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Abstract

Purpose Tracking the position and orientation of a 4F catheter (¢ 1.4 mm) is required in superselective intra-arterial
chemotherapy (SSIAC). Tunneling magnetoresistance (TMR) sensors, which measure magnetic fields, are promising candi-
dates because the size of the TMR sensor can be less than a few tenths of a millimeter. The purpose of this paper is to prove
the feasibility of an EMT system utilizing TMR sensors as magnetometers.

Methods Three 1-axis TMR sensors (0.3 mm x 0.3 mm) were packaged on a flexible printed circuit board (PCB) together
with an amplifier chip. The PCB was integrated into a 4F catheter. Six field generator coils driven by alternating current (AC)
at different frequencies were used. Magnetic field measurement errors were evaluated to assess the effect of electromotive
force (EMF) on TMR-based sensing by changing the coils’ driving frequencies. The tracking error was also evaluated. As a
result, the feasibility of catheter navigation utilizing the EMT system was demonstrated.

Results There was a positive correlation between the frequency and the magnetic field measurement error using the TMR
sensor (R? = 0.999). With magnetic field frequencies less than 603 Hz, the average position and orientation estimation error
were 10.1 mm and 2.3 degree, respectively. Under ideal conditions, the average estimation error values were 0.9 mm and
0.3 degree, respectively.

Conclusion The position and orientation errors varied with frequency owing to the induced electromotive force. We should
consider the effect of electromotive force on TMR sensor assemblies caused by alternating magnetic fields. An EMT system
using TMR sensors was validated, although room for further improvement was identified.

Keywords Tunneling magnetoresistance effect - Magnetic sensor - Catheter navigation - Oral cancer

Introduction

Superselective intra-arterial chemoradiotherapy (SSIAC) is
an effective way to treat oral cancer [1, 2]. In this treatment,
a surgeon inserts a 4F catheter retrograde into the superficial
temporal artery, guides it to the artery that feeds the tumor,
and injects anticancer drugs directly through the catheter.
This approach can apply anticancer drugs in higher concen-
trations compared to those in conventional chemotherapy.
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Therefore, this treatment has been attracting attention in
recent years.

The standard procedure of SSTAC is summarily described
in [3]. (1) A guide-wire is inserted into the common carotid
artery from the superficial temporal artery (STA). (2) A
vinyl hook-shaped catheter is inserted into the STA along the
guide-wire (outer diameter 4Fr (1.33 mm)). (3) The guide-
wire is removed. Then, the catheter is drawn. (4) The tip
of the catheter is inserted to the target artery by drawing
it back under fluoroscopic guidance. A catheter navigation
system is required to guide the vinyl hook-shaped catheter.
Finally, several procedures are conducted to place the drug
infusion catheter to the target artery. In step (4), the position
and rotation of the tip of the hook-shaped catheter should be
carefully controlled so that position and the bent tip direc-
tion are aligned with the entry hole of the distal target artery.
When the hook-shaped catheter is appropriately positioned
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and aligned, its tip autonomously enters the distal target
artery because of its elastic properties. Catheter navigation
system utilizing EMT is expected to reduce the difficulties
in positioning and aligning the catheter. In this procedure,
currently available EM tracking system with miniaturized
sensor does not provide rotation angle around the catheter
axis.

In this therapeutic procedure, a surgeon must track the
position and orientation of the catheter tip to manipulate the
catheter so that it is inserted into the target branch. Currently,
intraoperative X-ray fluoroscopy is used to track the catheter
tip. However, itis often difficult to identify the orientation and
position of the catheter, leading to increased radiation expo-
sure, both to surgeons and patients, and an increase in the use
of contrast agents. Therefore, the catheter tip must be tracked
to navigate this surgical intervention in the above-mentioned
step (4). Intraoperative ultrasound is an alternative way to
track the catheter. However, it is still challenging to visual-
ize target branches with small diameters using conventional
ultrasound imaging technologies. Catheter navigation based
on conventional technologies in computer-aided surgery uti-
lizing a miniaturized electromagnetic tracking (EMT) system
is another possible solution.

