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Abstract—The aim of this article is to analyze the magnetic
field properties for both the monopolar and bipolar electrode
configurations of deep-brain stimulation electrodes using 3-D
magnetic field measurements and to investigate if the magnetic
measurements enable a localization of the electrode as a proof of
concept. Therefore, a simplified head phantom with an integrated
deep-brain stimulation electrode was created to measure the
magnetic flux densities in all the three dimensions with a fluxgate
magnetometer over a sensor trajectory of measuring points
inside the magnetically shielded chamber. The magnitude of the
magnetic flux density for monopolar stimulation and bipolar
stimulation is in the nT and pT ranges for the frequency 160 Hz,
depending on the stimulation amplitude and on the distance
between the sensor and the electrode. The field distributions
show a linear decline in the magnetic field for the monopolar
and a quadratic decline for the bipolar stimulation. We were able
to reconstruct the magnetic field using multiple recording sites.
As the magnetic field of deep-brain stimulation can be measured
and its field strength can be reconstructed, it is feasible to esti-
mate the strength of the field within the limits of programmable
stimulation parameters and distance between the sensor and the
electrode. The presented results are intended as preliminary work
for the further development of electrode localization methods
using magnetic measurements. As an example of the feasibility of
electrode localization, this article presents a bipolar measurement
that creates a more focused spatial field distribution and results
in an accurate localization.

Index Terms—Deep-brain stimulation (DBS), fluxgate
magnetometer, magnetic field measurement, monopolar bipolar
stimulation, neurostimulator.

I. INTRODUCTION

EEP-brain stimulation (DBS) is an established treatment
of movement disorders such as Parkinson’s disease (PD),
dystonia, or tremors [1]-[3]. The most common targets are
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the subthalamic nucleus (STN) for PD, the globus pallidus
internus (GPi) for dystonia, and the nucleus ventrointermedius
internus (Vim) for tremors. During surgery, these targets are
determined with stereotactic methods based on the magnetic
resonance images (MRIs), which are obtained with a stereotac-
tic ring. The electrodes are connected to the neurostimulator
that is surgically placed under the skin near the clavicle, which
delivers the DBS signal according to the patients’ needs. The
amplitude of the stimulation signal is commonly set between
1 and 4 V, the pulsewidth between 60 and 250 us, the fre-
quency between 130 and 185 Hz, and the stimulation mode
between monopolar and bipolar electrode configuration [4].
The stimulation elicits a corresponding spatial distribution
of the stimulation field around the electrodes that causes
the extent of the neural activation or the volume of tissue
activated (VTA). The size of the VTA during DBS is adapted
to improve the clinical benefit of DBS [5], [6], considering
the tradeoff between minimizing side effects and maximizing
clinical improvement. To mathematically model the stimulated
field, the exact position of the electrode in the brain must be
determined [7], [8]. One neuroimaging approach opportunity is
to localize the DBS electrodes via metal artifacts in computed
tomography (CT) [9] or postoperative MRI images [10]-[12]
or in combination of both [13]. The other way is to locate a sin-
gle source that is responsible for a certain frequency from the
signal by using noninvasive modalities like electroencephalog-
raphy (EEG) or magnetoencephalography (MEG). Parametric
approaches like dipole-fit methods estimating the source that
best explains the measured data can be used [14]. In order
to have a satisfactory match of the mathematical model with
the considered measurement, a mathematical model estimation
must be made, which ensures the magnetic field properties
analyzed in this article. To diminish the magnetic noise, a mag-
netically shielded chamber is required during data acquisition
[15], [16].

In this article, magnetic field measurements for monopolar
and bipolar electrode configurations are performed to inves-
tigate its magnetic field properties. This may be of interest
for different research areas. First, the magnetic properties of
DBS are needed for the development of suitable magnetic
sensors that operate at room temperature and outside the
shielded chamber, e.g., magnetoelectric sensors [17]. Second,
the distortion of the investigated magnetic field distribution
can be used to test the safety of the system against electro-
magnetic fields generated by various electrical devices. A first
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experimental study has been published [18]. Furthermore,
by knowing the distribution of the magnetic field strength at
the scalp level through the invasive DBS system, an estimation
of how strong and in which direction the magnetic field might
be stimulated in noninvasive brain stimulation technologies
such as transcranial magnetic stimulation (TMS) [19], tran-
scranial direct current stimulation (tDCS) [20], or magnetic
field projector (MFP) [21] can be given.

