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Abstract—A recently developed prototype (Laparoscopic
Differential Magnetometer, in short LapDiffMag) identifies
magnetic tracer accumulated inside sentinel lymph nodes
(SLNs) during clinical laparoscopic procedures. The
LapDiffMag relies on excitation of superparamagnetic iron
oxide nanoparticles (SPIONs) and subsequent laparoscopic
detection based on a nonlinear detection principle. The
prototype uses an excitation coil to generate a magnetic field
needed to activate SPIONs. This study reports on the process of
developing a new excitation coil by describing the design choices
based upon clinical requirements, by modeling delivered
magnetic field using digital twin, and by comparing the magnetic
fields of modeled and manufactured prototype. Digital twin
technology was used to produce relevant and reliable data to
demonstrate the safety and effectiveness of the excitation coil.
The magnetic field originating from manufactured prototype
was validated at two different heights above the excitation coil
and have shown a good concordance to the data generated by its
digital twin.

Clinical Relevance— Current standard-of-care for a variety
of tumor types consists of minimally invasive radical resection of
primary tumor and regional lymph nodes (LNs). The newly
introduced excitation coil will (after full validation) enable
minimally invasive harvesting of sentinel LNs by means of
magnetic tracer detection.

[. INTRODUCTION

For most primary tumor types with a high risk of
metastases, current standard-of-care consists of minimal
invasive radical resection of the primary tumor and regional
lymphnodes (LNs). Within these regional LNs, the first tumor
draining LNs (referred to as sentinellymph nodes, SLNs) have
an increased probability to contain metastases. As metastases
lead to a low patient survival[1], the presence of metastasesis
therefore an important prognostic factor and is used for
treatment planning. However, given retrospective absence of
metastases in LNs after pathology, complete removal of
regional LNs leadsto unnecessary costs,added patient burden
and possible complications without clear patient benefit. The
sentinel lymph node biopsy (SLNB) uses a tracer (forexample
radioactive, fluorescent, magnetic, or a hybrid) to identify
SLNs after tracer injection around the primary tumor [2].
These tracers are usually non-specific, i.e. they follow the
natural lymphatic pathways, without binding on specific
(tumor) cells. SLN identification is done by using a tracer-
specific intraoperative detector, and subsequent resection for
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pathological confirmation. By using the SLNB on a patient
group with a known overall low numberof metastases, a large
group of patients can be treated by primary tumor removal and
resection of a low numberof SLNs instead of allregional LNs.
This decreases the complication chanceand patient discomfort
[3]. The effectiveness of SLNB is currently being investigated
for several types of cancers suitable for a laparoscopic
procedure [4], e.g. esophagus cancer, gastric cancer, colon
cancer, prostate cancer, bladder cancer, and endometral
cancer [5-10]. A recently developed prototype (Laparoscopic
Differential Magnetometer, in short LapDiffMag) is suitable
to identify the magnetic tracer inside SLNs during clinical
laparoscopic procedures [11].

The LapDiffMagrelies on excitation of superparamagnetic
iron oxide nanoparticles (SPIONs) by a strong magnetic field
[12] and laparoscopic detection based on a nonlinear detection
principle [13]. The excitation coil of the first benchtop
prototype has a circular configuration, an outer diameter of
270 mm, a height of 10 mm, and produces a sufficient
magnetic field enabling detection up to 200 mm above its
surface [14]. Validating this prototype against clinical
requirements (in terms of iron content sensitivity, depth and
spatialsensitivity, and angular sensitivity) revealed a necessity
for a larger excitation coil that would increase the size of a
sufficiently strong magnetic field to at least 300 x 300 x 300
mm. This larger magnetic field will allow clinical use in
abdominaland thoracic applications.

This study reports on the process of developing a new
excitation coil by describing the design choices, a computer
model of the magnetic field and compare this with magnetic
field tests,and prototype manufacturing. The choice was made
to create a new prototype with a magnetic field as large as
possible within determined physical boundaries (length and
width), to prevent technical limitations in a clinical
application. The design of the excitation coil involved the
creation of a digital twin. Digital twin technology (DTT) was
used to produce relevant and reliable data to demonstrate the
safety and effectiveness of the excitation coil. The use of DTT
accelerated development and provided a fast and inexpensive
option to anticipate and preventerrors. DTT is also accepted
as evidence in the regulatory process of medical devices.
Finally, the simulated results were compared with the
experimentaldata[15].
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Figure 1. A graphical representation of an excitation coil, a detection probe and a control unit.

