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1 | Magnetic nanoparticle-based sensing in
(bio)medical applications

Ever since Maxwell described the behavior of electromagnetic fields in his
set of equations, mankind has applied this knowledge to a staggering ar-
ray of applications. From the telegraph to mobile communications, from
electrical generators and motors to IT and from metal detectors to MRI
scanners, electromagnetism has played a huge role in our daily lives ever
since.

Because of its lack of ionizing radiation, magnetic techniques have gained
the attention in the medical world as safe and reliable alternatives. That
include diagnosis and, with the advent of magnetic hyperthermia, even
treatment of cancer. However, even though our cell phone and car are
full of magnetic devices, biomedical applications have been limited to large
and cumbersome installations like MRI scanners or magnetic cardiography.
Diagnostic modalities relying on ionizing radiation still have unsurpassed
selectivity and sensitivity. Magnetic techniques are lagging behind because
of their sensitivity to environmental factors like electromagnetic noise and
thermal instabilities, which limits these setups to magnetically shielded
rooms and other carefully controlled environments. This thesis aims to
unify the fields of surgical medicine and state-of-the-art magnetic research
by applying lessens learned in the years since Maxwell and Faraday. The
first clinical application we designed our setup around is the sentinel lymph
node (SLN) procedure, which is often employed to effectively stage of breast
cancer.

The SLN procedure, designed to determine the metastatic development of
cancer, is the current standard of care for open surgery in many countries
for breast cancer, head and neck cancer, and skin melanoma. Furthermore,
research is under way to assess feasibility of the SLN procedure for colorec-
tal, prostate, and non-small cell lung cancer. Currently, the procedure is
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most commonly facilitated by a radioactive tracer (a 99mTc albumin col-
loid) injected in near proximity of the primary tumor. The radioactive
tracer is often complemented by a patent blue dye or ICG tracer. The
hypothetical SLN are detected by the gamma probe, with a final confirma-
tion the nodal status by the pathology afterwards. The entire lymphatic
basin draining the tumor is therefore assessed under the assumption that
SLN a refection is of the whole lymphatic basin. Consequently, SLN proce-
dure averts the full axillary clearance associated with severe morbidity and
complications.

Although the combined method works well, the use of the radioactive tracer
has drawbacks, including a significant logistical burden on the hospital,
which limits its use in third world countries and other regions without ac-
cess to radioisotopes. A magnetic alternative for SLN procedure is clinically
available, but it is limited by noise such as the diamagnetism of the hu-
man body, and even more importantly, the (metallic) surgical instruments
which createe a constant need to balance the instrument intra-operatively.
In addition, the penetration depth of such a single-coil magnetometer is
limited by the diameter of the excitation coil, which is approximately 1.5-
2cm. We believe that by isolating the magnetic signature of the tracers we
can improve the selectivity of such a magnetometer, which will increase the
penetration depth by adding a compact external excitation system that is
placed beneath the patient.

Superparamagnetic iron oxide nanoparticles (SPIONs) are successfully im-
plemented in various (bio)medical applications, such as Magnetic Particle
Imaging (MPI), magnetic immunoassays, and Magnetic Resonance Imaging
(MRI). However, all these applications are capital-intensive and cumber-
some, limiting their use in the operating theatre due to stringent require-
ments with regards to, for example, background magnetic fields. Still, the
unique magnetic signature of these particles opens up a world of opportu-
nities in perioperative diagnostics, and we aim to bring such a handheld
system using nanoparticles into the operating theatre.

This thesis addresses the development of a selective and sensitive handheld
magnetometer for in vivo intra-operative detection of SPIO nanoparticles.
Intended use of this magnetometer is SLN procedure in breast cancer, and
its design reflects the specific needs for this case. However, it should be
noted that this is but a single implementation of a magnetometer employing
the so-called Differential Magnetometry (DiffMag) principle. In the last
chapter of this thesis we will explore the potential of DiffMag in a number
of different pathologies and applications.
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1.1
Electromedicine in medicine

The magnetic tracers in medical applications are excessively used in radiol-
ogy where various compounds are utilised for altering local magnetization
for positive or negative contrast on magnetic resonance imaging (MRI).
The same compounds were used off-label for magnetic SLN procedure. In
ex vivo use, magnetic tracers are employed in various in vitro diagnostics
procedures, where functionalized particles are used that attach specifically
to certain cells or compounds.

There is a variety of devices relaying on magnetic field sensing in various
form factors, designs and working principles: e.g. Hall sensors, supercon-
ducting quantum interference devices (SQUIDS), Faraday induction sen-
sors. In its simplest form, a Faraday sensor is a simple loop of conducting
wire. When placed in a time-varying magnetic field, the loop will induce
a current referred to as Faraday effect. The magnitude of this induced
current scales with the amplitude and frequency of the magnetic induction
field, which is a sum of the surrounding magnetic field and magnetization.
The other way around, driving a current through a coil of wire generates
a magnetic field. The Faraday principle is perhaps the most fundamental
principle underlying practical applications of magnetism

The work described in this thesis revolves around a special class of mag-
netic tracers called superparamagnetic iron oxide nanoparticles or SPIONs.
These particles consist of an iron oxide (Fe3O4 or Fe2O3) core, encapsu-
lated by a biocompatible coating, and potentially functionalised. Usually,
we consider these particles as core-shell particles with a spherical core, but
other shapes and sizes exist as well. SPIONs are an interesting particle
family because of the low toxicity of the compound, and high degree of cus-
tomization that is possible with tailored engineering of both the magnetic
core and the (functionalized) coating.

1.2
Design application: the Sentinel Lymph Node

Contrary to typical technology-push development cycles, our research orig-
inated from an unmet clinical need. Surgeons in the local MST hospital
encountered serious logistical challenges implementing the SLN procedure
as current-standard-of-care for breast cancer surgeries. Currently available
AC-magnetometry based solutions proved inadequate at the time, and re-
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search set out at the University of Twente to investigate improvements.
This resulted in the nationally funded PIDON project Arthur, in which the
University of Twente set out to collaborate with a consortium consisting of
the companies Panton, Kryoz (now part of the Demcon group) and DKMS
and the hospitals MST and Radboudumc.

1.3
Thesis outline

This thesis describes development of a small handheld probe intended for
reliable SPION detection during surgery. Accordingly, we needed a tech-
nology which shares the selective character of radioactive methods whilst
staying within the safety limits imposed upon the use of non-ionizing ra-
diation. Moreover, the additional medical training for this handheld probe
needed to be kept at minimum.

Chapter 2 presents the patented processing principle (DiffMag) as an
alternative for AC magnetometry. This approach utilizes the unique non-
linear magnetic properties of SPIONs to eliminate the drawbacks of both
the traditional gamma-radiation centered approach and the drawbacks of
clinically used magnetic probes. Magnetic field amplitude of DiffMag is
limited to 5mT enabling handheld operation without additional cooling.
The DiffMag ensures the processing sensitivity without a need for external
re-balancing.

Chapter 3 describes how one of the main limitations of the current im-
plementation of the DiffMag probe - its limited penetration depth - can
be circumvented by a radical new magnetometer design. Here, we describe
efforts to separate excitation and detection coils, which is made possible
by the piecewise fashion in which the DiffMag excitation field sequence is
constructed. This uniquely allows for dynamic compensation of the varying
mutual inductance between excitation and detection coils. By separating
excitation and detection coils, the excitation coils can be made much larger,
increasing field penetration, whereas the spatial accuracy of detection is
guaranteed by the small detection coils.

Chapter 4 focuses to the second part of the equation, the tracer ma-
terial. An optimal scenario requires both a sensitive magnetometer and
an optimized magnetic tracer in order to maximize the system’s sensitivity
without requiring substantial amounts of tracer material to be injected into
the patient. Therefore, we study the magnetization dynamics of magnetic
nanoparticles in the relevant low frequency and low field regime in Chap-
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ter 3. Here, we extend the familiar approach of solving the Fokker-Planck
equations for both relaxation mechanisms by introducing a subtle coupling
between both equations, and validate the model using commercially avail-
able magnetic tracers.

Chapter 5 includes a general discussion about Differential Magnetometry,
as presented in this thesis, and provides an outlook on further technical de-
velopments and new clinical applications for this platform technology.
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2 | Differential Magnetometry

Sentinel Lymph Node biopsy has become a staple tool in the diagnosis of breast cancer.
By replacing the morbidity-plagued axillary node clearance with removing only those
nodes most likely to contain metastases, it has greatly improved the quality of life of
many breast cancer patients. However, due to the use of ionizing radiation emitted
by the technetium-based tracer material, the current Sentinel Lymph Node biopsy has
serious drawbacks. Most urgently, the reliance on radioisotopes limits the application
of this procedure to small parts of the developed world, and it imposes restrictions
on patient planning and hospital logistics. Magnetic alternatives have been tested in
recent years, but all have their own drawbacks, mostly related to interference from
metallic instruments and electromagnetic noise coming from the human body. In
this paper, we demonstrate an alternative approach that utilizes the unique nonlinear
magnetic properties of superparamagnetic iron oxide nanoparticles to eliminate the
drawbacks of both the traditional gamma-radiation centered approach and the novel
magnetic techniques pioneered by others. Contrary to many other nonlinear magnetic
approaches however, field amplitudes are limited to 5mT, which enables handheld
operation without additional cooling. We show that excellent mass sensitivity can
be obtained without the need for external re-balancing of the probe to negate any
influences from the human body. Additionally, we show how this approach can be
used to suppress artefacts resulting from the presence of metallic instruments, which
are a significant dealbreaker when using conventional magnetometry-based approaches.