We are mainly interested in locating the DBS electrode
with magnetic field measurements. This is intended to be
an alternative to conventional magnetic resonance imaging
techniques as described above that are affected by metal
artifacts causing errors of up to 10.4 mm [22]. Significant
discrepancies have also been reported between the electrode
centers estimating by CT and MRI. On the other hand, micro-
electrode recording (MER) during surgery is used to confirm
the target location by recording the discharge patterns of single
neurons that identify the interested brain structures (i.e., STN,
GPi, and Vim). Retrospective analysis of the tracking error
of the microelectrode was performed between the planned
trajectory and the microelectrode tip, giving a total error
of 1.2 mm [23]. Nevertheless, MER is time-consuming and
requires the patient to be awake. From a clinical perspective,
identifying the exact target area within the brain is still not
yet precisely defined. The exact determination of the target
area, therefore, plays an important role in achieving optimal
clinical results. Electrode localization has also been tried as
a proof of concept with EEG recordings on the scalp [24];
however, this article deals with the magnetic side of DBS.
Future perspectives include to identify the best contact of the
electrode for reaching the anatomically defined stimulation
target area in the brain.

II. METHODS
A. Head Phantom

A simplified phantom head with the shape of a cylinder
as shown in Fig. 1(a) with dimensions comparable with a
human head, as shown in Fig. 1(b), was developed to model
the measurement of the magnetic field, and was filled with an
isotonic fluid (NaCl 0.9 %) to mimic the electric conductivity
of a human brain. The cylinder body is made of acrylic glass
and, therefore, is neither electrically conductive nor magnetic.
The electrode can be moved in the x- and y-directions by
rotating the adjustment wheel [see Figs. 1(a) and 2], and in
the z-direction by pulling up and down the electrode holder
and can, thereby, be placed at any fixed position. Thus, it is
possible to measure the exact stereotactic position of the
electrode, which ensures the accuracy of this model.

B. Stimulation System

The used Medtronic 3387 DBS electrode, as shown
in Fig. 3, consists of a polyurethane outer jacket and has a
diameter of 1.27 mm and four independent annular platinum—
iridium contacts with 1.5 mm in length and 1.5 mm apart from
each other. Two types of stimulation modes are applied, which
differ in electrical polarity. In the case of bipolar stimulation,
two contacts of the electrode are activated, one as the cathode

(@)

(b)

Fig. 1.  Top: Cylindrical phantom head and the fluxgate sensor with its
all three orthogonal measuring directions that are used for the measurements.
The rotation point of the sensor is also the assumed measuring point. Bottom:
Dimensions of this phantom in millimeter.

(negative pole) and another one as the anode (positive pole),
whereas in monopolar stimulation, one of the contacts is
programed as the cathode, while the neurostimulator is used
as the anode [25], [26]. Since the stimulator could not be
placed in the cylinder easily, a round nonmagnetic titanium
plate at the bottom of the cylinder is added that represents
the neurostimulator as the anode in the case of monopolar
electrode configuration.

C. Recording System

To measure the magnetoelectrical properties, the whole
recordings took place in a magnetically shielded measuring
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Fig. 2. Top view of the cylinder with the radius of 75 mm (gray circular
area). The electrode can be rotated along the inner circle (blue). The distance
to the origin defines the variable a, which can be set between ¢ = 0 mm and
a = 40 mm with the corresponding xy coordinates. Blue asterisk markers:
positions of the measuring points. Red arrows: closest (45 mm) and farthest
(125 mm) measuring points to the position a = 40 mm.

Fig. 3. Dimensions of the Medtronic Model 3387 DBS Electrode [27]. As an
example, the physical center point of the bipolar electrode configuration with
activated contacts 0 and 1 is marked as a green dot marker.

chamber (Series Ak3B, Vacuumschmelze GmbH). The head
scanner inside the chamber was constructed in-house with non-
ferromagnetic materials and operates pneumatically to avoid
interfering electromagnetic fields due to electrically driven
stepping motors. The entire electronic equipment to drive the
scanner is located outside the chamber. With this head scanner,
an optimized sensor trajectory of variable measuring points
around the head phantom with the desired spatial resolution
can be programed.