EMT is widely used to track surgical devices in the body
[4-7]. Currently available 5-D EM tracking system with
miniaturized sensor does not provide rotation angle around
the catheter axis. It is possible to use the two 5D sensors
installed both at the tip and a proximal location of a catheter
and proximal to verify the bending of a hook-shaped catheter
[8]. We have already considered this concept in our previous
study [9]. The diameters of the currently available 5D EMT
sensors are sufficiently small (0.3—-0.92 mm in diameter [10])
and their lengths are longer than 5.5 mm. Stock et al. reported
that the diameter of SAT is 2.03 £ 0.33 mm in cadaveric stud-
ies [11]. Piazza et al. reported the effect of bending sensors
on precision of coil-based EMT with 3-mm bending radius
[12] although the precision of the EMT under bending up to
6-degrees showed good precision up to 40 degrees bending.
They observed broken sensors in 50 degrees of bending. Con-
sidering the diameter of STA, it is not appropriate to apply
currently available 5-D EM tracking system to catheter nav-
igation for SSIAC. The dimensions of some commercially
available EMT sensors providing 6 degrees of freedom (3
axes of translation and 3 axes of rotation) are (¢ 0.92 mm in
diameter x 9.4 mm in length) [10], (¢ 0.56 mm x 12 mm in
length), and (¢ 0.9 mm x 7.25 mm length) [13]. In SSIAC for
oral cancer, the 4F guiding catheter (¢ 1.3 mm in diameter) is
commonly used. However, a conventional EMT system can-
not be applied to SSIAC because the length of the magnetic
sensor is too long (> 7.25 mm) to be integrated at the 4F
catheter tip (¢ 1.3 mm) with sufficient flexibility. For appli-
cation to SSIAC, radius of curvature of a catheter is required
as small as a few mm to follow the target vascular branch.

@ Springer

Tunneling magnetoresistance (TMR) sensors, which mea-
sure magnetic fields based on the tunneling magnetoresis-
tance effect, are promising candidates, as the size of the
TMR can be less than a few tenths of a millimeter. When
constructing an EMT system incorporating miniaturized
multiple magnetometers, multiple external alternating mag-
netic fields with different frequencies are usually used to
encode information about distances between the magnetome-
ter and magnetic field generator coils [14]. Dai et al. reported
the use of commercially available tri-axial magneto-resistive
sensor to 6-D electromagnetic tracking [15]. However, the
size of their sensor system is too large to be installed in a
catheter. A typical TMR sensor has three main layers, from
bottom to top: a pinned ferromagnetic layer, a tunnel barrier
layer, and a free ferromagnetic layer, forming a magnetic tun-
nel junction element [16]. The sensor chip is also packaged
on a printed circuit board (PCB). Under this implementa-
tion, the AC magnetic fields create an induced electromotive
force on the substrate of the TMR sensors or PCB, which may
cause errors in the TMR sensor measurement. Electromotive
force generated in the circuit loop on the sensor unit assem-
bly is proportional to time derivative of the magnetic flux
density originated from field generator coil. Although this
component is efficiently removed by synchronous detection
with the drive current waveform, there are remaining com-
ponents due to synchronous detection characteristics and the
phase characteristics of the circuit loop. In case of coil-based
measurement for EMT, signal intensity increases as the fre-
quency of the driving current for the field generator increases
even though the magnitude of noise increases. As a result,
signal-to-noise ratio does not deteriorate. On the other hand,
magnitude of signal does not change with the increase in
the driving current for the field generator because the TMR
sensor measures the magnetic field intensity itself, not time
derivative of magnetic flux density. It is considered that the
noise level is subject to electromotive force generated on the
TMR sensor circuit unit.