This chapter was published as A handheld SPIO-based sentinel lymph node mapping
device using differential magnetometry by S. Waanders, M. Visscher, R.R. Wildeboer,
T.O.B. Oderkerk, H.J.G. Krooshoop and B. ten Haken, Physics in Medicine & Biology
61 (22), 8120. Additionally, the DiffMag principle outlined here was patented as Method
and apparatus for measuring an amount of superparamagnetic material in an object, US
Patent 10031106 (2018). The author of this thesis contributed to this work by describing
the DiffMag physics, implementing the measurement software, designing the hardware,
characterizing the system’s performance and writing both manuscripts.
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2.1
Introduction

The Sentinel Lymph Node (SLN) procedure is a standard tool to assess the
point to which certain cancers have developed[1]. It is the current standard
of care for breast cancer and melanoma in many countries[2]. Currently,
the procedure is most commonly performed by injecting a combination of
a blue dye and a radioactive nanocolloid (99mTc albumin) near the tumor,
after which the lymphatic drainage path is followed by a gamma probe
until a lymph node is found (Figure 2.1). By performing histopathol-
ogy on this lymph node, the nodal status of the entire lymphatic basin
draining the tumor area can be determined, potentially sparing the pa-
tient a full axillary clearance, which is associated with severe morbidity
and complications[3].

Figure 2.1: Schematic representation of the Sentinel Lymph Node lo-
calization procedure, showing the peritumoral injection site, and tracer
travelling to two sentinel lymph nodes.

Although the combined method works well, the use of the radioactive
tracer has drawbacks, including a significant logistical burden on the hos-
pital, which limits its use in third world countries and other regions with-
out ready access to radioisotopes[4]. However, a key effort is underway
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to develop a magnetic alternative to the previously mentioned radioac-
tive method[5][6][7], but this approach is limited by inductively coupled
noise stemming from the diamagnetism of the human body, which creates
a constant need to balance the instrument intra-operatively[8]. We be-
lieve that by specifically searching for the nonlinear magnetic signature of
the magnetic tracer used (for example, Resovist™, Bayer Schering Pharma
GmbH), we can improve the selectivity and sensitivity of such a magne-
tometer setup and thus increase its clinical applicability. Additionally, con-
ventional magnetometry-based techniques are hampered by the presence
of metallic objects like surgical instruments, as they induce noise into the
instruments, rendering them useless. Our demonstrated approach negates
these noise sources, and enables effortless integration of the technique into
standard clinical practice.

The use of superparamagnetic iron oxide nanoparticles (SPIONs) has been
successfully implemented in various medical and biological applications[9],
such as Magnetic Particle Imaging (MPI)[10], magnetic immunoassays[11][12]
and Magnetic Resonance Imaging (MRI)[13]. However, all these applica-
tions are capital intensive and cumbersome, limiting their use in the op-
erating theatre due to stringent requirements with regard to, for example,
background magnetic fields. Still, the unique magnetic signature of these
particles opens up a world of opportunities in diagnostics, and we aim to
bring such a system using nanoparticles into the operating theatre.

This chapter describes the development of a handheld magnetic nanopar-
ticle detector suitable for intra-operative use. It is specifically aimed at
exploiting the nonlinear magnetic properties of these particles, using a mea-
surement sequence we introduced as Differential Magnetometry[8], which
is currently patent pending[14]. We describe the development and charac-
teristics of the handheld device and briefly explore possible strategies for
improving the system’s resolution and other performance figures.

2.1.1 Clinical requirements

The starting point of any development process for a medical apparatus
should be the clinical case at hand, and it is no different here. A few con-
siderations must be made with regards to user friendliness of the device,
considering its usage by a medical professional in the operating theatre. For
proper adoption of magnetic sensing technology in the operating room, the
sensor should be robust against electromagnetic noise coming from other
equipment, as well as the tools used by the surgeon during the procedure.
With these tools being made primarily out of surgical (carbon) steel, mag-
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netic interference from scalpels, retractors et cetera is a serious problem for
conventional alternating current (AC) magnetometry. In that approach, the
generated magnetic field is strongly perturbed by these instruments, which
leads to erroneous signals from the probe. Additionally, the non-constant
magnetic susceptibility of the human body forms another resolution limiter.
However, all these unwanted signals have in common that their magnetic
behavior in the low field (mT) regime is linear.

Conventional alternating current (AC) magnetometry has proven to be an
accurate tool for establishing the magnetic properties of a sample[15]. A
sample is subjected to an alternating magnetic field, which results in an
alternating magnetization of the sample. It is then, via Faraday’s principle
of induction, detected by a sensitive search coil, usually placed coaxially
with the excitation coil. The resultant measurement is of the net magnetic
susceptibility of the total sample volume probed by the detection coil. How-
ever, this leads to the limitations of a conventional ac magnetometer with
regards to intra-operative detection.

Consider a tissue sample in which SPIO nanoparticles are placed. These
particles, with a large (superpara)magnetic moment, usually dominate the
measured signal for moderate amounts of SPIONs, as their magnetic sus-
ceptibility χ0 is roughly seven orders of magnitude higher than that of the
surrounding diamagnetic tissue. However, as the particle concentration re-
duces, so does the part of the signal originating from the nanoparticles,
which at some point becomes of the same order of magnitude as the signal
from the diamagnetic tissue. At this point, it becomes hard to localize
the particles because of the low signal to noise ratio (SNR). This means
that the maximum attainable sensitivity of such a probe is not limited by
the hardware or noise performance of the probe itself, but rather by the
tissue under investigation, which is a limitation that cannot be alleviated
without obtaining a specific contrast between the SPIONs and the tissue
sample[16].

From animal studies[17][18] performed with AC magnetometers, we know
that for ferucarbotran tracers, as little as 10µ g iron (Fe) of tracer material
ends up in the clinically relevant Sentinel Lymph Nodes, and that they are
located up to four centimeters deep in the body. Because the nodes are
found intraoperatively, this depth requirement is not as strict as that, but
still we aim for a mass resolution of our system of 5µg Fe directly under-
neath the probe to accurately assess all localized nodes for the presence of
SPIONs.
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Additional requirements stem from the geometry of the surgical procedure.
Many procedures nowadays are executed in the least invasive way possible,
meaning that any probe which is to be inserted into the surgical cavity
should be as thin as possible to minimize obstruction of the surgeon’s field
of view. Our probe is designed with a 20 mm outside diameter to acco-
modate this, similar to the outside diameter of clinically applied gamma
probes.

2.2
Differential Magnetometry

Superparamagnetic iron oxide nanoparticles have been extensively stud-
ied as contrast materials in magnetic resonance imaging, and are slowly
making their way into other medical applications. These particles consist
of a 6-10nm sized iron oxide core, encapsulated in a coating of biocom-
patible material, such as (carboxy)dextran. The use of these particles in
magnetic resonance imaging and standard magnetometry is based on the
strong magnetic susceptibility χ when exposed to an external magnetic
field. However, as explained in the previous section, as the amount of con-
trast agent decreases, this magnetic signature becomes obfuscated by the
diamagnetic signal contribution of the surrounding tissue. To reliably de-
tect small amounts of particles in a big volume containing other materials,
one should obtain a signal which is specific to the particles, much like the
radiation signature of the 99mTc albumin colloid used in the radioactive
method.

This specific signature can be found in the strongly nonlinear magnetization
characteristics of the SPIO nanoparticles, which contrasts with the linear
magnetization curve of tissue, which is mostly diamagnetic. By exposing
the sample under investigation to a sequence of varying and static magnetic
fields, we specifically target the SPIO nanoparticles and are thus able to
localize them in tissue.

The magnetization of a single SPIO nanoparticle is governed (in the sim-
plest approximation) by the so-called Langevin equation:

M = MsL (x) L (x) = coth x − 1
x

(2.1)

where x represents the dimensionless magnetic field: x = µ0mH
kbT

As can be seen in Figure 2.2, this leads to a strongly nonlinear magneti-
zation curve, which saturates for high applied fields, where all magnetic
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Figure 2.2: Magnetization vs applied field for an ideal SPIO nanopar-
ticle (blue) and a diamagnetic material (red)

moments within the particle ensemble are aligned and the magnetization
of the particle can no longer increase.

When a sample containing superparamagnetic iron oxide nanoparticles is
exposed to a small oscillating magnetic field Hac:

Hac = Sexc
Iac sin ωt

µ0
, (2.2)

where Sexc is the coil constant of the excitation coil in [T/A], Iac the excita-
tion current and ω the oscillation frequency, this will result in an oscillating
magnetization, which is picked up as a voltage over the detection coil.

This is the basis of conventional magnetometry, in which the detection
voltage scales with the derivative of the magnetization curve around zero,
or the magnetic susceptibility χ. However, diamagnetic contributions from
the tissue surrounding the nanoparticles also contribute to this signal, and
can, in principle, obscure the signal coming from a small amount of parti-
cles.

Differential Magnetometry (DiffMag) uses the nonlinearity of the magneti-
zation curve of SPIO nanoparticles, whereas the background signal is linear,
even for moderately strong fields(Figure 2.2). Interestingly, this nonlinear-
ity is already strongly present at low fields in the order of 1mT, which
allows for a low-power solution, ideal for intra-operative use with simple
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hardware. By applying a series of alternating offset fields with amplitude
Hdc to the sample while probing the derivative of the magnetization curve
dM
dH , we can compare the value of this derivative at various points on the
curve, enabling us to distinguish between linearly magnetic tissue and su-
perparamagnetic particles. The resulting field sequence is shown in Figure
2.3.