The attached unidirectional fluxgate magnetometer
(Fluxmaster, Stefan Mayer Instruments) is oriented at
each measuring point in all three orthogonal directions to
get the complete magnetic information at this point by
rotation of its sensitive axis, as shown in Fig. 1(a). The
rotational axis (red-dashed line) is aligned to the diagonal
axis of the three orthogonal sensing axes [i.e., along vector
(1,1,1)’]. At first, the first magnetic field component Bj is
measured in direction 1 [vector (1,0,0)’], then direction 2
[vector (0,1,0)’] is obtained by +120° rotation of the sensor
around the rotation axis by proper mechanical mean driven
by air pressure and the second field component B; is
measured. Finally, the same procedure is performed with

direction 3 [vector (0,0,1)’], by further 120° rotation to
measure the third field component B3. This is necessary
for calculating the magnitude of the magnetic flux density
with (312 + 322 + B32)1/2. Since the sensor has a diameter
of 10 mm and a length of 30 mm, it is fixed that the point
exactly in the middle of the detection coil with a length
of 20 mm placed in the front of the sensor represents the
measuring point and is, thus, the rotating point of the sensor.
The red point marker in Fig. 1(a) represents the measuring
point that has a distance of 11 mm (half of the detection coil
length 10 mm plus protective cover of 1 mm) to the front
of the sensor. It has a noise level of typically 20 pT/(Hz)!/?
at 1 Hz and a bandwidth of 1 kHz from O to 1 kHz. The
recorded signals of the fluxgate sensor were amplified with
a low-noise preamplifier (Model SR560, Stanford Research
Systems) by a factor of 10 for monopolar and 1000 for
bipolar electrode configuration before it was recorded with
a multifunction data acquisition device (USB-6361, National
Instruments) with an A/D converter resolution of 16 bits
between the analog input range of £10 V and with a
maximum sampling rate of 1 MS/s. The sampling rate was
set to 40 kHz for the measurements performed in this article.
Care has been taken that the noise contribution of the A/D
converter is negligible by the sufficient preamplification of the
sensor signals. This device is also used to generate biphasic
impulses, as generally applied for clinical neurostimulators,
by adjusting the stimulation frequency f;, pulsewidth of the
stimulation 7, and the amplitude A in voltage, as shown
in Fig. 4(a). A dc component in the signal is avoided by a
negative pulse with the same pulsewidth—voltage product.

D. Biot-Savart Law

This section briefly gives two different equations to calcu-
late the total magnetic field B with the Biot—Savart law for two
approaches, which are of interest in this article. The magnetic
field for a straight wire can be calculated using the Biot—Savart
law for a current-carrying finite straight wire [28] with the
following equation:

uol
47 D(i)
where the wire carries the current / at a distance D(i) to the
ith sensor with the identified end points by the angles a and f,
o/ (4r) is a constant, and B(i) is the magnetic flux density
at D(i). We will see that this formula can be used as a good
approximation for the monopolar electrode configuration.

The magnetic field for a current dipole can be calculated
with the Biot—Savart law for a single current dipole [14]

B0y = L0 RO — D) x30)- .

4 IR() — LI3

B(i) = (cos(ar) — cos(f)) (1

where é is the dipole moment, L is the di_pole location
(represented as a green dot marker in Fig. 3), R(7) is the ith
sensor location [represented as a red dot marker in Fig. 1(a)],
and §(/) is the unit orientation of the ith sensor. It will be
shown that this equation fits the bipolar electrode configuration
and will be used for electrode localization. At this point, it is
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Fig. 4. (a) Created stimulation signal with an amplitude of A = 6.3 V,

a pulsewidth of 7, = 240 u s, and a frequency of fs = 160 Hz. (b) The
measured signal with the fluxgate sensor with 80 averaging for monopolar
electrode configuration.

assumed that the dipole points in the direction of the negative
z-axis, considering that the electrode in the phantom head is
arranged parallel to the z-axis, and thus, the current flows in
this direction (s = [0, 0, —1]). Since we are only interested
in the position of the electrode and the dipole orientation
is not considered for the localization algorithm described in
Section III-D, it will not be discussed further.

III. RESULTS

For all the following results, a relatively strong stimulation
signal with an amplitude of A = 6.3 V, a pulsewidth of
tp = 240 us, and a frequency of fi = 160 Hz, as shown
in Fig. 4(a), was used. The motivation of this choice is
included in Section IV.

A. Signal Analysis

In order to examine the shape of the measured deep-brain
stimulation signal with the fluxgate sensor, the electrode was
monopolarly stimulated and the tangential magnetic compo-
nent was measured 1 s at a distance of about 45 mm. The
measured signal (80 times averaged) is shown in Fig. 4(b).
The measured signal is already visible in the time domain,
since the magnetic flux density generated by the monopolar
stimulation is relatively strong and has a peak amplitude of
about 73 nT. The shape of the recorded signal is due to sensor
properties that has a bandwidth of 1 kHz and, thus, acts as a
low-pass filter.
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Fig. 5. (a) Amplitude spectrum in T of the stimulation signal with an

amplitude of A = 6.3 V for bipolar mode is shown. Red asterisk marker:
amplitude value at the 160-Hz fundamental frequency. (b) Measured and
simulated amplitude values and the error between both values in pT at the
fundamental frequency, if it is varied between 100 and 385 Hz for bipolar
electrode configuration with a constant stimulation amplitude of 6.3 V.