The purpose of this paper is to prove the feasibility of
an EMT system utilizing TMR sensors as magnetometers.
We fabricated an 4F catheter with three integrated TMR sen-
sors. Then, we constructed a prototype of a TMR-based EMT
system and developed tracking algorithm. The accuracy of
the developed EMT system, the influence of the induced
electromotive force on magnetic field measurement, and the
resultant position and posture estimation accuracy were eval-
uated. Finally, the feasibility of catheter navigation utilizing
the EMT system was demonstrated by visualizing the loca-
tion of the catheter in a navigation display.
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Methods

Catheter (4F, 1.4 mm) with three integrated TMR
sensors

Three 1-axis TMR sensors were mounted orthogonally on
a catheter. Each TMR sensor measured the magnetic field
in the sensor sensitivity direction by aligning the sensors
depending on the pinned ferromagnetic layer of each TMR.
A constant voltage source (5.0 V) was applied to the TMR
sensors and a fixed resistor connected in series. The voltage
divided between two TMR terminals was fed into an onboard
amplifier. The manufactured 4F catheter is shown in Fig. 1.
Three sensors were packaged on a flexible printed circuit
board (PCB) together with an amplifier chip, as shown in
Fig. 1a. The sensor units were custom-made for this project
by Daido Steel Co., Ltd. The manufacturer of the sensor
units integrated custom-made TMR sensor elements on a
small PCB board together with an amplifier and resister. The
manufacturer conducted calibration to quantify the relation-
ship between sensor unit output and external magnetic field
under their calibrated experimental environment. The rela-
tion between the external magnetic field and output voltage
was evaluated before integrating the system into the catheter.
The calibration data were provided to the authors. We used
the same driving condition as the calibration process and
referred to the data sheet of each sensor unit. Three slits were
fabricated in the cylindrical tube. The TMR sensor, reference

Fig.1 Catheter (4F, 1.4 mm)
with three integrated TMR
sensors. a Integration of the three
TMR sensors in the catheter,

b External view of the catheter

¢ The PCB with the three TMR
sensors was integrated at
approximately 23 mm from the
tip of the catheter

TMR

TMR without magnetization for temperature compensation,
resister, and amplifier were integrated on PCB as shown in
Fig. 1a. Then, the tip side of the catheter was closed with
polymers. We did not make a hook-shaped catheter. In this
pilot study, we put the sensor with a distance of 23 mm from
the tip of the catheter.

Prototype EMT system

The field generator used in this system consisted of six coils
positioned in an L shape, as shown in Fig. 2. Each coil was
wound with 6060 turns of 0.5-mm-diameter enameled wire
and had an outer diameter of 100 mm and a height of 100 mm.
Each coil was driven by a constant current source with ampli-
tude ranging from 1.58 to 2.04 A and from 302 to 1062 Hz,
respectively. Details of the driving condition are shown in
the following experimental section. The sensor output sig-
nals were fed to a 16-bit data acquisition system (USB-6229,
National Instruments, USA) with input voltages ranging from
3.3 Vt04.0V and a sampling frequency of 25,000 Hz. The
sensor output voltage varied from 3.5 V to 3.8 V under the
magnetic field, which varied from — 33 to33 A/m ( — 4.1 Oe
to 4.1 Oe). The measurement range of the ADC was adjusted
to monitor this voltage range to improve resolution in signal
amplitude measurements. The experimental conditions are
described in 2.6.

Amplifier

Catheter
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Fig. 2 Experimental setup

sensor

—_ﬁ-‘

Experimental setup

To measure the sensor signals at known positions from six
field generator coils, the experimental system shown in Fig. 2
is prepared. The six field-generating coils were positioned by
inserting pins (¢ 2.5 mm) fixed to the coil holder. The catheter
with the integrated sensor unit was fixed in a sensor holding
jig that was positioned by pins inserted into holes machined
at 25.0 mm intervals. The precision of translational and rota-
tional positioning was 0.3 mm and 1.5 degree, respectively.
The holes on the plate shown in Fig. 2 and holes attached to
the jig were fabricated with tolerances to achieve these pre-
cisions. To avoid magnetic interference, the base plate was
made of polyvinyl chloride, and the coil holders and sensor
holding jig were made of polyoxymethylene.