II. METHODS

A. Design

The complete LapDiffMag system consists of three main
parts[11, 14]: a set of excitation coils, a detection probe, and
a controlunit (Fig. 1). There are two coils needed to create the
magnetic excitation field: a coil to generate a low-frequent
(LF) field and a coilto generate a high-frequent (HF) field. The
excitation coil is designed to be placed undemeath a patient.
Passive and active thermal cooling will be necessary to
produce a coil conform safety norms (e.g. prevent bum
wounds) and prevent damage of the coil itself. Moreover, the
temperature needs to be continuously monitored to guarantee
safety. In a clinical scenario the top of the coil would be
covered by a matrass for patient comfort, complicating themmal
dissipation, and underlining the need for effective cooling.
Therefore, the excitation coil design includes an internal
temperature sensor and a ventilator. The detection probe
consist of two coils to detect the magnetic signal and two coils
to compensate for the magnetic field generated by the
excitation coil. The probe is designed to be operated by a
laparoscopic surgeon and already tested with a clinical setting
in mind [11]. The controlunit consists of multiple parts: two
power supplies, a transformer, a series resonant circuit, sa fety
equipment,and a data acquisition system. The series resonant
circuit is used to get the high working voltage on the HF-coil.
The transformer consists of three coils: one coil to create the
HF-field and two coils to create the LF-field. This transfomer
must have the same mutual inductance between HF- and LF-
sections as the excitation coil in order to work properly, but
canvary in physicalproperties. The transformeralso uncouplk
the HF- and LF-coil, i.e. it prevents induction of a voltage in
the LF-coil by the HF-coil. Both excitation coils (LF and HF)
are designed to operate with an AE TECHRON-7228 power

supply.

The following design parameters were addressed to
guarantee clinical requirements (e.g. magnetic field size and
maximum operating temperature), electromagnetic safety, and
technical functioning:

* Coil design necessary to create a magnetic field of 300 x

300x 300 mm enabling SPION detection of >50 pg [11].

+ Coil dimensions fitting mainstream operation room (OR)
tables (average width of 520 mm), with a minimal
thickness.

* The isolation of excitation coil (needed for electrical
protection), suited to be sterilized for clinical use and
enabling passive and active thermalcooling.

35 mm 5.4 mm
N

5.2mm

Low frequency coil

4 mm

High frequency coil

240 mm

Figure 2. Schematic ofonequarter of the proposed excitation coil.
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B. Digital Twin

Based upon Maxwell-equations, a finite element method
digital twin model was implemented (COMSOL
Multiphysics® v.5.5, COMSOL AB, Stockholm, Sweden).
The coils are modelled using a homogenized multitum
approach, avoiding the need for modelling each individual
turn. The totalnumber of ampere-turns in the coil cross section
is thusimposed in the form of a homogeneous current density
that amounts to the same total current. Fig. 2 shows a
schematic of the proposed model (including its physical
dimensions) of one quarter of the excitation coil. This digital
twin was used to finalize the design of the excitation coil.

C. Prototype

Designing and manufacturingthis new excitation coil is a
specialized process. The copper coils of the excitation coil
and transformer were wet-wound by hand using an epoxy
resin due to their size and uniqueness. The total number of
windings used forthe excitation coilis 196 forthe LF-coil and
40 for the HF-coil, with a wire diameter of 4.1 and 2.9 mm
respectively. All coils are made with Litz wire to reduce the
skin effect, eddy currents, and proximity effect losses [16].
Specifically, current in a solid coppercable is concentrated at
the periphery. Furthermore, for high frequencies the current
migrates to the surface. The multiple strand construction of
Litz allows current to divide uniformly between strands,
reducing the skin effect. Eddy currents are produced by an
alternating magnetic field, which also alters the overall
distribution of current in the windings, and consequently
might produce heat. The used mold formanual wet-wounding
of'the coils was also custom made to fit the necessary size and
thickness. The cover for the excitation coil was 3D-printed in
PA (nylon) and coated forprotection and hygienic purposes.

D. Validation experiments

This study shows the first magnetic LF measurements as
a preliminary test. To validate the LF magnetic field of the

e = 1 /
T
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Figure 4: On the left the prototyp
coils, assemblage ofcoils and a measurement setup.
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Figure 3. Points measured on 5 mm height above coil surface
(Z1). All 8 points in theright upper quadrant were also
measured at 106 mmheight above coil surface (Z22). Point A,
B, and C were measured in every quadrant.

manufactured coil prototype, the acquired field data was
compared to the modelled magnetic field and was validated
in the points illustrated in Fig. 3.

Both numerical model and manufactured prototype (X =
length, Y = width, Z = height) were powered by a current of
1.65 A. The magnetic field atZ1 = 5 mm, and Z2 = 106 mm
were acquired. A numberof acquisitions were repeatedin all
quadrants fora quadrant comparison. The magnetic field was
measured with a Tesla meter (FM302 with AS-NTM-2
transverse probe, ProjectEL). This Tesla meter only measures
the magnetic field perpendicular on the probe, i.e. only the
perpendicular magnetic field component (Bz) will be
measured. The center of the coil (X, Y, Z =0,0, 0)is chosen
at the top of the casing. For validation purposes, COMSOL-
data atthe selected points was also exported.

eexcitation coil withits cover. On the right several images of the prototype process: wet-wounding of the
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Z1: height 5 mm Z2: height 106 mm

Figure 5: Varying simulated magnetic fields based onthe COMSOL model: on theleft quarter of theexecution coil as reference, in themiddle and on
the right the magnetic field at 5 and 106 mm.