Furthermore, the electrode was bipolarly stimulated with
a constant pulsewidth of 7, = 240 us and a frequency of
fs = 160 Hz. The amplitude spectrum is shown in Fig. 5(a)
for a constant stimulus voltage. Increasing the stimulation
voltage between 0.5 and 7 V showed a linear increase in the
resulting magnetic flux density between approximately 5 and
50 pT, as can be expected for a homogeneous model with only
one conductivity. Nevertheless, an increase in the stimulation
frequency at a constant stimulation voltage leads to a nonlinear
increase in the magnetic field, which was measured and can
be seen in Fig. 5(b). For this purpose, a constant stimulation
amplitude of 6.3 V was selected, the stimulation frequency
was changed logarithmically between 100 and 385 Hz, each
60-s recording was transformed into the frequency domain
using Welch’s method [29] with the Hanning window, and
finally, the amplitude value from the amplitude spectrum
at the correspondingly adjusted fundamental frequency was
taken. The increase in the magnetic field over the investigated
frequency can be interpreted as an increase in the electri-
cal conductivity between the used contacts for the bipolar
electrode configuration over the frequency. The magnitude of
the impedance between both the contacts was measured and
decreases nonlinearly from about 380 Q for 100 Hz to 240 Q
for 385 Hz, and thus, the current gets higher with the same
behavior. This finally leads to an increase with the same slope
in the magnetic field. The error between the measured data
with the fluxgate sensor and the simulated data based on the
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Fig. 6. Decrease in the amplitude spectrum at the fundamental frequency
in T dependent on the distance in mm for both monopolar (blue curve) and
bipolar (red curve) electrode configurations. At a distance of 45 mm, there is
about 40 pT of magnetic field in bipolar mode (red asterisk marker).

measured magnitude impedance is less than 0.4 pT for all
performed measurements [see Fig. 5(b)], i.e., a maximum of
about 1 % inaccuracy of the measured magnetic field values.

B. Distance Dependence

To investigate which field strengths are to be expected in
both the monopolar and bipolar electrode configurations at
which distance, the following measurement was performed.
The stimulation parameters as described at the beginning of
this chapter were used. The tangential magnetic component
was measured with the fluxgate sensor 1 s for the monopolar
and 10 s for the bipolar mode at the height of the electrode.
The measurement distance varied between 85 and 421 mm
with a step size of 3 mm for the monopolar and between
45 and 125 mm with a step size of 1 mm for the bipolar mode.
Again, each measured time signal is transformed into the
frequency domain using Welch’s method, and the amplitude
value from the amplitude spectrum at 160 Hz is then taken.

The results are shown in Fig. 6 in a double logarithmic
scale. The magnetic field in the monopolar mode (e.g., about
5 nT at a distance of 85 mm) compared with bipolar stim-
ulation (about 10 pT at the same distance) is about more
than 100 times stronger. At larger distances, the resulting
magnetic field of the bipolar stimulation is strongly affected by
the sensor noise, causing fluctuation in the bipolar measured
values (blue asterisk markers). Furthermore, the magnetic
field of both the electrode configurations decreases differently
over the distance. It decreases quadratically in the bipolar
stimulation mode; and first linearly and then quadratically in
the monopolar mode, which can be explained by the current
flow in the system and confirms the following assumptions:
The current flow between the two middle contacts of the
electrode (bipolar), which corresponds to approximately 3 mm,
is assumed to be a current dipole at the considered distances
between 45 and 125 mm, so that the resultant magnetic field
decreases quadratically according to (2), in which relation B
1/R? applies. The (calculated) simulated values were inserted
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Fig. 7. Cylindrical head model surrounded by 32 measuring points in blue
asterisks in a symmetrical measuring system and eight points each at one
measuring height. As an example, a part of the whole volume is shown,
which has been divided into small voxels with an edge length of 5 mm.

as a black line in the figure, which shows the agreement of
the measured and simulated data. In the case of monopolar
stimulation, where the current flows over the entire height
of the phantom head, the resultant field decreases linearly,
according to (1), in which field B is directly proportional to
1/D. In addition, with the increasing distance, when it reaches
the same order of the phantom dimension, the current flow
behaves like a dipole, and the field then starts to decrease
quadratically, as some lines previously described.

C. Monopolar and Bipolar Analyses

For the analysis of the magnetic field distribution for both
monopolar and bipolar electrode configurations, the following
measurement was performed: The stimulation signal, as shown
in Fig. 4(a), has been used for both the modes. Since each
measurement with different electrode positions marked with
black dots in Fig. 2 showed qualitatively the same behavior,
the measurement with the electrode position at a = 40 mm
will be presented here.

