. Online distortion compensation technique. (a) FG was placed on top of the X-ray collimator, which introduced large metallic distortion. Tool A was
used to measure the magnetic field on three parallel grids. (b) Top and bottom planes represent external sensors and were used to generate the field model
which was then employed to find the position of the points in the midplane, for the EMT accuracy test with distortion compensation.

For every C-arm configuration, EMT tests were performed
on a planar grid of 64 test points 15 cm above the FG.
Tool B was used for the tracking test, with the two NDI
miniature sensors oriented along the Y and Z axes, respec-
tively. The uncompensated analytical field model based on the
Biot—Savart law was used to infer the sensor position from
the magnetic measurements. No shielding or compensation
technique was applied.

2) Shielding Performance Against the C-Arm: The effec-
tiveness of the aluminum and Mu-metal plates in shielding
the ROI from the magnetic influence of the X-ray machine
was tested.

The same experiment detailed in Section II-D1 was
repeated, this time adding a shielding plate below the FG.

For each shield, a data-driven model was trained using
the technique proposed in this article, while the C-arm was
removed and did not introduce magnetic distortion. Then,
the C-arm was moved 2 cm below the FG, as shown in
Fig. 3(b), and the tracking test was carried out using the novel
compensated data-driven magnetic field model.

3) Toward a Real-Time Distortion Compensation: The cal-
ibration method presented in this article was employed for the
proof-of-concept of an online, i.e., during an EMT procedure,
distortion compensation technique.

Tool A was used to sample three planes at 12, 15, and
18 cm above the FG, while the FG was placed directly above
the C-arm, as shown in Fig. 4.

A data-driven magnetic model was trained on the data points
of the top and bottom planes, and it was then used to perform
a tracking test on the mid-plane test points.

In the envisioned application, redundant sensors will be
placed around the tracking region, for example, integrated
into external medical patches or embedded in the FG. Such
reference sensors can calibrate the magnetic model in real-
time, compensating for the effect of dynamic field distorters
that affect the tracking of the internal sensors.

TABLE 11
NEW ANALYTICAL MODEL

Model Biot-Savart Data-driven
Orientation Y Z Y Z
RMSE (mm/deg) 0.93/0.61 1.03/0.80  0.28/0.23 0.23/0.21
ME (mm/deg) 0.76/0.45  0.93/0.71 0.20/0.20  0.20/0.17
PRC50 (mm/deg)  0.55/0.31 0.91/0.67  0.13/0.17  0.18/0.15
PRC95 (mm/deg)  2.04/1.43 1.69/1.32  0.62/0.45 0.39/0.42

Tracking test results using the new analytical data-driven model,
compared to the current Anser EMT model based on Biot-Savart law. The
position error of this test is also visualized in Fig. 5.

III. RESULTS

A. Experiments in the Laboratory Environment

1) Novel Data-Driven Model for Anser EMT: The tracking
test showed an accuracy improvement with the new data-driven
model, with respect to the previous analytical model based on
the approximation of the ECs as sets of straight filaments.

Position and orientation error metrics are summarized in
Table II, while Fig. 5 shows the empirical cdf of the position
error, for the two models under test and for the two sensor
orientations.

Using the novel magnetic field model, the position RMSE
decreased from 0.93 to 0.28 mm (-69%) for the Y-oriented
sensor and from 1.03 to 0.23 mm (-78%) for the Z-oriented
sensor. The orientation RMSE decreased by —62% and —73%,
respectively.

It can be noticed from Table II that the orientation error is,
in general, highly correlated with the position error. This can
be explained by the nature of the Anser EMT algorithm used
to magnetically track uniaxial sensors, where a cost function is
minimized to find the five DoF of the sensor simultaneously.
For better readability, only the position error will be reported
in the following tables presented in this article.