Mathematically, the DC excitation pulse is defined as

Hdc = hdcΓ(t) (2.3)

with Γ(t) =


1 τ/4 < t < τ/2
−1 3τ/4 < t < τ

0 elsewhere
(2.4)

Here, τ defines the duration of a single, full DiffMag cycle, and hdc the am-
plitude of the pulse. At the detector, the detected signal amplitude u de-
pends on the amplitude of the alternating sample magnetization M :

u = −2πfSdet(z)VcM (2.5)

where f is the excitation field frequency, Sdet(z) the coil constant (in T/A)
and Vc the magnetic core volume.

The single-cycle DiffMag signal is defined as

∆ū = 1
2 [∆ū+ + ∆ū−]

= 1
2 [(ū0 − ū+) + (ū0 − ū−)]

(2.6)

Here, ū0 represents the mean voltage in the absence of a pulse, and ū−
and ū+ represent the mean sensor voltage during a negative and positive
pulse, respectively. The polarity change in the pulse allows for compen-
sation of local field imbalances, for example due to the earth’s magnetic
field. Earlier, we demonstrated the efficacy of this procedure in a labora-
tory setting[8], allowing us to focus on a practical real-world application
now. This procedure results in background-independent detection of SPIO
nanoparticles, in which the measured signal scales linearly with the amount
of nanoparticles, but drops off with distance, following Ampère’s law.

2.2.1 Noise compensation

Various sources influence the voltage resulting from the detection circuit
before calculating the DiffMag signal, many of which are not related to the
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Figure 2.3: DiffMag modulated excitation field (top), resultant detector
voltage (bottom). Figure not to scale.

particles used. Most of these are reliably filtered out by signal reconstruc-
tion, but the large inductive load on the coils may cause dynamic range
problems, so a compensation strategy was developed to dynamically cancel
out unwanted noise contributions.

The inherent differential nature of the DiffMag pulse sequence allows for
subtraction of an arbitrary baseline value, as long as this baseline is kept
at a constant value throughout one measurement cycle. This allows for
electronic compensation of any linear magnetic or electronic influences that
would otherwise cause the sensor voltage to drift outside of the dynamic
range of the receive chain, which is limited to obtain excellent sensitivity.
This sensor drift can be caused by a variety of phenomena, like heating
and subsequent thermal expansion of the excitation coil, but also from the
presence of stray magnetic fields originating from magnetized surgical tools,
for example. This is implemented by means of a compensation coil wound
around the detection gradiometer, which couples a small, controlled amount
of magnetic flux into the detection coils to cancel any imbalances.

Mainly though, noise is suppressed by isolation of the main frequency
through a process known as synchronous detection, where the orthogo-
nality of sines is exploited. Using the excitation signal as a reference, the
detected signal is multiplied with the reference. This yields a signal Upsd

containing the sum and difference frequency components from signal and
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reference (Eq. 2.9).

Udet = udet sin (2πft + ϕdet) (2.7)
Uref = sin (2πft + ϕref ) (2.8)

Upsd = 1
2udet [cos (ϕref − ϕdet) − cos (4πft + ϕref + ϕdet)] (2.9)

In the special case where the signal frequency is equal to the reference
frequency, the DC component of Equation 2.9 is a measure which scales
with the desired signal intensity. This DC signal is isolated by low-pass
filtering of the multiplied signal.

This allows us to recover the original measured signal, without noise:

udet =
√

X2 + Y 2 and ϕdet = tan−1 ( Y

X
) (2.10)

with X = udet cos (ϕdet) and Y = udet sin (ϕdet) (2.11)

2.3
Experimental setup

The DiffMag handheld system is comprised of three parts: the probe itself,
the base unit and a PC which performs all the signal analyses. In the
following sections we describe the system in detail.

2.3.1 Probe design and implementation

To assess the feasibility of the concept introduced in the previous section, a
prototype was constructed consisting of an excitation coil surrounded by a
detection coil pair which generates the field sequence magnetizing the SPIO
nanoparticles. To cancel out the mutual inductance between the detection
coil and the excitation coils, the excitation coil pair are placed in series
with their polarities reversed, acting as a gradiometer. This first-order
compensation minimizes the influence of the excitation signal on the detec-
tor. The excitation coils are wound with litz wire (Rupalit HF Litze V155,
27x0,071mm +2x52) to minimize AC losses. A small compensation coil pair
is wound around the detection coils to allow for dynamic field compensa-
tion and imbalance correction. All coils were wet wound in epoxy resin
(Stycast 1266) to prevent wire movement due to thermal or mechanical
stress. The coils are wound on a body composed of a aluminumnitride-
boronnitride composite (SHAPAL™Hi-M soft, Ceratec Technical Ceramics
BV, The Netherlands), mainly because of its excellent thermal conductiv-
ity and low thermal expansion coefficient. To accommodate for the high
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Figure 2.4: Handheld DiffMag prototype

hygiene requirements posed by the medical environment in which the probe
will operate, the entire probe assembly is placed inside a delrin enclosure
for easy cleaning and aesthetics. Figure 2.4 shows the assembled prototype
device and its base unit.

The probe body additionally contains a first filter stage (bandpass with
3dB points at 1kHz and 15kHz) which acts as a decoupler between the
connecting cable and the coil setup. The coil is driven by a purpose-built
current driven amplifier (ServoWatt, 24V 2A continuous, 4A peak output),
connected by a shielded cable. The excitation signal is monitored through a
shunt resistor in the power amplifier and fed back into the data processing
unit to serve as a reference for phase-sensitive signal processing.

2.4
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DiffMag probe schematic
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Figure 2.5: System level electronics description

Results

2.4.1 Probe characteristics

Tracer sensitivity

The main characteristics of the handheld probe are of course its attainable
mass sensitivity, its penetration depth and the lateral sensitivity of the de-
vice. A higher sensitivity means that even nodes with the tiniest amounts
of SPIONs can be found reliably, whereas an increased penetration depth
means that it is easier to localize deeper lying nodes. Finally, a high lat-
eral sensitivity (i.e. a spatially selective probe) is required to distinguish
between multiple closely located nodes. Figure 2.6 shows the measured
dose-response curve for the handheld DiffMag probe and a set of artificial
lymph nodes containing varying concentrations of Resovist. Four samples
were omitted due to obvious leakage of the container. Samples up to 5µgFe
can reliably be detected above the noise threshold.

Spatial sensitivity

For reliable operation of the probe during surgery, the probe needs to have
a high spatial sensitivity, i.e. the probe’s axial full width half max (FWHM)
needs to be small. The lateral sensitivity is shown in Figure 2.7. Here, we
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Figure 2.6: Dose-response curve for Resovist nanoparticles with the
DiffMag handheld probe operated at 2.5kHz AC.

see that the FWHM is 25mm, which is strongly influenced by the fact that
our phantom lymph node containing the SPIO tracer has a width of 5mm.
This could be improved by decreasing the probe diameter, which comes at
the cost of strongly reduced penetration depth.

Penetration depth

Furthermore, the penetration depth of the probe determines the depth at
which a sample of magnetic nanoparticles can be located. Due to the fact
that our probe is a simple gradiometer configuration, the penetration depth
is of the order of the probe’s diameter. The result of this measurement is
shown in Figure 2.8. As can be seen here, a sample of 500µgFe can be
measured up to 1.0cm depth. This is sufficient for intraoperative use, but
it rules out the possibility of transcutaneous detection of deeply located
sentinel lymph nodes prior to incision. If transcutaneous detection is re-
quired, a different sensor geometry is required. For example, one could
separate excitation and detection coils, and use the dynamic compensation
of DiffMag to dynamically decouple the mutual inductances between these
two, which would allow for a large excitation coil to increase the probe’s
penetration depth.
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Figure 2.7: Lateral sensitivity of the DiffMag prototype for a 500µg
Resovist phantom lymph node at 1.0, 1.5 and 2.0mm from probe tip.

2.4.2 Excitation optimization

The DiffMag excitation sequence gives the operator a number of parame-
ters which influence the total signal strength obtained from a measurement
for a certain type of particle. These are strongly dependent on the dy-
namical behavior of the particle which is used. Mainly, we are concerned
with the frequency of the alternating field, fac, its amplitude (Hac) and the
amplitude of the pulse field (Hdc). It is common practice for an alternating
field magnetometer to increase the driving frequency of the system, as the
detector voltage scales with the frequency of the resultant alternating mag-
netization. However, because the dynamical behavior of the SPIO tracer
depends strongly on both the Brownian and Neel relaxation constants, we
find an optimum frequency of 2.5kHz. If the frequency is further increased,
the particle signal decays because of lagging Brownian relaxation behav-
ior.

Then, the two parameters that need optimization next are the alternating
and offset field amplitudes. These are limited not by the physics of the
particle dynamics, but rather by the heat dissipation of the probe itself.
As it is a compact handheld instrument, heat production needs to be min-
imized, and therefore power dissipation is limited. Setting the maximum
heat dissipation to 1W, we can now determine the optimal excitation pa-
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Figure 2.8: Penetration depth measurement of the DiffMag prototype,
measured with a 500µgFe Resovist phantom lymph node.

rameters. As can be deduced from the magnetization curves for our tracers,
the alternating magnetization scales linearly with the AC amplitude, but
increasing the DC power leads to a higher signal increase because of the
strong nonlinearity and the DiffMag principle. Optimal performance of the
probe under constant probe temperature was achieved using an AC ampli-
tude of Iac = 0.25A and and pulse amplitude of Idc = 1.5A using a 30%
duty cycle.

Another important limiter for emitter power are the biological limits with
regards to specific absorption rate (SAR) and peripheral nerve stimulation
(PNS), as described in the ICNIRP guidelines[19]. We find that for these
excitation parameters, we are still a factor of 10 inside these limits.