In the case of monopolar stimulation, the lowest contact
of the electrode is chosen to be the cathode (contact O in
Fig. 3), and in the case of bipolar stimulation, the middle two
contacts are used as the cathode and the anode (contacts 1 and
2 in Fig. 3). The measurement took place at 32 measuring
points with a radius of approximately 85 mm, divided over
four heights with a distance of 65 mm, as shown in Fig. 7
with blue asterisk markers. The neighboring measuring points
are also 65 mm apart to guarantee a symmetrical measuring
system. The measuring points were located at the distance
between 45 mm (closest distance) and 125 mm (farthest
distance) to the electrode, as shown in Fig. 2. In the monopolar
case, the magnetic field is measured for 1 s at each of
these measuring points in all three orthogonal directions,
whereas in the bipolar case, it was measured for 10 s.



Thus, the total measurement time varies between 10 min
(monopolar) and 30 min (bipolar), including the movement
of the head scanner, the rotation of the sensor, the storage
process of the measured data, and the 1-s break before each
recording to remove vibration artifacts in the system.

Each measured time signal is transformed into the frequency
domain using Welch’s method, the amplitude value from the
amplitude spectrum at the 160-Hz fundamental frequency is
taken, and the magnitude of the magnetic flux density at
each point is calculated, which results in a total of 32 values
representing the measured magnetic field distribution. For
a better graphical visualization, interpolation between these
values is then performed. The result for the field distribution
of the monopolar and bipolar electrode configurations can
be seen in Fig. 8. The field distribution in the top figure is
generated by the current, which flows from the signal generator
through the conductors over the entire height of the cylinder
and under the cylinder back to the generator. Thus, a relatively
large magnetic flux density in the nT range is generated over
the entire measuring surface. The contribution of the field
generated by the current in the conductor placed parallel to the
cylinder is most evident in contrast to the field generated by
the current flowing through the cylinder, which is visible as the
red area in the figure. The measured magnetic field distribution
of the monopolar stimulation for the same electrode location
can thus be calculated theoretically as an approach using the
Biot—Savart law for a current-carrying finite straight wire with
[see (1)]. The calculated result is shown in Fig. 9(a), which
only considers the field generated by the current in the cylinder
and neglects the influence of the signal cable.

The measured field distribution in the bipolar case
[see Fig. 8(b)] is, in contrast to that of the monopolar one,
caused only by the current flowing between the two contacts
of the electrode, resulting in about 100 times weaker magnetic
flux density in the pT range. In the blue area, the distance
of the measuring points to the electrode is already so large
that the magnetic field strength disappears in the noise level
of the sensor. The magnetic field caused by the current in the
conductor is completely removed, since the current flowing
through the conductor to the electrode flows back through
the conductor parallel and in close vicinity to the feeding
conductor, so that their contributions cancel out each other.
Hence, the stimulation mode can be modeled as an electrical
current dipole. For the calculation of its field distribution,
the Biot-Savart law for a single current dipole according
to (2) can be used. The theoretically calculated magnetic
field distribution for the same electrode location can be seen
in Fig. 9(b) showing qualitatively the same behavior. The
normalized root-mean-square error (NRMSE) between the
measured magnetic field distributions of the bipolar electrode
configuration [Fig. 8(b)] and the simulated magnetic field
distribution [Fig. 9(b)] can be seen in Fig. 9(c). The error
varies between about 0% and 12%, depending on how far
the measuring points are placed to the electrode. At short
distances, the error is comparatively small (between about
0% and 2%), since the magnetic field generated by the
stimulation can be measured by the fluxgate sensor. At larger
distances, the error increases significantly up to 12%, because

(b)

Fig. 8. Measured magnetic field distribution of (a) monopolar and (b) bipolar
electrode configuration created by 32 measuring points. The magnitude of the
magnetic flux density at each measuring point was calculated and interpolated
between the points.

the measuring range is limited by the noise level of the fluxgate
sensor and the generated magnetic field disappears in the
sensor noise.

In order to localize the DBS electrode in the cylindrical head
model by such magnetic field measurements, it is required
to have a concentrated spatial field distribution, as in the
case of bipolar stimulation. However, it has to be dealt with
very weak magnetic fields in the pT range. In the case of
monopolar stimulation, the magnetic field is much stronger,
but no information about the electrode height can be obtained.
Furthermore, the superimposition of the magnetic field through
the conductor has also to be considered, which anyway limits
the localization accuracy of the electrode.