2) Modeling Highly Distorted Magnetic Fields: Fig. 6
shows the magnetic field of EC number 4 of the FG, which
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Fig. 5. EMT errors obtained with the new analytical data-driven model,
compared to the current Anser EMT, in a distortion-free environment. Two
commercial miniature sensors, Y- and Z-oriented (horizontal and vertical),
were placed on a 25 x 25 cm? grid approximately 15 cm above the FG.

TABLE III
DISTORTED FIELD INTERPOLATION PERFORMANCE

Shield Aluminium Mu-metal

Set Training Test Training Test
MAE (mA/m) 0.1377 0.2082 0.7827 1.4106
N-MAE (%) 0.0085 0.0131 0.0088 0.0160
RMSE (mA/m) 0.1885 0.2854 1.0817 1.8508
N-RMSE (%) 0.0116 0.0179 0.0122 0.0210
Orientation Y Z Y Z
RMSE (mm) 0.16 0.13 0.17 0.16
ME (mm) 0.11 0.11 0.12 0.14
PRCS50 (mm) 0.07 0.09 0.09 0.12
PRC95 (mm) 0.32 0.27 0.36 0.29

Fitting results of the training data and interpolation performance at the
test points, as defined in Fig. 2. For the test set, the magnetic field error is
also translated to the correspondent tracking position error.

is the coil highlighted in Fig. 1, in the three cases of no
shielding, and aluminum and Mu-metal plates placed below
the FG. The X and Z components are plotted for a set of
points at X from —=15to +15cm, Y =0 cm, and Z = 15 cm.
The analytical model presented in Section II-A was used to
fit the data points by training the virtual dipole distribution on
the measured values, resulting in an accurate and smooth fit.

The effect of the aluminum and Mu-metal shields is
apparent in decreasing and increasing the field magnitude,
respectively. The eddy currents induced in the shields gen-
erated a quadrature ac field component, around one-tenth the
magnitude of the main in-phase component. The quadrature
component must be taken into consideration to avoid tracking
errors. One solution is to synchronize to a specific signal
phase, which must be consistent but does not necessarily have
to be the direct phase. Fig. 6 shows the quadrature component
for the Mu-metal shield case only because it is large enough
to be appreciated.

Table III reports the fitting results of the training and test
sets for the two shield materials. For the test points, the error is
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Fig. 6.  Effect of shields on the magnetic field of the EC number 4,

at ¥ = 0 mm and Z = 150 mm. (a) X component and (b) Z component
of the field. The magnetic model presented in this article is used to fit the
field measurements. The quadrature field component which appeared in the
presence of the Mu-metal shield is plotted in yellow.

also expressed in terms of position accuracy, for the ¥ and Z
sensor orientations.

B. Experiments in the Clinical Environment

1) Distortion Introduced by the C-Arm: The results of all
the tracking tests with the C-arm at different distances are
reported in Fig. 7, which shows the empirical cdf of the posi-
tion error, for the ¥ and Z sensor orientations. As expected,
the distorter effect increases when the C-arm is placed closer
to the FG.

Distortion visualization was obtained using lattices of the
tracked position [49], [50]. Fig. 8 shows the error map for
the distortion introduced by the fluoroscopy C-arm placed
2 cm below the FG [Fig. 3(a)]. The ground truth and the
tracked position of the test points are combined to form two
meshes representing the undistorted (red) and distorted (black)
volumes, respectively. The grids show the error evident in
the X and Y directions. The color map is based on the total
position error, calculated as the Euclidean distance.
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Fig. 7.

Unshielded and uncompensated EMT error when the C-arm was moved closer to the FG, from a far position where it did not cause magnetic

distortion to 2 cm (maximum distortion). The error distribution in the last case, when the fluoroscopy C-arm was placed at 2 cm, is visualized in Fig. 8.
using meshes of the tracked and reference position, and must be compared to the error distribution obtained with magnetic shielding, shown in Fig. 9. The

corresponding error metrics are reported in Table IV.