2.4.3 Noise and tissue attenuation

From a clinical point of view, the main prohibiting factor for using sensi-
tive magnetometers during surgery is the presence of surgical instruments,
made out of surgical steel, in the vicinity of the probe. The excitation field
generates eddy currents inside these materials which couple a huge induc-
tive load into the detection coils, which leads to overloading of the signal
processing units, rendering the probe useless in these circumstances. The
builtin dynamic compensation in the DiffMag probe detects the (linear)
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inductive load and generates a cancellation field through the compensation
coil pair, negating the effect of the surgical steel. The result of this can be
seen in Figure 2.9. Here, we see the signal from a 200µg Fe Resovist sample
next to that of a human hand and surgical steel retractor instrument held
next to the sample. We operate the probe in both AC magnetometry and
DiffMag mode at constant AC amplitude and frequency, and compare the
results. In AC mode, we measure a huge signal from the retractor, which
completely obfuscates the SPIO signal. When operating in DiffMag mode,
the signal from the retractor is significantly reduced, and the SPIO sample
clearly stands out. Also noticeable is the slightly negative signal from the
human hand in AC mode, and the strong attenuation of this diamagnetic
signal in DiffMag mode.
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Figure 2.9: Signal counts for a 200µg Fe Resovist tracer, a human
hand and a surgical steel retractor, in AC mode (left) and DiffMag mode
(right).

An additional cause of problems in conventional magnetometers is signal
drift due to thermal stress. The heat dissipation of the excitation coil
causes a change in the mutual induction between the coils because of ther-
mal expansion, which leads to an increasing imbalance of the gradiometer.
This results in a drifting output voltage. Because of the differential nature
of DiffMag, and the fact that the timescale of a single DiffMag sequence
(40ms) is much shorter than the timescale at which thermal drift occurs,
we have not observed any drift of the output signal in DiffMag mode.

Because of the excellent attenuation of external noise, both inductive and
resistive, the noise floor of the device is composed of different noise sources
inside the electronics of the probe itself. The main cause of noise is thermal
or Johnson noise in the resistive components of the setup and the power
amplifier and the quality of the data acquisition system. The total noise
figure of the sensor was measured to be 12nV/

√
Hz.
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2.5
Discussion

In this paper, we have shown that selective detection of magnetic nanopar-
ticles in a diamagnetic environment is feasible, and can be implemented
in a compact, low power, handheld device. However, some points for im-
provement are still standing, mostly related to the penetration depth of the
probe (i.e. the depth at which SPIO-positive nodes can be detected), and
the dynamic compensation. Here, we address both points and compare the
demonstrated approach to currently employed techniques.

2.5.1 Penetration depth

From literature it is known that in the case of breast cancer, sentinel lymph
nodes are found at an average depth from the skin of 4.5cm. Combined
with the lowest concentration of SPIONs observed in trials (10 µg Fe), this
leads to a stringent resolution requirement, which is currently unmatched
by both conventional magnetometry and differential magnetometry. This
low penetration depth is primarily governed by the small probe diameter,
which dominates the field penetration in Ampère’s Law. In an earlier arti-
cle, we have shown that for a conventional magnetometer, simply increasing
the probe diameter does not actually increase sensing depth, as the amount
of tissue probed increases as well. For DiffMag, this limitation is nonexis-
tent, and therefore increasing the probe diameter offers a straightforward
approach to measuring the presence of SPIO-positive lymph nodes transcu-
taneously. This can be done by adding a second, larger probe to the setup
to measure the transcutaneous hotspot, and using the smaller diameter
probe intra-operatively.

2.5.2 Compensation speed

Currently, the demonstrated artefact suppression relies on fast processing
of the induced signal and compensating the inductive effect of metallic arte-
facts close to the probe by coupling additional flux into the detection coils.
The quality of this compensation method is limited by the speed at which
dynamically changing effects can be compensated, which is limited due to
the slow processing speed of the software. By moving signal processing to
a dedicated DSP, dynamic compensation of these distorting effects can be
achieved.
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2.5.3 Comparison to existing techniques

When observing the entire field of sentinel lymph node biopsy, we can
now distinguish four different techniques currently available to the sur-
geon. First is the use of blue dye as tracer material, which offers visual
localization of the node, but does not allow for quantitative evaluation of
nodal status. Yet, it is employed in hospitals where the use of radio-isotopes
is impossible, due to inavailability of the tracer or other logistical difficul-
ties. Second, the combined approach which uses blue dye in combination
with a technetium nanocolloid. Whilst this method is proven to be very
effective and reliable, its reliance on radio-isotopes limits its applicability,
especially in areas of the world without access to nuclear medicine. Third,
the conventional magnetometry approach has been tested in various Phase
2 clinical trials, with good results. However, its lack of selective measure-
ments and limited penetration depth, without the possibility of significant
improvements in the future, lead us to believe that the fourth approach
using DiffMag is more viable and will lead to more reliable results, without
relying on ionizing radiation and plastic tools. An important point to con-
sider is the tendency towards lower applied doses of contrast agent, which
requires higher probe sensitivities. This might have significant advantages
in both reduction of MRI artefacts and potential toxicity effects. Clinical
evaluation of this instrument is vital to assess its usability, reliability and
accuracy in practice.

2.6
Conclusions

Magnetic sentinel lymph node biopsy is an excellent alternative to conven-
tional radioisotope-based localization methods. Yet it suffers from depth
and mass resolution limitations because of the linear magnetization inter-
ference from the human body surrounding the SPIO nanoparticles. In this
paper, we have shown that Differential Magnetometry is a feasible alter-
native to conventional AC magnetometry methods, at much lower field
strengths and power requirements compared to alternative (imaging) tech-
nologies. It combines the excellent spatial sensitivity of a handheld search
coil with the specificity offered by nonlinear magnetization measurements
used by for example Magnetic Particle Imaging and frequency mixing based
immunoassays, while keeping energy requirements to a minimum. The lat-
ter advantage is a strong plus for working outside shielded rooms and in
the operating theatre. We have shown linearity with regards to the amount
of tracer present in the nodes, with a detection sensitivity of 5µgFe and
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sufficient depth resolution for intra-operative use. Additionally, we show
good attenuation of noise caused by the presence of metallic objects close
to the probe, by virtue of the relative nature of the DiffMag measurement,
which allows us to dynamically compensate for these signals.

Finally, we note that by implementing this selective measure of nanoparti-
cles without background signals from tissue or instrumentarium, this proce-
dure removes the fundamental sensitivity limit that hampers performance
of conventional magnetometers in these difficult environments. This also
allows for reduction of applied tracer doses with all associated benefits.
Clinical evaluation of the probe, preferrably combined with a second, large
diameter probe for transcutaneous hotspot measurements is vital to move
forward.
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3 | Separation of excitation and detection coils
for in vivo detection of superparamagnetic
iron oxide nanoparticles

A novel probe for laparoscopic in vivo detection of superparamagnetic iron oxide
nanoparticles (SPIONs) has been developed. The main application for in vivo de-
tection of SPIONs our research group aims at is sentinel node biopsy. This is a
method to determine if a tumor has spread through the body, which helps to improve
cancer patient care. The method we use to selectively detect SPIONs is Differential
Magnetometry (DiffMag). DiffMag makes use of small magnetic field strengths in
the mT range. For DiffMag, a handheld probe is used that contains excitation and
detection coils. However, depth sensitivity of a handheld probe is restricted by the
diameter of the coils. Therefore, excitation and detection coils are separated in our
novel probe. As a result, excitation coils can be made large and placed underneath
a patient to generate a sufficiently large volume for the excitation field. Detection
coils are made small enough to be used in laparoscopic surgery. The main challenge
of this setup is movement of detection coils with respect to excitation coils. Conse-
quently, the detector signal is obscured by the excitation field, making it impossible to
measure the tiny magnetic signature from SPIONs. To measure SPIONs, active com-
pensation is used, which is a way to cancel the excitation field seen by the detection
coils. SPIONs were measured in various amounts and at various distances from the
excitation coils. Furthermore, SPIONs were measured in proximity to a surgical steel
retractor, and 3L water. It is shown that small amounts of SPIONs (down to 25 µg
Fe) can be measured, and SPIONs can be measured up to 20 cm from the top of the
excitation coil. Also, surgical steel, and diamagnetism of water – and thus of tissue
– have minor influence on DiffMag measurements. In conclusion, these results make
this novel probe geometry combined with DiffMag promising for laparoscopic sentinel
node biopsy.

This work was published as Separation of excitation and detection coils for in vivo
detection of superparamagnetic iron oxide nanoparticles, by M.M. Horstman - van de
Loosdrecht, S. Waanders, H.J.G. Krooshoop and B. ten Haken, Journal of magnetism
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and magnetic materials 475 563-569 (2019). The author of this thesis contributed to this
work by designing the split coil geometry, the compensation mechanics and initial design
of the probe, electronics and measurement software.
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3.1
Introduction

Sentinel node biopsy (SNB) is a procedure to determine the lymph node
status of cancer patients [1]. As a result, it can be determined if the tu-
mor has spread through the body and consequently patient care will be
improved. In this paper, a novel probe for laparoscopic SNB is presented,
as shown in Figure 3.1. Using such a minimally invasive approach results
in improved short-term outcome for infections, hospital stay and quality of
life compared to open surgery [2]. Laparoscopic SNB can be applied for
many types of tumors, including prostate [3], bladder [4], esophageal [5]
and gynecologic [6] cancers.