The measurement volume was set as 500 x 600 x
300 mm, considering the anatomical region of interest of
SSIAC. The six coils were positioned as shown in Fig. 2.
The coil positions and sensor holder position were controlled
by inserting pins with the holders into the holes on the base
plate.

Three sensor elements were integrated in the catheter as
shown in Fig. 1a. The position of the catheter was defined as
the position of the sensing unit determined by the jig. The
position data were represented as relative position referring
to the plate.

Tracking algorithm

We developed a tracking algorithm to estimate the sensor
position P(x, y, z) and orientation R(0, ¢, ) from the
TMR sensor output voltage V,, shown in Fig. 3. The algo-
rithm searches for P, R so that the theoretical sensor output
voltage V,(P, R) calculated from the assumed P, R con-
verges to the measured sensor output voltage V, using the
Levenberg—Marquardt algorithm. The theoretical sensor out-
put voltage is calculated using the theoretical magnetic field
value H,(P). P, R is repeatedly updated until the residual
position error A P becomes less than 0.1 mm.
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Signal processing

Drive unit

Calculation of magnetic field

The theoretical sensor outputs are calculated based on the
theoretical magnetic field value corresponding to assumed
position of the TMR sensor. The theoretical magnetic field is
calculated by modeling a coil as a superposition of circular
current as shown in Fig. 4. Based on the Biot—Savart law,
a single circular current creates the magnetic field vector
potential ﬁ(H,, Hy, H;) at P(r, 0, z) as determined by
(1)—(3), where r, 6, z are coordinates in a polar cylindrical
coordinate system.

H.(r, 0, 2)

Ikz /’5 dé
4 ard \Jo 1 —k2sin® ¢

2=k Ei
=)t ®

(D
Hy(r,0,2)=0 2
H,(r, 0, 2)
Ik 3 dé K2(a+r)—2r
4 ~/ar3 (/o 1 —k2sin? ¢ 2(1 - k%) U) &)

where a : radius of coilr, 6, z are coordinates in a polar
cylindrical coordinate system

dar

(r +a)2 +z72

0—9p=2¢—mx

E(k):/j,/l—kzsin%)dqﬁ
0

(Complete elliptic integral of the second kind)

The magnetic field at a sensor position from each coil
with N number of turns is calculated as the sum of a circular
current using (4).
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Fig. 3 Tracking algorithm of
TMR sensor-based
electromagnetic tracking system

Sensor output
voltage °V,,

.

Initial Position &
orientation Py, R,

Theoretical magnetic field value of
world coordinate H, (Pg)
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Calibrated theoretical value of world
coordinate"'V (P,)

lCoordinate transform based on R,

Calibrated theoretical value of sensor
coordinate *Vg (Pg, Ry)

/

Update position & orientation Py, R,

l

Position update NO
< 0.1 mm
YES
Calculated position and
orientation Py, Royt
P(r,0,2)
N VA HZ
H=) H( b u) ) 3 T
o AN
H,
Finally, the theoretical magnetic field from each coil is
. . . Z
obtained as an 18-dimensional vector data. p
[Hux H; 1y Hi_1; Hr 25 - - Hz,ﬁz]
a >y
0 r

The theoretical magnetic field is calculated by modeling
a coil as a superposition of circular current.

Calibration of sensor output

The magnetic fields are calculated as an 18-dimensional vec-
tor consisting of three-dimensional magnetic fields generated
from six coils. To consider the effect of coil winding inho-
mogeneity, mutual inductance between the coils, and TMR
sensor setting errors, the following calibration process was
introduced. The theoretical 18-dimensional magnetic field
vector is converted to the simulated value of sensor outputs
voltage using the calibration matrix C. The calibration matrix
C is predefined by measuring the sensor outputs voltage at n
known test points and comparing them with the theoretical
magnetic field value at test points beforehand. Thus, C was
determined through the calibration process.

ds
x ¢

Fig. 4 Modeling the magnetic field induced by a coil

Since the calculated output voltage corresponds to the cal-
culated magnetic field, the voltage is also an 18-dimensional
vector. The matrix is defined by the following equation.