TABLE IV
PERFORMANCE IN SHIELDING THE C-ARM DISTORTION

Shield Unshielded Aluminium Mu-metal
Orientation Y Z Y Z Y Z
RMSE (mm) 5.72 4.74 0.31 0.46 0.23 0.51
ME (mm) 5.28 437 0.23 0.40 0.19 0.43
PRC50 (mm) 4.56 4.02 0.16 0.36 0.16 0.33
PRC95 (mm) 9.39 7.82 0.63 0.89 0.38 0.97

Tracking test results with the C-arm at 2 cm to show the effect of the
shields. The position error of the unshielded case is visualized in Fig. 8, and
the CDF of the three cases can be found in Fig. 7 (@2cm) and Fig. 9.

2) Shielding Performance Against the C-Arm: Fig. 9 shows
the empirical cdf of the position error when the magnetic
shields were used to block the C-arm distortion [Fig. 3(b)].
The error metrics are reported in Table IV, together with the
tracking error obtained in the correspondent unshielded case.

Both shielding materials demonstrated effectiveness. A posi-
tional RMSE of 0.31/0.23 mm (aluminum/Mu-metal) was
obtained for the Y-oriented sensor and an accuracy of
0.46/0.51 mm (aluminum/Mu-metal) for the Z-oriented sensor.
These values must be compared with the RMSE of 5.72 and
474 mm obtained with Y- and Z-oriented sensors in the
unshielded case.

3) Toward a Real-Time Distortion Compensation: Fig. 10
shows the empirical cdf of the tracking errors obtained when
the FG was placed on top of the X-ray collimator, for the
uncompensated case and after applying the distortion com-
pensation technique.

It was observed that the unknown position and orientation
errors were highly correlated with the errors of the points of
the bottom plane, the real position of which is assumed to be
part of the known training set. When correcting the unknown
error of the midplane using the EMT information from the
bottom plane, the tracking accuracy improved, as shown in
Fig. 10(b).
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Fig. 8. Effect of the C-arm on the position tracking error when it was placed
directly below (2 cm) the planar FG, without magnetic shielding or distortion
compensation, when the magnetic sensor was (a) Y-oriented (horizontal) or
(b) Z-oriented (vertical). The red grid is formed by joining the test-points
and the black grid represents the tracked points. The color map (mm) also
accounts for the error in the Z direction, which is not appreciable from the
2-D grids.

Position error results are reported in Table V, for the three
cases compared.
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Fig. 9.  Tracking errors when the fluoroscopy system was at minimum
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to shield the distortion. The field model used to find the sensor position was
trained on data collected in an undistorted environment where the fluoroscopy
C-arm was removed.

TABLE V
REAL-TIME DISTORTION COMPENSATION

Distortion Compensated
Uncompensated .

compensation and corrected

Orientation Y Z Y V4 Y Z
RMSE (mm) 12.01  25.03 0.92 0.67 0.35 0.49
ME (mm) 11.71  22.87 0.89 0.65 0.34 0.47
PRC50 (mm) 11.15  19.71 0.81 0.63 0.33 043
PRC95 (mm) 17.22  46.21 1.33 0.94 0.51 0.73

Tracking test results with the field generator placed on top of the X-ray
collimator, to show the effect of the distortion compensation technique. The
CDF of the three cases is visualized in Fig. 10.

IV. DISCUSSION

The results presented above are commented on in this
section, highlighting the main findings and their implications.

A consistent finding in all accuracy results obtained is
that the EMT errors are typically smaller when the sensor
is oriented horizontally along the Y axis. This is believed to
be a result of the FG’s shape and the configuration of the ECs,
rather than differences in the sensors or acquisition channels.
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Fig. 10. Tracking errors when the FG was placed directly on top of the X-ray
collimator. (a) High EMT errors are due to the presence of the fluoroscopy
C-arm. (b) Errors obtained with the calibrated magnetic field model. The
dashed lines show the further improvement obtained with the position correc-
tion based on the EMT solution of the points in the bottom plane.