Detection

Excitation

Trocar

Probe

Figure 3.1: Separation of excitation and detection coils for laparoscopic
sentinel node biopsies. Primary tumor is shown in pink, lymph nodes are
shown in green, and sentinel nodes are shown in blue.

During SNB, a tracer is injected close to the tumor. This tracer will fol-
low the natural path through the lymphatic system via passive mechanical
transport and it will accumulate in the first nodes it encounters, namely the
sentinel nodes. The next step in SNB is identification of the sentinel nodes
using a dedicated probe. Finally, both the primary tumor and sentinel
nodes are surgically removed.

Various types of tracers can be used for SNB. Traditionally, a radioisotope
tracer is used in combination with blue dye. However, this has several dis-
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advantages, including logistical difficulties [3]. A promising alternative is
a fluorescent tracer, which is frequently used in laparoscopic surgery [7, 8].
The most important advantages of this tracer are that it can be visual-
ized using a standard laparoscopic camera and it is possible to map lym-
phatic drainage pathways in real time. However, the main disadvantages
are its limited depth sensitivity (<10 mm) and rapid distribution (fluo-
rescent tracer does not get trapped in sentinel nodes), giving the surgeon
limited time to find sentinel nodes [3, 7, 9].

Another promising tracer for SNB are superparamagnetic iron oxide nanopar-
ticles (SPIONs). This magnetic tracer has many advantages over a radioac-
tive one, since it has a long shelf life and no strict regulations [10]. The main
advantage of a magnetic tracer over a fluorescent one is that SPIONs get
trapped inside sentinel nodes, giving the surgeon more time to find them.
Furthermore, we expect that eventually depth sensitivity will be improved
with our novel laparoscopic probe.

Sentinel nodes have a mean depth of 4 cm (1.5 – 8.5 cm) in breast cancer
patients [11]. Approximately 0.3% of the injection amount of SPIONs ends
up in sentinel nodes [12, 13]. With a standard injection dose, it was found
that a sentinel node contains 140 ± 80 µg Fe [12].

To detect SPIONs in vivo, several handheld probes were developed for
open surgery. These probes make use of AC magnetometry [14], magnetic
tunnelling junction [15], a combination of a permanent magnet and Hall
sensor [12], or a fundamental mode orthogonal fluxgate gradiometer [16].
However, the main disadvantage all these probes share is their sensitiv-
ity to both surgical steel and diamagnetism of tissue. This sensitivity to
diamagnetism limits depth sensitivity for low dose detection [17].

Differential Magnetometry (DiffMag) does not suffer from this disadvan-
tage. DiffMag is a method that makes use of the nonlinear magnetic prop-
erties of SPIONs, which enables selective detection [18]. To detect SPIONs
in vivo, a handheld probe was developed, which contains excitation and
detection coils [19]. However, this first handheld probe has limited depth
sensitivity. Depth sensitivity depends on the diameter of the coils. In la-
paroscopic surgery, the diameter of the probe is limited, because the probe
has to fit through a standard laparoscopic trocar (12 mm). If the diam-
eter of the handheld probe is decreased to 12 mm, depth sensitivity will
decrease. As a result, it will be impossible to detect sentinel nodes that lie
deeper in tissue, which is a prerequisite for SNB.

Our solution to improve depth sensitivity is mechanical separation of ex-
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citation and detection coils. In this way, the excitation coils can be made
large to generate a sufficiently large volume for the excitation field. These
large coils will be placed underneath the patient. The detection coils will
be made small enough to fit through standard laparoscopic trocars and will
be used as handheld probe.

The main challenge after separating excitation and detection coils is move-
ment of the detection coils with respect to the excitation coils. As a result,
the detection signal will be obscured by the excitation field and it becomes
impossible to detect tiny magnetization of SPIONs. To solve this problem
we make use of active compensation. In active compensation, extra field is
coupled in to cancel the measured excitation field. This leads to a balanced
probe and SPIONs can be measured. A second goal of active compensation
is to cancel the contribution of materials with a linear magnetic suscepti-
bility in the mT field range, such as tissue and surgical steel.

Active compensation is only possible because we use DiffMag. In DiffMag,
a combination of an AC field and DC offsets is used. When a DC offset is
applied, the amplitude of the measured signal is lower compared to when
no offset is applied due to nonlinearity of SPIONs. The difference in am-
plitude between blocks with and without DC offset is defined as DiffMag
counts. This is a selective, quantitative measure for SPIONs. By coupling
in extra field, as is done in active compensation, the amplitude of the mea-
sured signal will change, but the difference in amplitude remains the same.
Therefore, distortions in balance of the probe do not influence DiffMag
measurements.

However, in conventional AC magnetometry only an AC excitation field is
used. In this case, the amplitude of the measured signal is indicative for
the amount of SPIONs in proximity to the probe. As a result, the extra
coupled field has exactly the same effect as measuring a lower quantity
SPIONs, or measuring them further away from the probe. Therefore, it is
impossible to distinguish the magnetization of SPIONs from distortions in
balance of the probe.

The main reason to balance the probe with active compensation is to opti-
mize amplification gain and stay in the sensitive region of the data acqui-
sition system. The goal of this paper is to describe and demonstrate active
compensation. Furthermore, the first static SPION measurements using
our novel probe are shown. Finally, it is shown that measurements are not
disturbed by surgical steel or diamagnetism of tissue.
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per offset field interval allow a reliable quantitative measure of the
amount of particles. The response is independent of the magne-
tization of linear magnetic material (e.g. tissue). In this paper, the
procedure, which patent is pending, is referred to as quantification
protocol or Diffmag protocol [19].

The alternating field excitation causes rotation of the magnetic
moments of the nanoparticles. This process includes particle
relaxation mechanisms known as Néel and Brownian relaxation.
Néel relaxation is defined as rotation of the magnetic moment of
the core without physical rotation of the entire particle. In
Brownian relaxation the entire particle rotates, which thus
includes rotation of the magnetic moment. Physical rotation of
the particle is influenced by the volume of the particle and by the
viscous drag acting on the particle. The Brownian relaxation time
τB for particles with volume V is defined as

τB ¼
3Vη
kBT

; ð9Þ

with η is the viscosity of the medium surrounding the particle.
Néel relaxation is independent of viscosity, but depends on
temperature, size and anisotropy of the core [20].

Nonlinearity of the magnetization plays a key role in the
Diffmag algorithm. There are two important parameters that
determine the sensitivity of the procedure, as is shown in Fig. 2.
The Diffmag response is calculated as a function of the offset field
amplitude for different spherical iron oxide particle sizes using the
Langevin model of superparamagnetism, all with identical satura-
tion magnetization. For larger offset field amplitudes, the differ-
ence in local susceptibility (dM/dH) probed by the alternating field
is stronger, resulting in a larger Diffmag response. Secondly,
magnetic nanoparticles with a large diameter express a stronger
magnetization for low fields and magnetization saturates at lower
offset field amplitudes, which together results in a larger Diffmag
response compared to smaller particles. In addition, the Diffmag
response of Resovist and Endorem is calculated, based on particle
size distributions obtained from VSM. The larger average particle
diameter of Resovist compared to Endorem results in a stronger
Diffmag response.

The two aspects of particle size and field amplitude have to be
taken into account in the design of a system for a specific
application. Depending on the size of the particles used for a
typical application, the signal amplitude gained by increasing the
offset field amplitude is limited. The differential magnetometry
principle is most sensitive for particles with large core size,

allowing a lower offset field amplitude. This is advantageous for
clinical applications where magnetic field limits have to be
considered [21].

2.1.3. Measurement of magnetization curve
In an alternative way, the method can be used for characteriza-

tion purposes, by measuring the magnetization response to the
small alternating field for a range of offset field amplitudes. The
offset field is stepwise increased, while the alternating field is
applied to probe the local susceptibility. The resulting response is
the time derivative of the magnetic moment as a function of offset
field amplitude. This can be used to reconstruct a (frequency
dependent) dm/dH-curve that is equivalent with the point-spread-
function (PSF) in x-space MPI [22]. Subsequently, the dm/dH-curve
can be used to determine the magnetization vs. field curve of a
sample material and the magnetic core size distribution of the
particles in a sample that contribute to the signal.

2.2. Experimental setup

2.2.1. Magnetometer
The magnetometer is constructed of a set of coils that is placed in a

homemade G10 fiberglass epoxy cryostat with vacuum insulation and

Fig. 1. The concept of differential magnetometry simulated for monodisperse iron oxide particles with 16 nm diameter (A). The alternating excitation field is applied with
intervals with a positive and negative offset field amplitude (B). The colors in each panel correspond with the offset field amplitude. Nonlinear magnetic susceptibility results
in a reduced alternating magnetization response during periods with offset field (C), which is proportional to the amplitude of inductively measured signal (D). The Diffmag
voltage ΔU specifically represents the contribution from magnetic nanoparticles in a sample.
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Fig. 2. Calculated response of differential magnetometry for mono-disperse parti-
cles with different size for various offset field amplitudes. The response of Resovist
and Endorem was based on a bimodal log-normal particle size distribution,
determined by VSM. Endorem shows a much smaller response compared to
Resovist due to the differences in particle size distribution. For larger offset field
amplitudes and larger particle sizes, the Diffmag response becomes stronger and
saturates finally.
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Figure 3.2: The concept of differential magnetometry simulated for
monodisperse iron oxide particles with 16 nm diameter (A). The alter-
nating excitation field is applied with intervals with a positive and nega-
tive offset field amplitude (B). The colors in each panel correspond with
the offset field amplitude. Nonlinear magnetic susceptibility results in
a reduced alternating magnetization response during periods with offset
field (C), which is proportional to the amplitude of inductively measured
signal (D). The Diffmag voltage δU specifically represents the contribu-
tion from magnetic nanoparticles in a sample. This figure is reproduced
from [18]

3.2
Materials

In this paper, SHP-25 (Ocean Nanotech) particles were used. These are
water soluble iron oxide nanoparticles. They have a single magnetite core
with a diameter of 25 nm and a 4 nm thick amphiphilic polymer coat-
ing [20, 21]. They were measured in their standard concentration of 5
mg(Fe)/mL.