C11 €12 C1,19
€21 €22 €2,19
C = C31 €32

€3,19 (&)

C18,1 €18,2 * - C18,19

@ Springer



22 International Journal of Computer Assisted Radiology and Surgery (2023) 18:17-27

Because H; is a collection of magnetic field vectors due
to each of the six coils at calibration points Py - - - P,,, we can
define H, to consider the translational and rotational error of
TMR sensor positioning.

[ Hix(Po) Hi (P) Hiy(Py) ]
Hiy(Po)  Hiy(P1) Hiy(Pp)
le(PO) le(Pl) le(Pn)
Hox(Po)  Hax(Pp) Hyx (Pp)
H, = | Hyy(Py) Hy(P1) Hyy (Py) (6)
HZz(PO) HZZ(PI) H2z(Pn)
H6z(P0) H6z(P1) Hﬁz(Pn)
1 1 1

If we set the measurement of voltage signals of three sen-
sors at position Py - -+ P,

Viz(Po)  Vix(P1) Vix(Pn)
Viy(Po)  Viy(P1) Viy(Py)
Vlz(PO) Vlz(Pl) Vlz(Pn)
Vax(Po)  Vax(P1) Vax(Py)
Vi =1 vy (Py) Vay(Py) Vay(Py) ™
VZz(PO) V2z(Pl) VZZ(Pn)
| Vez(Po)  Ve:(P1) Ve (Pn) |

then the calibration matrix C is determined through least
squares estimation as follows:

H,C=V, (®)
-1

C= (H,T Ht> HTV, )

Experimental

Influence of induced electromotive force evaluation

To determine the effect of electromotive force on the sensor
outputs, we rotated the catheter, which was placed parallel
to the X-axis of the experimental table by 180 degrees about
the catheter axis, and compared the sensor output signals.
These postures are defined as postures A and B, respec-
tively. Posture A was the same posture as that used in the
calibration, and posture B was that where the catheter was
rotated by 180 degrees relative to the posture A. The mag-
netic field intensity is the same in opposite direction under
this condition. However, if the electromotive force exerts an
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influence, there should be differences in the signal ampli-
tudes. We also checked the dependency of these differences
on magnetic field frequencies at 435, 532, and 1062 Hz with
a current of 0.18 A. To evaluate the measurement errors, the
TMR sensor-mounted catheter was placed at 135 points in a
100 mm x 200 mm x 100 mm space with the two postures
rotated 180 degree about the catheter axis. The catheter was
fixed using positioning pins with a positioning accuracy of
0.3 mm and 1.5 degree.

The error of the magnetic field measurement AV due to
the posture is determined using Eq. (10). Vi(R) represents
the output voltage of k-axis TMR sensors with posture R.

AV
= AV = VB + (V)] = [Vy(BY)? + (V=) — IVa(B)
(10)

Sensor calibration and position tracking accuracy
evaluation

The six coils for magnetic field generation had the same
parameters as in the first experiment and were driven at 302,
345, 395, 435, 532, and 602 Hz. To form the calibration
matrix, the TMR sensor-mounted catheter was placed at 68
points, shown as green squares in Fig. 5, and the sensor output
voltages with posture A were measured. To evaluate the posi-
tion and orientation accuracy, the catheter was placed at 67
points, shown as red triangle triangles in Fig. 5, with postures
A and B. The estimation errors under the same posture as that
used in the calibration process (posture A) and those with a
different posture (posture B: 180 degrees rotated about the
catheter axis) were measured. The experimental conditions
are summarized in Table 1.