D. Localization of the Electrode

The bipolar analysis has shown that the model of an
electrical current dipole fits the bipolar electrode configuration.
The assumption is confirmed by an exemplary successful DBS
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Fig. 9.  Theoretically calculated field distribution of (a) monopolar and
(b) bipolar electrode configurations with (1) and (2) for the same electrode
location as in Fig. 8. The normalized magnitude of the magnetic flux density
at each simulated point was calculated. (c) NRMSE of the measured [see
Fig. 8(b)] and simulated [see Fig. 9(b)] data are shown.

electrode localization, which will be presented in this section.
Since the exactly placed electrode does not move and does
not rotate, and there is only one active source in the model,

a dipole fitting algorithm can be used, which searches for a
source that best describes the measured data. The volume to
be examined is divided into small voxels and the forward-
computed magnetic flux density with (2) is compared with
those calculated from the measured data. The programed and
used dipole-fit algorithm is mainly divided into five algorithm
steps.

1) Calculate the magnitude of the magnetic flux density in
tesla at each ith measurement of the sensor. Therefore,
each measured time signal has to be transformed into the
frequency domain and the amplitude in the spectrum at
the adjusted stimulation frequency has to be taken. The
result will be the measured magnitude of the magnetic
flux density |Bmeas|(i). It is a vector with the length of
Nieas (total number of measuring points 7).

2) Consider only the elements of |Bpeas| at the measuring
points j, where the magnetic flux density could be cal-
culated and did not get lost in the noise. The well-known
noise level of the used measuring sensor can be selected
as a threshold value. Then, normalize the remaining
values to their maximum value to get |Bmeas,norm|(J)-
The maximum value is the strongest measured magnetic
field, which comes from the measurement at the closest
measuring point to the electrode. It is a vector with
the length of Ny (total number of considered measuring
points j, Ny < Npeas)-

3) Divide the region to be examined into small 1 mm x
1 mm voxels, where each voxel gets a voxel number and
its Cartesian coordinates. Then, calculate the expected
magnitude of the magnetic flux density in Tesla over the
same chosen sensor positions j with (2) and normalize
it to its maximum element in the vector. The result will
be the modeled magnetic flux density | Bmodel,norm|(J, 7).
It is a matrix with the dimension Ng x Ny, where Ny
represents the total number of considered voxels n.

4) Define the dipole-fit cost function and determine the
specific error for all voxel n

Ng
e(n) = Z ( Bmeas,norm | (]) - |Bmodel,norm| (J’ n))2 3)
j=1
where Ny represents the total number of chosen measur-
ing points in Step 2 of the algorithm. e(n) is a vector
with the length of N,.

5) Take the global minimum value of the dipole-fit cost

function

min[e(n)] = e(ndipole)- 4

The voxel ngipol represents the smallest error and is
the result of the localization algorithm. The calculated
magnetic flux density for this voxel best explains the
measured data with the error e(ngipol).

For the exemplary fluxgate measurement to be shown here,
the electrode was placed at a = 40 mm, it was bipolarly stim-
ulated with the stimulation parameters as described previously,
and the lower two contacts are used with the physical center
at the Cartesian coordinates [x4, V4, z¢] = [40, 0, 179 mml].
The measuring time at each measuring points was set to 10 s,



g
30 1 1008 ¢
LT T
) 10.07 %
250 A o = g
o7 S 10.06 ¢
2004 © % o E
T 00»9 o o o - 10.05 3
5,150 °0 00 - 10.04 §
N o/O o “O I E
100 ~ o L {0.03 £
- T :
sod Mgy 0o {002 £
. f £ I ‘L ‘i : -§
; N 001 2
0- ;0 £
00, 50 o =
y [mm] x [mm]
(®)
Fig. 10. (a) Measured field distribution of bipolar electrode configuration

created by 176 sensor points. The magnitude of the magnetic flux density
at each measuring point was calculated and interpolated between the points.
The sensor points where the magnetic fields are visible were marked in black
circles. (b) NRMSE between the real position of the electrode and the position
estimated by the localization algorithm.

and a total of 176 measuring points, 22 points at eight heights,
was selected. The sensor points were located at the distance
between 45 and 125 mm to the fixed electrode. The measured
field distribution is shown in Fig. 10(a). In Step 2 of the
algorithm, only 20 of 176 measuring points were considered
due to the field shown in blue that was basically the noise
level of the fluxgate sensor. The considered measuring points
are represented with black circles in Fig. 10. The threshold
value chosen here at 30 pT was slightly higher than the
sensor noise level to remove measurement inaccuracies and
variations just above the noise level. The region was divided
into 1 mm? voxels in which the electrode was searched in
the x-direction from 19 to 50 mm, in the y-direction from
—31 to 60 mm, and in the z-direction from 173 to 194 mm
in a total number of about Ny = 60000 voxels. For each of
these voxels, its voxel number and its Cartesian coordinates
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Fig. 11.  (a) Calculated error e over all voxel n. The voxel that illus-
trates the smallest error at the global minimum is selected (red asterisk).
The second smallest error is caused by the neighboring voxel (green asterisk).
(b) Euclidean distances in millimeter over the same voxel n. The selected
voxel has a distance of 0 mm to the real position of the electrode.