This magnetite core – polymer shell structure is typical for SPIONs. A clin-
ical tracer is for example Sienna+®, a CE-marked magnetic tracer intended
for sentinel node biopsy. This tracer also has a core-shell structure [14, 22].
However, magnetic behavior of a monodisperse particle like SHP-25 is easier
to predict, so we use this particle for developmental purposes.

3.3
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Methods

3.3.1 Differential Magnetometry

DiffMag is a method to selectively detect SPIONs in vivo, as previously
described by Visscher et al. and Waanders et al. [18, 19]. It combines a
continuous alternating (AC) magnetic field that has a small amplitude with
positive and negative DC offset fields, as shown in Figure 3.2. As a result,
every iteration of the excitation sequence consists of four blocks: no offset,
positive offset, no offset, negative offset. Due to nonlinearity of SPIONs,
the amplitude of the signal in a block with DC offset is lower compared
to the signal in a block without DC offset. The difference in amplitude
between these blocks is defined as DiffMag counts. This is a quantitative,
selective measure for SPIONs.

3.3.2 Active compensation

Since the detection coils can move with respect to the excitation coils, their
mutual inductance changes. As a result, the detection signal is obscured
by the excitation field, making it impossible to detect tiny magnetization
of SPIONs. Part of the excitation field is eliminated, because the detection
coils are in a gradiometer configuration. However, to further optimize bal-
ance of the moving probe, active compensation is required. To achieve this,
compensation coils are used, which are wound directly around the two de-
tection coils. The phase and amplitude of the current that is sent through
the compensation coils (and thus the magnetic field they produce) can be
adjusted using two 10-bit digital potentiometers.

The induction voltage in the detection coils (Udet) is proportional to the
time derivative of four contributions, as shown in the following equation:

Udet ∝ dMSP ION

dt
+ dMlin

dt
+ dHexc

dt
+ dHcomp

dt
(3.1)

In this equation MSP ION is the nonlinear magnetization of SPIONs, Mlin

is the magnetization of materials with a linear susceptibility (for example,
tissue and surgical steel), Hexc is the excitation field strength and Hcomp

is the compensation field strength. The goal of active compensation is to
make Hcomp equal to Mlin + Hexc.

The first step in active compensation is a calibration measurement. This
has to be performed only once for a certain set of excitation parameters
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(frequency and amplitude of the AC field) for a certain probe. The detec-
tion coil signal is measured for every setting of both digital potentiometers.
Next, the amplitude and phase of this signal are determined using a digital
phase sensitive detection (PSD) algorithm. By fitting these results, param-
eters (a0, a1, b0 and b1) in the following equations can be determined:

Rc = a0 + a1CA, Pc = b0 + b1CP (3.2)

in which Rc is the amplitude, Pc is the phase, CA is the amplitude po-
tentiometer setting (0...1023), and CP is the phase potentiometer setting
(0...1023). Potentiometer settings for a desired compensation signal are
given by:

CA = Rc − a0
a1

, CP = Pc − b0
b1

(3.3)

After calibration, the excitation field is turned on and the detector signal is
measured. After applying the PSD algorithm, the detector signal is given
by Xp and Yp. The phase and amplitude of the current compensation signal
(Rc and Pc) are know from equation 3.2, since CA and CP are known. Xc

and Yc can be calculated:

Xc = Rccos(Pc), Yc = Rcsin(Pc) (3.4)

Now, we can calculate the new compensation signal:

Xn = Xp − Xc, Yn = Yp − Yc (3.5)

Rn =
√

X2
n + Y 2

n , Pn = tan−1 Yn

Xn
(3.6)

Equation 3.3 will be used to determine the new potentiometer settings:

CA = f(Rn), CP = f(Pn − π) (3.7)

These settings are used in the next iteration of the DiffMag sequence.
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Figure 3.3: Schematic representation of coils.

Wire �[mm] Inner �[mm] Outer �[mm] Turns [#]
DC excitation coil 2.5 146 248 100
AC excitation coil 2.5 252 266 20
Upper detection coil 0.115 10 15.5 720
Lower detection coil 0.115 10 15.5 -720
Upper compensation coil 0.115 15.5 16 40
Lower compensation coil 0.115 15.5 16 -36

Table 3.1: Specifications of the coils.

3.3.3 Experimental setup

Device

The most important part of the device are the coils, which are shown in
Figure 3.3. Specifications of all coils are shown in Table 1. There are two
excitations coils, one for the DC and one for the AC field. For both Litz
wire is used. A transformer is connected in series to the excitation coils,
but wound in opposite direction. This transformer has exactly the same
mutual inductance as the excitation coils, so coupling between the coils is
canceled (since the AC field would otherwise induce a current in the DC
coil). Furthermore, there are two detection coils, which are in gradiometer
configuration. The distance between these coils is 30 mm. Around both
detection coils, compensation coils are wound.

To apply a magnetic field, a current is sent through the excitation coils.
This current is provided by two power amplifiers; one for the DC coil
(Servowatt DCP 390/60 50V/8A) and one for the AC coil (Servowatt
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Figure 3.4: Schematic representation of signal filtering and amplifica-
tion. All components in the red rectangle are present in a customized
electronics box.

VM200/48A 48V/4A). The magnetic field is verified by measuring the cur-
rent that is provided by the power amplifiers. These power amplifiers are
controlled by a data acquisition (DAQ) card (NI USB-6356) that is con-
nected to a PC. All input and output signals from the DAQ card are filtered
(and amplified) in a customized box with electronics to prevent aliasing.
The content of this box is shown in the red rectangle in Figure 3.4. The
electronics box also contains two digital potentiometers to control the cur-
rent sent through the compensation coils. Settings of the potentiometers
are controlled by a microprocessor, which is mounted on an Arduino Uno.
The signal measured by the detection coils is amplified, filtered and sent to
the PC via the DAQ card. MATLAB is used both to control the system
and process data.

Measurement protocol

All measurements were performed in a static setup. First, active compen-
sation was performed, by iterating the process explained in section 3.3.2
ten times to achieve balance. In all measurements, an excitation frequency
of 2525 Hz and a sample frequency of 200 kHz were used. The length of one
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DiffMag sequence was set to 0.5 seconds and 20 iterations were measured.
All measurements were performed three times. Three sets of measurements
were performed.

First, various amounts (25, 50, 75, 100, 250 and 500 µg Fe) of SHP-25 were
measured. The samples were placed directly in front of the detection coils
and the detection coils were at a distance of 5 cm from the excitation coils.
The currents sent were 2.4 Ampere AC and 8 Ampere DC and maximum
magnetic field strengths at the location of the sample were 0.5 mT AC and
50 mT DC.

Second, the SHP-25 sample containing 500 µg Fe was measured at various
distances to the excitation coils. The probe was placed at the center of
the excitation coil, 1 cm above the top of the excitation coils. The sample
was placed directly in front of the probe. Next, the probe and sample were
moved in a straight line upwards in steps of 1 cm to a total distance of 20
cm from the excitation coils.

Last, the SHP-25 sample containing 500 µg Fe was measured in air and in
proximity to a surgical steel retractor and water, in three separate mea-
surements. The samples were placed directly in front of the detection coils
and the detection coils were at a distance of 5 cm from the excitation coils.
The retractor was placed directly on top of the excitation coils, between
excitation coils and sample. Next, a square container containing 3L water
was placed on top of the excitation coils, resulting in ± 4 cm water between
excitation coils and sample.

3.4
Results

3.4.1 Active compensation

Figure 3.5 shows calibration results. The amplitude and phase of the sig-
nal from the detection coils is shown for every setting of the potentiome-
ters.

Figure 3.6 shows ten iterations of active compensation. At the start, the ex-
citation field is disturbing the signal, but it is gradually canceled out. After
ten iterations, the probe is balanced and SPIONs can be measured.
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Figure 3.5: Calibration results showing amplitude and phase of the
signal from the detection coils for every setting of the potentiometers.
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Figure 3.6: Ten iterations of active compensation, after which the probe
is balanced.
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Figure 3.7: Sample measurements showing DiffMag counts for various
amounts of SHP-25. Samples were placed directly in front of the detec-
tions coils, and detection coils were at a distance of 5 cm from excitation
coils, resulting in field strengths of 0.5 mT (AC) and 50 mT (DC). Error
bars show ± one standard deviation.

3.4.2 SPION measurements

Static particle measurements are shown in Figure 3.7. SHP-25 can be
measured down to 25 µg Fe.

Measurements at various distances to the excitation coils for the SHP-25
sample containing 500 µg Fe are shown in Figure 3.8. Measurements are
possible up to 20 cm from the top of the excitation coils.

Figure 3.9 shows DiffMag and AC magnetometry measurements on the
SHP-25 sample containing 500 µg Fe. The sample was measured in air, and
in proximity to a surgical steel retractor and water. It can be observed that
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44



Air Retractor Water
0

20

40

60

80

100

120

140

C
ou

nt
s 

[1
00

 n
V]

DiffMag
AC

Figure 3.9: DiffMag (left) and AC magnetometry (right) measurements
of an SHP-25 sample containing 500 µg Fe. The sample was placed
directly in front of the detections coils, and detection coils were at a
distance of 5 cm from excitation coils. Measurements were performed in
air, with a surgical steel retractor between excitation coil and sample,
and with 3 L (± 4 cm) water between excitation coil and sample. Error
bars show ± one standard deviation.