LF magnetic field at 5 mm distance
III. RESULTS 03

A. Design & prototype
0.2 0.19 (+1.968D)

Both the excitation coil and transformer are placed inside
a cover for electrical safety. To fit the new excitation coil ona
mainstream OR table, the length and width of the coil cover
was designed at 520 x 520 mm enabling a magnetic field

0.1

coverage of (at least) 300 x 300 x 300 mm. The total height 0 ..“
(including coverandlegs) is 115 mm. The excitation coil fits |

comfortably inside the 3D-printed plastic cover case 008 (p=0.14
(length/width/height = 480/480/35 mm). The diameter and
height of the transformer cover is 330 mm and 640 mm
respectively, and the transformer itself has a diameter of 285

mm with a height 0f391 mm.

0.1
0.2

03

The cover forboth the excitation coiland transformer were
designed to enable passive heat dissipation (air slits were
added). A fan was added as active cooling component. In g 06 3 6
addition, multiple temperature sensors (PT100) were added for
monitoring. The system is designed to switch the power
supplies to standby when the temperature exceeds 40°C, and LF magnetic field at 106 mm distance
to completely shut-down the system when temperature 021
exceeds45°C. Fig. 4 show parts of the design and production
process.

B. Digital Twin

Prior to manufacturing the prototype, the numerically
simulated results were checked for safety reasons. The
observed magnetic field within the physical boundaries of the
excitation coil at the cover height ranged 0-1.6 mT, while at
the height of 106 mm above the cover ranged 0-0.4 mT. The
maximum remaining magnetic field outside the 300 mm was
5 uT.

Difference between COMSOL & field measurements (mT)

0.35 (-1.968D)

Mean values of COMSOL & field measurements (mT)

0.10 (+1.96SD)
01}

04 [p=0.02]

C. Validation experiments

m -0.03 (-1.96SD)

As shown in Fig. 3, 17 points were measured at 5 mm and bl

8 points were measured at 106 mm above the casing. The
Bland-Altman plot in Fig. 6 illustrates a good consistency = e R i T
between the COMSOL-modeled field and a measured

magnetic field. The mean and standard deviations were
calculated for the three points measured atall four quadrants
atZ =5mm (A =1222mT + 0.036 mT, B = 0.152 mT +

Difference between COMSOL & field measurements (mT)

Mean values of COMSOL & field measurements (mT)
Figure 6: Bland-Altman plot ofall measurements at 5 mm (upper figure)
and at 106 mm (lower figure)
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0.033 mT, and C = 0.099 mT £ 0.030 mT). The maximum
measured magnetic field at 5 mm distance was 1.22 mT and
was decreasing to 0.38 mT atthe height of 106 mm.

IV. DISCUSSION

The excitation coil for SLNB in a laparoscopic procedure
that fits clinical requirements demonstrated a good
concordance between modelled and measured magnetic fields
(Fig. 6). At both heights, one outlier is present. An increased
number of measurements are necessary to differentiate
between possible measurement errors and true deviations.
Furthermore, it appears that increasing distance from the
centre of the coil while keeping the Z-distance constant
decreases the magnetic field (both in DTT and experimental
data). This could be explained by the direction of the magnetic
field lines (which bend around the surface of the coil) and the
fact we only measure the magnetic field perpendicular to the
excitation coil. When only increasing the Z-distance, the
magnetic field lines will turn slightly more perpendicular,
increasing the magnetic field measured. Quadrant comparison
of the excitation coil resulted in low standard deviations
(0.036,0.033,and 0.030 mT) illustrating a good comparability
between all fourcoil quadrants.

The current prototype was designed to create a large
magnetic field, presumably larger than clinical necessary.
Consequently, the total thickness of the excitation coil
(including cover) is 115 mm. Since the length and width fits
on all mainstream OR tables and encompass most patients, no
length/width changesare desired. Incorporation of the coil on
an operating table is possible, although a thinner and lighter
coil is more preferable. Future work will focuson a minimaly
viable product supporting a excitation field enabling
measurementof clinically relevant amounts of magnetic tracer
by e.g. minimising coil thickness.

In conclusion, this study shows promising first results
regarding excitation coil for sentinel lymph node harvesting.
A future extensive comparison between the excitation coiland
its digital twin is necessary to fully assess the prototype. These
experiments will cover clinical relevant currents to create
sufficient magnetic field mimicking the clinical
circumstances. Thatalso includes a high number of individual
measurements in every quadrant at several heights up to 40
cm, forboth the LF- and HF-field. Furthermore, in addition to
acquiring the magnetic field perpendicular to the excitation
coil, the experiments will also include more realistic 3D
acquisitions relevant for a laparoscopic surgery that utilize
varying angles (not only perpendicularto the execution coil).
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