are known. The Euclidean distances between these voxels and
the real position of the electrode are shown in Fig. 11(b).
The region to be examined can be seen in Fig. 7, which
was subdivided with a voxel edge length of 5 mm. For each
voxel, the corresponding error e(n) is calculated with (3) and
is shown in Fig. 11(a). The voxel number ngipole = 41548
illustrates the smallest error at the global minimum of about
e(ndipole) = 0.2 and represents the solution found at the
same Cartesian coordinates of the electrode [xg4, V4, zq4] =
[40 mm, 0 mm, 179 mm]. Therefore, the distance between
the position of the physical center of the used bipolar electrode
configuration and the voxel that yielded the smallest error in
the calculation is 0 mm [see Fig. 11(b)]. The NRMSE between
the real position of the electrode and the position estimated
by the localization algorithm can be seen in Fig. 10(b). At the
considered measuring points (black circles), the errors are
between 0% and 1%, which led to an accurate localization.
At the other measuring points, errors of up to 10% can
be seen, which were neglected in Step 2 of the algorithm,
as they would lead to a shifting of the found position. The
direct neighbor voxel (npeighbor = 42 199) with the Cartesian
coordinates [x;, yu,zn] = [4] mm, 0 mm, 179 mm] has a
distance of 1 mm to the real position and reaches the second
smallest error [see Fig. 11(a)]. Since the distribution of the
volume into voxels is done by first arranging the voxels in the
z-direction, then arranging them in the y-direction, and then in
the x-direction, jumps occur after the last arranged voxel at the
end of each direction to get higher with the distribution plane.



Thus, the distance of the voxel to the electrode changes
rapidly and such value jumps of the errors occur, as shown
in Fig. 11. Therefore, the number of the neighboring voxels
Nneighbor = 42199 is not directly adjacent to the found voxel
Ndipole = 41 548.

The entire measurement took about 2 h of time and the
computing time was significantly reduced by the second step
of the algorithm. It has been shown that the model of an elec-
trical current dipole can be assumed for the bipolar electrode
configuration and that localization can be performed with this
model assumption at least at an electrode position near to
the surface. For a more accurate validation of the localization
feasibility, further measurements have to be made, which will
be part of our further work.

IV. DISCUSSION

The magnetic field properties for both the monopolar and
bipolar electrode configurations of a deep-brain stimulation
electrode were analyzed in this article with 3-D magnetic field
measurements using the fluxgate sensor as a unidirectional
magnetometer. Therefore, the electrode was placed in a cylin-
drical simplified phantom head that has been developed to
match the dimensions of a human head. Such a geometrically
well-defined model is needed as a first step in measuring the
precise position of the deep-brain stimulation electrode. In fur-
ther steps, it will also be important for electrode reconstruction
algorithms for validating the localization accuracy. That was
the motivation for this article.

Since the fluxgate sensor has a frequency bandwidth of
1 kHz, it acts as a low-pass filter during recording, and the
recorded signal, thus, mainly includes the applied stimulation
frequency of 160 Hz and its next five harmonics (320, 480,
640, 800, and 960 in hertz). Nevertheless, the shape of the
stimulation signal was still clearly visible. The whole analysis
in this article took place in the frequency domain by taking the
amplitude value from the amplitude spectrum at the fundamen-
tal frequency. It is also possible to take any other harmonic
frequency below 1 kHz by using the fluxgate sensor. Other
magnetic sensors with a smaller bandwidth detecting one of
these frequencies of interest would also be sufficient, e.g., thin-
film magnetoelectric sensors (ME sensors) [30], which are
being developed within the framework of the Collaborative
Research Center CRC 1261.