DiffMag counts are nearly the same in air and in presence of a surgical steel
retractor or water. On the contrary, AC magnetometry counts are increased
in presence of a surgical steel retractor, and decreased in presence of water.
Furthermore, the standard deviation is much larger in AC magnetometry
measurements compared to DiffMag.
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3.5
Discussion

Our novel laparoscopic probe for in vivo detection of SPIONs has five main
advantages. First, it makes use of small field strengths. As a result, energy
consumption is limited and handheld detection becomes possible. Second,
separation of excitation and detection coils makes it possible to reduce the
diameter of the detection coils, while reduction in depth sensitivity is lim-
ited. This makes our probe suitable for laparoscopic surgery. The large
excitation coils generate a far-reaching excitation field, allowing identifica-
tion of sentinel nodes at different locations in the body. Third, a feature
of our probe is its possibility to cancel the excitation field seen by the de-
tection coils at various distances to the excitation coils. This shows the
possibility to balance the probe at any location in the nonuniform exci-
tation field. Consequently, amplification gain can be chosen optimally to
measure the tiny magnetic signature of SPIONs.

Fourth, both surgical steel and diamagnetism of water and tissue are not
disturbing DiffMag measurements. Figure 3.9 shows that the DiffMag
counts are nearly the same when SPIONs are measured in proximity to
surgical steel or water. In this experiment, water is used to show the
effect of diamagnetism of tissue. In a clinical application, we want to mea-
sure a small amount of SPIONs in a large amount of tissue. Therefore,
DiffMag’s insensitivity to tissue is a big advantage compared to all other
probes [14, 15, 12, 16].

The final advantage of our novel probe is DiffMag’s robustness for im-
balances of the probe. DiffMag is not sensitive to the amplitude of the
measured signal, but is a selective measurement for SPIONs. On the con-
trary, conventional AC magnetometry is not possible when balance of the
probe is disturbed. This can be explained by the fact that when balance is
disturbed, the amplitude (AC magnetometry) of all blocks of the detected
signal increases, whereas the difference in amplitude between the blocks
(DiffMag) stays the same. This (in)sensitivity to balance also explains why
the standard deviation of the AC magnetometry measurements in Figure
3.9 is much larger compared to the DiffMag measurements. However, active
compensation is possible and required for DiffMag, since the sensitive range
of the DAQ card is limited. The better the probe is balanced, the smaller
the amplitude of the measured signal, enabling a larger amplification gain,
making the probe more sensitive.
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3.5.1 Performance in relation to clinical needs

Currently, the minimum amount of SPIONs that can be identified with
our novel probe contains 25 µg Fe. In the clinical situation, a sentinel node
contains 60 – 220 µg Fe [12]. This means that our probe is already sensitive
enough to detect sentinel nodes. However, this detection limit of 25 µg Fe
was determined for measurements where SPIONs were placed directly in
front of the detection coils.

Biot-Savart law is used to predict the maximum detection depth of a sen-
tinel node. Figure 3.7 shows a linear relation between DiffMag counts and
amount of iron in the sample. This linear relation is used to calculate
the counts induced by a typical sentinel node. The empty coil measure-
ment shown in Figure 3.7 provides the threshold, or minimum number of
detectable counts. The depth sensitivity of a sentinel node containing 60
– 220 µg Fe is currently 14 – 24 mm. Reducing noise in the system, as
described in section 3.5.2, will improve sensitivity of the probe and conse-
quently the maximum detection depth.

For example, in breast cancer patients, sentinel nodes have a mean depth
of 4 cm [11]. However, in laparoscopic surgery sentinel nodes are not mea-
sured through the skin, but the probe is placed directly on the fatty tissue
containing the lymph nodes[23]. To conclude, the present sensitivity of our
probe is already clinically usable.

3.5.2 Improvements before clinical implementation

Although sensitivity of the probe is already clinically usable, the probe
can be improved for clinical use in four ways. First, it is essential that
movement of detection coils is possible during SPION measurements. This
can be achieved by implementation of active compensation in the DiffMag
protocol. The signal of one block of the DiffMag sequence will be used
to calculate new compensation values and thus to balance the probe. The
length of a DiffMag sequence needs to be reduced to enable compensation
in real time and faster movement of the probe.

Second, the diameter of the probe must be reduced. For clinical usage it
must fit through a standard 12 mm trocar.

Third, sensitivity of the probe can be improved. This will lead to measure-
ment of either a lower quantity of SPIONs, or measuring a sample at a larger
distance from the detection coils (measuring nodes that are located deeper
in tissue). Currently, there are distortions on the measurement signal. Part
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of these distortions are caused by the 50 Hz harmonics. This is why we now
measure at 2525 Hz instead of 2500 Hz. Furthermore, the power amplifiers
seem to introduce noise. We also want to amplify the probe signal directly
after the detection coils instead of in the electronics box, to avoid signal loss
when the signal is transfered through a cable. Improving these electronics
in our setup will improve sensitivity of the probe.

Finally, it would help to make the excitation field more homogeneous. This
would make balancing of the probe much easier. If we can achieve a per-
fectly homogeneous field, the excitation field is the same at every location
of the probe. As a result, the field is equal in both detection coils. The coils
will be passively balanced, making active compensation less crucial. An-
other advantage of a homogeneous excitation field is that DiffMag counts
are in that case not dependent on the location of the sentinel nodes. Fig-
ure 3.8 shows that DiffMag counts decrease when distance to the excitation
coils is increased. However, achieving a sufficiently large homogeneous ex-
citation region would require a more complicated setup with large coils,
making a surgical procedure more difficult.

It is hard to say how the improvements described in this section will affect
the measurements. The theoretical noise limit is the resistance of the de-
tection coils. We are already close to clinical needs, so slight improvements
will make this probe usable in the clinic.

3.6
Conclusion

A novel probe for in vivo detection of SPIONs has been developed. A unique
feature of this probe is mechanical separation of excitation and detection
coils. Active compensation was developed and demonstrated, allowing in-
dependent movement of the detection coils with respect to the excitation
coils. With our current electronics it is possible to measure as little as 25 µg
of SPIONs. Furthermore, measurements are successful at various distances
from the excitation coils, showing the possibility to move the detection
coils. Measurements are successful because we use DiffMag. Distortions in
balance of the probe do not influence DiffMag measurements. Finally, both
surgical steel and diamagnetism of tissue have minor influence on DiffMag
measurements. In conclusion, this paper shows promising first steps to-
wards laparoscopic sentinel node biopsies, since it enables identification of
magnetically marked nodes in the diamagnetic human body.
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4 | Modelling magnetic nanoparticles using com-
bined Néel and Brownian relaxation

The efficient development and utilisation of magnetic nanoparticles
(MNPs) for applications in enhanced biosensing relies on the use of
magnetization dynamics, which are primarily governed by the time-
dependent motion of the magnetization due to externally applied
magnetic fields. An accurate description of the physics involved is
complex and not yet fully understood, especially in the frequency
range where Néel and Brownian relaxation processes compete. How-
ever, even though it is well-known that nonzero, nonstatic local fields
significantly influence these magnetization dynamics, the modelling
of magnetic dynamics for MNPs often uses zero-field dynamics or a
static Langevin approach. In this paper, we develop an approxima-
tion to model and evaluate its performance for MNPs exposed to a
magnetic field with varying amplitude and frequency. This model
was initially developed to predict superparamagnetic nanoparticle
behaviour in differential magnetometry applications but it can also
be applied to similar techniques, such as magnetic particle imag-
ing and frequency mixing. Our model is based upon the Fokker-
Planck equations, for the two relaxation mechanisms. The equations
are solved through numerical approximation and they are then com-
bined, while taking into account the particle size distribution and
the respective anisotropy distribution. Our model was evaluated for
Synomag®-D70, Synomag®-D50 and SHP®-15, which resulted in an
overall good agreement between measurement and simulation. The
MATLAB-code and experimental data relating to this research are
made available: 10.4121/14900565.

The work in this chapter was published as Modelling of dynamic behaviour in mag-
netic nanoparticles by M.T. Rietberg, S. Waanders, M.M. Horstman - van de Loosdrecht,
R.R. Wildeboer, B. ten Haken and L. Alic, Nanomaterials 11 (12) 3396 (2021). MT Ri-
etberg and the author of this thesis share joint first authorship on the article. The
author of this thesis developed the model framework, interpreted the model’s results and
experimental verification and wrote the initial draft.
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4.1
Introduction

Magnetic nanoparticles (MNPs) have become a popular research
subject in biomedicine thanks to their high biocompatibility, long
shelf life and straightforward logistics when compared to radioactive
agents for similar applications. The biomedical application of MNPs
ranges from therapy, such as magnetic hyperthermia or targeted drug
delivery[1], to diagnostics, where they are applied as contrast agents
or tracers[2], or even theranostics [3]. Sensing techniques that em-
ploy MNPs include AC magnetometry [4], differential magnetometry
[5], magnetic particle spectroscopy (MPS) [6], and magnetic particle
imaging (MPI) [7]. All of these techniques rely on targeted magnetic
manipulation and accurate acquisition of the dynamic response of an
individual MNP. Therefore, an accurate model of the dynamics gov-
erning their magnetic properties to enhance the sensing techniques
is of vital importance. However, the sensing technologies are often
developed sub-optimally regarding magnetization dynamics. The op-
tions available for performance optimization include (for example)
improved Signal to Noise Ratio (SNR) and optimized excitation se-
quences. The main goals of the model are:

• Model the behaviour of particles: allow for optimization of particles for a given
application without the need for extensive empirical testing.