The position error e, between the real position (x,, y,, z,)
and the calculated position (x., y¢, Z.) is determined using

(11).

ep = e = 52+ (e — 9% + (20 — 2)? (1)

The orientation error e, between the real orientation
0y, ¢r, ¥,) and the calculated orientation (6., ¢., V¥¢) 18
determined using (12).

e, — |90_9r|+|¢c_¢r|+|WC_1/fr|
0 =
3

12)
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Fig.5 Experimental setup to
evaluate EMT system using

TMR sensors Coil 4
(345, 225, 0)
Coil 5
(257, -100, 60) 25 mm (220, 225, 0)
v R
Vo .
(257, -100, 10)\ oY i L 100
Vs -":' .
(257,-100, —40)\ u, o Coil 6
- R (95,225,0) E
25 mm u" - é
(]
400 /' N
300 — : Coil 3
200 — Coil 1 Coil 2 (0, 125, 0)
«P/l]) 100 — (0, -125, 0) (0, 0, 0) ) < -100
% 0~ . " 100 200
2100 -100 Y [mm]
Table 1 Experimental conditions of the experiment 0.009
0.008 +
Coil parameter Diameter (mm) 100
Height (mm) 55 0007y o
Number of turns ( —) 6060 0.006
Winding diameter 0.5 > 0.005|
(mm) 51 0.004 -
Drive frequency of 345, 435, 602,
the coil (Hz) 734, 881, 1062 0.003 |
Current flowing 0.19, 0.16, 0.18, 0.002 Fa
El:)cmgh the coil 0.17,0.20, 0.17 o001 | '
. 0 i ‘. . . . H
M(eaS‘)“emem time 200 0 200 400 600 800 1000 1200 1400
ms
Frequency [Hz]
Measurement 25,000
sampling Fig.6 The relationship between frequency and AV

frequency (Hz)

Results

Magnetic field measurement error due to sensor

posture

As shown in Fig. 6, there was a positive correlation between
frequency and the error of the magnetic field measurement
AV due to the posture (A) and (B).

This result suggests that the induced electromotive force
does affect the sensor output.

Position and orientation errors

For posture A, the average position error e, of 135 points
was 0.9 mm, while the average orientation error e, of 135

points was 0.3 degree. For posture B, ¢, was 10.1 mm, while
e, was 2.4 degree. The results are shown in Fig. 7.

When the posture of the sensor was identical to that used
in calibration, the estimation performance was sufficient for
use as an EMT system. On the contrary, as shown in 3.1,
there were magnetic field measurement errors due to posture
of the TMR sensor. These errors affect the system’s EMT
performance.

In Table 2, position and orientation errors are summarized.
Error for each axis is presented.

@ Springer



24 International Journal of Computer Assisted Radiology and Surgery (2023) 18:17-27

A Ground truth

@ Calculated position
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Fig. 7 Position and orientation error. Red points stand for the grand truth data based on the catheter holding jig’s position. Blue dots stand for the
estimated position. Measurement points are not identical to the measurement points used in calibration process

Table 2 Position and orientation

P— Condition ep e, (degree)
(mm)
Mean Max. Min. Mean Max. Min.
A All 0.9 4.8 0.0 All 0.3 1.2 0.0
Ax —0.1 0.6 -09 |AB] 0.3 1.6 0.0
Ay 0.0 1.2 —14 |AD| 0.2 2.0 0.0
Az —0.1 2.3 —4.6 [AY| 0.1 0.7 0.0
B All 10.1 44.5 0.7 All 24 8.3 0.0
Ax 2.8 —8.7 13.4 |AB] 2.3 7.7 0.0
Ay —24 — 242 5.9 |AD| 35 14.9 0.3
Az — 3.8 —41.0 8.3 |A] 1.3 3.5 0.0

Discussion
Contribution of the present work

To realize catheter navigation system for SSAIC, a minia-
turized 6D EMT system should be developed. This study
showed the feasibility of a EMT system using tunneling mag-
netoresistance (TMR) sensors applicable to a 4F catheter.
TMR measures intensity of magnetic field, whereas conven-
tional coil-based tracking sensors measures time derivative
of flux density of the magnetic field. This study reveals that
this difference in principle of measurement of magnetic field
brings about large effect of electromotive force generated in
electric circuit in the sensor assembly on measurement per-
formance. Although further validation and improvement of
the system are required, it is considered that we can realize a
6D EMT for thin catheter that is not possible using currently
available EMT systems.