The field strengths of the monopolar electrode configuration
were in the nT-range and decrease linearly over the considered
distance. Since the magnetic field at the measuring points is
superimposed by the fields generated by the current flowing
through the whole system, the field generated only by the
current in the cylinder cannot be determined due to the influ-
ence of the signal cable. Therefore, the monopolar stimulation
modeled approximation as a current-carrying conductor cannot
be used for electrode localization. In addition, there is no
information about the height of the electrode (z-coordinate)
that already limits the localization possibility. In contrast,
the bipolar electrode configuration allows a more focused
spatial resolution in the field distribution, which could be
estimated by the model of an electrical current dipole and

could be used for electrode localization. However, the field
strength is 100 times weaker than the field generated by
monopolar stimulation, and it decreases quadratically with the
distance to the sensor. Therefore, it is feasible to estimate
the magnetic field strengths at any desired location within
the described limits to enable the electrode localization with
magnetic sensor measurements.

While we acknowledge that further work is necessary to
achieve a more accurate validation of localization methods,
the localization result in this article shows that the basic dipole
fitting algorithm was able to detect the position of the electrode
in the simplified cylindrical phantom head. In a more realistic
scenario, the following difficulties need to be addressed, and
the localization algorithm has to be adapted to that. The real
human head with different brain structures is more compli-
cated. This model has to be extracted from high-resolution
MR or CT images of the patient. Since the implanted areas of
interest are known and the current of the DBS is only flowing
in a particular known region, the segmentation of this images
can be specified on this region resulting in a higher quality.
The localization method must use the resultant segmented
head model to divide the entire head into small voxels.
Each voxel has its own electrical conductivity, which also
differs from our homogeneous model with only one conductive
material. The used voltage-controlled stimulation regulates the
voltage by changing the current depending on the resistance,
which is different in each individual anatomy of the patients.
Changes in the current lead to a change of the strength of the
magnetic field. Thus, the magnetic field, which is calculated
in Step 3 of the algorithm, becomes even more difficult. This
problem can be solved by using a newer current-controlled
DBS system (e.g., Vercise Cartesia electrode, Boston Scientific
Corporation), in which the current can be adjusted to any
individual anatomy, which in turn leads to a constant magnetic
field. Different conductivities would therefore no longer be
a problem for the described algorithm, which is still under
investigation in our research. In addition, the angle at the
implantation of the DBS electrode is also unknown, which
was assumed to be vertical in our model. This will lead to a
variable orientation of the magnetic field. Since the algorithm,
as described here, works with the magnitude of the magnetic
field and not with its orientation, the problem can be neglected.
Furthermore, the magnetic field measurements with real DBS
patients using only one magnetic sensor, measuring around the
head point for point, will also be a challenge due to the long
measuring time on the one hand and the head movement of the
patient during the measurement on the other hand. An array of
sensors will reduce the time significantly, and the movement of
the head can be detected and corrected, e.g., with nonmagnetic
cameras inside the shielded chamber recording the shifting of
the head to correct the position of the sensor in relation to the
head surface.

The parameters of the used stimulation signal over all per-
formed measurements were set at relatively high values with
6.3-V amplitude and 240-us pulsewidth, to take advantage of
the phantom head ending up with larger magnetic fields. The
same choice of the stimulation amplitude cannot be applied in
a real head of a DBS patient, as this would not be tolerated



by the patient. Since the magnetic field generated by the
stimulation is linearly dependent on the stimulation amplitude
for the investigated frequency, it can be assumed that the
field strengths caused by the amplitude commonly set between
1 and 4 V in a real head are smaller by a factor of between
6.3/1 = 6.3 and 6.3/4 = 1.6 than the measured values.
This can be interpreted as an estimated calculation in order to
get an idea of an approximate magnitude of the generated
magnetic fields in real DBS patients, considering that the
electrical conductivity of the physiologic saline solution used
in the cylindrical head model is comparable with that of a
human brain and that the investigated frequency is adjusted in
the patient.

V. CONCLUSION

This article demonstrates that the magnetic field of the deep-
brain stimulation electrode can be measured with magnetic
fluxgate sensors at a distance between 45 and 125 mm, and
there are differences in the magnetic properties of both the
monopolar and bipolar electrode configurations. The magnetic
flux densities are in the pT range in the bipolar stimula-
tion mode and decrease quadratically with distance. In the
monopolar mode, the fields are in the nT range and decrease
first linearly and then quadratically with distance. Furthermore,
it has been shown that measuring with the bipolar mode gives
us a more focused spatial magnetic field distribution, which is
essential for electrode localization, where the stimulation mode
can be modeled as an electrical current dipole. As a proof of
feasibility, we presented a bipolar measurement in which the
model assumed in the dipole-fit algorithm accurately localized
the electrode. We acknowledge that further work is necessary
to achieve a more accurate validation of localization methods
and results. Although the monopolar stimulation generates
a 100 times larger magnetic field, it is less suited to be
used for electrode localization due to the corresponding field
distribution, which is the superposition of magnetic fields from
the cables, and does not provide any information about the
height of the electrode in the head phantom.
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