The new data-driven model for Anser EMT FG demon-
strated a higher tracking accuracy within the region tested.
However, before updating the existing model, the calibrated
model must be expanded to cover a larger volume.

Both shielding materials under test demonstrated effective-
ness against large field distorters placed under the shielded FG.
As expected, the magnetic field in the region above the FG
was increased when using the Mu-metal shield and reduced
with the aluminum shield.

This is due to different shielding working principles. Mu-
metal provides a path for magnetic field lines rather than
blocking them. The material becomes magnetized along the
field direction, adding to the effect of the FG. Aluminum
provides a conductive path for eddy currents induced by
ac-varying magnetic fields. These currents generate fields
that oppose the original field, effectively reducing the overall
magnetic field strength.

The field magnitude is typically regulated to match the
safety levels allowed for human exposure to electromagnetic
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fields [S51]. In that case, the Mu-metal could be preferred to
decrease the system power consumption.

However, other factors must be considered when choosing
the optimal shielding material, depending on the final appli-
cation. For example, the Mu-metal relative permeability is
sensitive to temperature and mechanical stress and can be
affected by magnetic saturation or demagnetization, causing a
change in the field shape that must be recalibrated. This may
not be a concern in applications where the system is calibrated
often or if a real-time compensation technique like the one
proposed in Section II-D3) is applied. Aluminum has the
advantages of being lightweight, electrically and mechanically
more stable over time, cost-effective, and more translucent to
X-rays [52].

Other shielding solutions are also possible, including non-
conductive high-permeability materials, the combination of
materials on different layers, and different configurations for
the shielding plate dimension and distance from the FG.
However, they were not analyzed in this study.

The experiment of the unshielded FG placed on top of the
X-ray collimator demonstrated the interpolation performance
of the magnetic model proposed in this article, that, starting
from the information collected on two planes spaced 6 cm,
allowed EMT on the midplane with sub-millimeter errors.

This opens the possibility of a real-time distortion com-
pensation technique based on the magnetic measurements of
sensors placed at known locations. For example, redundant
sensors could be inserted along the catheter or embedded
into patches attached to the patient. An external undistorted
tracking system, such as X-ray imaging or an optical camera,
might be used for position reference. Once the magnetic model
is calibrated, it is valid until the position of a metallic distorter
is not changed.

When the location of the external distorter is unknown,
an extension of the presented calibration method might opti-
mize for the position of the virtual magnetic dipole sources
other than the magnitude. Future work will further validate
the real-time compensation technique, considering realistic
distortion environments.

V. CONCLUSION

This work presented a technique to model a magnetic field
in an ROI, starting from real measurements. The method is
based on an underlying analytical model. As opposed to other
interpolation techniques, it is not required for the data to be
aligned on a regular grid or for the three field components
to be sampled separately. If enough points are taken in the
ROI, the training data can be scattered, and the sensor coil
orientation can vary.

The technique was employed for different use cases. A new
magnetic model was created for the Anser EMT planar FG and
was compared to the existing model by showing the tracking
accuracy obtained in the two cases.

The effect of aluminum and Mu-metal planar shields on
the magnetic field was studied. Using the modeling technique
presented in this article, it was demonstrated that two sensors
in an orthogonal direction could provide enough information
to model highly distorted 3-D magnetic fields.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 59, NO. 7, JULY 2023

The distortion introduced by a fluoroscopy system was
analyzed for different distances to the FG in a clinical envi-
ronment. It was proven that aluminum and Mu-metal plates
could effectively shield the ROI in the presence of external
distorters. Finally, it was shown that it is possible to correct
the field model inside the ROI using data collected outside
it, presenting the intriguing potential for a real-time distortion
compensation technique based on redundant measurements of
external arrays of sensors.
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