@ Springer

Influence of induced electromotive force

AV, the magnetic field error due to the posture, tends to
increase as the external magnetic field frequency increases.
This is thought to be a result of the induced electromotive
force on the sensor substrate.

Based on the size of the TMR sensor substrate (0.7 mm x
3 mm), the theoretically induced electromotive force (EMF)
on the substrate was calculated to be 2.2 x 107° V, which was
different from the observed AV. This is because of the soft
magnetic yoke or ferromagnetic layer contained in TMR sen-
sors and the operational amplifier. The soft magnetic yoke is
mainly composed of iron and has high permeability. Because
the permeability of iron is more than 1000 times greater than
the permeability of a vacuum, the real induced electromotive
force may be greater than the theoretical value. Furthermore,
the sensor output voltage was amplified by an operational
amplifier. The amplification factor of the operational ampli-
fier is unknown because it has not been provided by the
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Catheter

Magnetic fux ¢

22

Closed loop

TMR Sensor circuit bord

Condition A Condition B

Fig. 8 Effect of errors of sensor assembly mounting on EMF. The mag-
nitude of magnetic flux causes EMF changes in the case of 180-degree
rotation about the catheter axis when the sensor assembly is mounted
at a slight incline

manufacturer, but this can explain the difference between
the theoretically induced EMF and the observed values.

Other factors affecting the magnetic field measurement
error, AV, are small changes in the position of the sensor
inside the catheter due to posture and errors in the mounting
angle of the sensor. For a conventional EMT system incor-
porating miniaturized pickup coils, these errors in posture
during fabrication can be compensated by using an appro-
priate calibration method similar to our tracking algorithm.
However, this type of error cannot be removed. The magni-
tude of magnetic flux causing EMF and that when the catheter
is rotated by 180-degree about the catheter axis are not the
same when sensor assembly is mounted slightly inclined as
shown in Fig. 8.

The TMR sensor units are mounted off the central axis
of the catheter; therefore, when the sensor is rotated about
the axis, there is a maximum displacement of 1.4 mm in the
worst case, which is the diameter of the catheter. However,
magnetic field intensities estimated by theoretical calculation
at 1.4 mm separated positions could not explain the AV we
observed. There may be an error in the mounting angle, which
is another factor contributing to AV'.

Changes in the mounting position can also cause magnetic
field measurement errors, although they are independent of
the frequency. The effect of driving frequencies on resul-
tant position and orientation errors should be investigated in
future study.

In the conventional EMT method utilizing small pickup
coils, the EMF itself constitutes the signals to be measured for
estimating the magnetic field intensity. However, in case of
TMR-based magnetometer sensing, the TMR sensor directly
measures the magnetic field intensity as an alternating mag-
netic field. The effect of electromotive force on the resultant
signal is complex; it may affect the TMR sensor itself in

addition to the pickup electric circuit. Hysteresis in mag-
netoresistance to an external magnetic field has also been
reported [16, 17]. A detailed analysis of phase information in
the measured signal relative to the driving signals of the mag-
netic field generator coils should be performed to clarify the
mechanism of error generation. As an alternative approach,
the packaging design of the PCB of the magnetic sensors
can be optimized. We can also reduce the frequency of coil
driving current. However, this may reduce the sampling fre-
quency of the EMT system.

When hysteresis exists, signal from TMR sensor is dis-
torted because the sensor output to upstroke of intensity of
the magnetic field generated by the field generator coil dif-
fers from that in the down stroke, this signal may cause errors
in magnetic fiels intensity measurements. Further investiga-
tion should be conducted to clarify if hysteresis is one of the
causes of tracking errors. The effect of driving frequencies
on resultant position and orientation errors should be inves-
tigated in future study.

Position and orientation accuracy

We studied the feasibility of small TMR sensors in EMT for
catheter tracking. We could sufficiently reduce the size of the
tracking sensor element integrated in a 4F catheter (1.4 mm
in diameter). Miniaturization of the tracking sensor element
leads to better flexibility of the catheter, enabling a smaller
radius of curvature. We assumed the required accuracy for
catheter tracking in SSIAC is 1 mm and 15 degree consider-
ing diameter of target arteries and STA as large as a few mm.
The position accuracy (e, = 10.1 mm) was not sufficient
for SSIAC, while the orientation accuracy (e, = 2.3 mm)
in posture A was sufficient. However, in the condition in
which measurement errors do not affect the results (posture
A), the position and orientation accuracy (e, = 0.9 mm, e,
= 0.4 mm) meet the requirements for SSIAC. This result
indicates that the proposed EMT system using TMR sen-
sors is promising for catheter tracking in small and complex
vasculature networks, such as those involved in SSIAC.

We focused on the rotation around the catheter. The rota-
tion around axis is the most important orientation information
in SSIAC since it determines a hook-shaped catheter tip’s ori-
entation in the STA relative to the orientation of entrance of
distal target artery. We evaluated the basic orientation (A)
or the rotation by 180 degrees (B) since the purpose of the
present study is to establish the proof of concept of an electro-
magnetic tracking system using tunneling magnetoresistance
(TMR) sensors applicable to a 4F catheter. More detailed
evaluation for different orientation as shown in [18] should
be conducted to validate the proposed system.

The position and orientation errors were determined by
the sensor output voltage errors between the theoretical and
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measured values and the Jacobian of the position and ori-
entation calculation algorithm. The Jacobian is determined
by the coil arrangement and current. The spatial gradient of
the magnetic field should be designed to be as large as pos-
sible in the region of interest in the measurement volume.
The present experimental coil arrangement is not yet opti-
mized from this viewpoint. To increase the spatial gradient,
the driving current of the coil can be increased as long as
the magnetic field strength generated by the coil does not
exceed the dynamic range of the TMR sensor, as in the case
of conventional EMT systems.

Feasibility of Position and orientation accuracy

A blood vessel model (inner diameter: 2.5 mm, outer diame-
ter: 4.5 mm) was placed in a human head phantom. Phantom
was 3D printed based on a CT artificial data generated by
a medical doctor who is one of the authors. The catheter
navigation system was developed using open-source soft-
ware Slicer [19]. The catheter navigation procedure was
demonstrated to confirm the feasibility of catheter navigation
utilizing the EMT system. A video clip showing a demon-
stration of catheter navigation is provided as supplementary
information. The movement of the catheter tip in the blood
vessel model was successfully visualized on the navigation
display.

Conclusion

This paper proposed a new electromagnetic tracking sys-
tem using TMR sensors that can be applied to superselective
intra-arterial chemoradiotherapy (SSIAC). This system uses
a miniaturized tracking element to reduce the catheter’s
minimum radius of curvature. Results of system evaluation
experiments revealed that the position and orientation errors
varied with frequency owing to the induced electromotive
force. Unlike the case of a pickup coil-based magnetome-
ter, we should consider the effect of electromotive force on
the TMR sensor assembly caused by an alternating magnetic
field. The prototype TMR-based EMT system achieved a
position error of 0.9 mm and an orientation error of 2.3 degree
where the field-generating coils and sensor holding jig were
the same as the calibration process. Although the system has
room for further validation and improvement, this EMT sys-
tem using TMR sensors is promising for catheter navigation
in SSIAC.
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