• Predict a particle’s properties, magnetic field properties and environmental pa-
rameters, such as viscosity, based on the behaviour of the MNPs.

In recent years, many models have been developed to describe indi-
vidual aspects of MNP magnetization dynamics under certain mag-
netic field conditions, including heat dissipation[8], harmonic field
response[9, 10, 11, 12], viscosity effects[13], temperature dependence
[14], core distribution [15] and damping of the magnetic field[16]. Af-
ter Brown’s seminal paper[17], the characteristic magnetic relaxation
times were assessed for a particular case with a constant magnetic
field under a step function regime [18]. However, the dynamic be-
haviour of MNPs in changing magnetic fields is complex, especially
in the domain where simultaneous Brownian and Néel processes take
place. Brownian relaxation aligns the whole particle with the mag-
netic field, while Néel relaxation aligns the internal magnetic dipole
within the particle. The most frequently used approach to model
MNP behaviour under conditions of varying magnetic fields currently
involves a phenomenological model of the magnetization response
using the steady-state approximation of magnetic particles rotating
toward the field’s orientation [19, 20, 21, 22]. However, a significant
downside to this approach is the fact that particle anisotropy and
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time delay effects are ignored, therefore this approach often does not
hold in practice.

The known relaxation mechanisms (Brownian and Néel) have been
modelled using two separate Fokker-Planck equations (FPEs) [18].
The magnetization dynamics of spherical particles with non-critical
diameter (meaning that either Brownian or Néel relaxation is domi-
nant) can be described well with these equations, but not of particles
with critical diameter (no dominant mechanism) because the FPEs
are separate and lack connection. Consequently, this publication
presents a practical and effective way of solving these FPEs simulta-
neously, which accurately describes the nonlinear magnetization dy-
namics of various superparamagnetic nanoparticles, surprisingly well
for non-spherical particles. Its outcomes were validated with mag-
netometer measurements of three different species of MNP. This
model has potential as a tool for use in the design and validation of
optimized MNPs for biomedical imaging applications. Furthermore,
it enables tailored adjustments of new sensing devices to match the
MNP characteristics and consequently to maximize sensitivity.

4.2
Theory

The behaviour of monodisperse (meaning that the mixture contains
only MNPs of the same size) superparamagnetic MNPs of non-critical
diameter can be described by solving a set of first order non-linear
partial differential equations (PDE) that capture Brownian and Néel
relaxation. The probability distribution of MNP magnetic moments is
defined as F (x, t), where θ is the polar angle between the MNP dipole
moment and the direction of the driving magnetic field, x ≡ cos θ
and t is the time. This set of PDEs (which is approximated by
Equations 4.1 and 4.2) is referred to as the Fokker-Planck equa-
tions (FPEs) and captures the time evolution behaviour of a proba-
bility density function describing transient convection-diffusion with
a quadratic space-dependent diffusion and time-dependent driving
magnetic field[18].

∂

∂t
F = 1

2τB

∂

∂x

[
(1 − x2)

(
∂

∂x
F − ξ(t)F

)]
(4.1)

∂

∂t
F = 1

2τN

∂

∂x

[(
1 − x2) (

∂

∂x
F − ξ(t)F − 2σxF

)]
(4.2)

The driving field B(t) (with varying amplitude and frequency) is
described using the effective field parameter ξ = (m0/kBT )B(t) and

58



the particle anisotropy constant K is described by the parameter σ =
KVc/kBT . Each particle is characterized by a constant magnetic
dipole moment with a magnitude of m0 = MsVc, with Ms for the
saturation magnetization and Vc for the volume of a magnetic core.
kB is Boltzmann’s constant, and T is temperature. Furthermore,
the relaxation times τB and τN represent the effective characteristic
time constant for Brownian and Néel relaxation, respectively, and
read:

τB ≡ 3ηVh

kBT
(4.3)

τN ≡ Vc(1 + α′2)Ms

2γeα′kBT
(4.4)

Here η is medium viscosity, α′ is the damping constant, γe is the
electron gyromagnetic ratio and Vh is hydrodynamic volume of a
particle submerged in medium.

Without a known analytical solution and under an adiabatic approx-
imation, and solving for space-dependent diffusion, the FPEs reduce
to the well-known Langevin function [23]. Although this is an elegant
solution, the Langevin function does not offer an accurate descrip-
tion of superparamagnetism, especially at a frequency rage where
both relaxation processes are equally important. Consequently, the
Langevin function fails to accommodate the influence of anisotropy
and particle-particle interactions.

Another numerical pathway for solving F (x, t) is by approximating
the space-dependent diffusion using Legendre polynomials [10]:

F (x, t) =
∞∑

l=0
al(t)Pl(x) (4.5)

Substituting this approximation into Equations 4.1 and 4.2, results
in a new set of ordinary differential equations (ODE) for Brownian
and Néel relaxation, respectively [18]:

59



2τB
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dal
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= − al + ξ(t)

[
al−1
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2l + 3

]
(4.6)

2τN

l(l + 1)
dal
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= − al + ξ(t)

[
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]
+ σ

[
(l − 1)al−2

(2l − 3)(2l − 1) + lal

(2l − 1)(2l + 1)

− (l + 1)al

(2l + 1)(2l + 3) − − (l + 2)al+2

(2l + 3)(2l + 5)

] (4.7)

These ODEs can be used to calculate the time average of x (again,
x ≡ cos θ), which correlates to the magnetic moment:

⟨x(t)⟩ = 2
3a1(t) (4.8)

d

dt
M(t) = nMsVc

d

dt
⟨x(t)⟩ (4.9)

However, this approach does not combine Brownian and Néel relax-
ation, and results in two separate magnetization curves. The com-
mon practice to omit this problem for static fields and relaxation
processes is to consider only the dominant relaxation mechanism[24,
25, 26], or in the critical size range (where both processes are equally
contributing) use the geometric mean of both relaxation times [8].
However, neither of these practices reflect reality. Alternative at-
tempts have been made to describe the particle response in terms
of a superposition of both relaxation processes[25, 27]. When the
applied field changes rapidly (e.g., in case of AC magnetometry), a
simple superposition fails to describe the magnetic behaviour of the
particles. This can partially be attributed to the inaccurate assump-
tion that these processes are fully independent.

4.3
Methods

4.3.1 MNP samples

Three different types of superparamagnetic MNPs are used to ac-
quire the particle response functions that are necessary to validate
the method: Synomag®-D70, Synomag®-D50 (micromod Partikel-
technologie GmbH, Germany) and SHP-15 (Ocean Nanotech, USA).
The first two are nanoflower-shaped particles, while the latter is a
cluster-typed particle; as can be seen in Figure 4.1. It has to be noted
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Figure 4.1: TEM micrographs (Philips CM300ST-FEG) of the three
nanoparticle species, electron acceleration voltage of 300 kV at a point
resolution of 0.2 nm at 300 kV, line resolution of 0.14 nm at 300 kV.

dc dh Ka Kb Ms

[nm] [nm] [kJ m−3 nm−1] [kJ m−3] [kA m−1]
Perimag 19 ± 5.7 dc + 87 0.183 5 300
Synomag-D50 24 ± 3.17 dc + 42.2 0.098 9.5 420
Synomag-D70 29 ± 4 dc + 37.5 0.098 9.5 420

Table 4.1: Sample composition. dc: core diameter [28, 29, 30], dh:
hydrodynamic diameter [28, 29, 30], Ka&Kb: anisotropy constants as
denoted in Equation 4.13 (based on [31]) and Ms: saturation magnetiza-
tion (based on [32])

.
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that the model was developed with spherical particles in mind, which
does not reflect the real-world properties of the Synomag particles.
Table 4.1 gives an overview of the characteristics for all three MNPs,
which are polydisperse (meaning that the mixture contains MNPs
of varying size, instead of only MNPs with the same size) with an
anisotropy constant dependent on size (see Equation 4.13). All of
our samples consisted of 140 µg iron dissolved in water, resulting in
a total volume of 140 µL contained in glass vials, which was kept at
room temperature.

4.3.2 Data acquisition for experimental observations

The Particle Response Function (PRF) was acquired using the char-
acterization mode of the SuperParamagnetic Quantifier (SPaQ), which
is an in-house developed magnetometer utilising a homogeneous mag-
netic field[33]. PRFs were assessed by exposing the samples to a
continuous alternating magnetic field (Bac = 1.3mT , frequency =
2.5 kHz), with an increasing offset field B+ ranging from −13 to
13mT :

B(t) = BAC sin(2πft) + Ḃ+t (4.10)

The subsequent magnetization signal is acquired by a set of gradio-
metric coils with a sensitivity of Sdet = 37.8mT/A, which leads to
an induced voltage Udet(t)/Sdet = − d

dt M(t).

4.3.3 Model

We approach the fact that we are dealing with two separate relax-
ation mechanisms by initially considering both processes to operate
independently. Since a magnetometer measures the rate of change
of the magnetization, one observes the sum of two orthogonal rota-
tions. Following the Legendre approximations (as described in Eqs
4.6 and 4.7) [18, 34], the contribution of Néel and Brownian relax-
ation processes to the response of the MNPs to an externally applied
magnetic field is assessed by:

d

dt
M(t) =

√(
d

dt
MBrown

)2
+

(
d

dt
MNéel

)2
(4.11)

The initial theoretical assumption of monodispersity in MNPs does
not match the current reality of commercially available polydisperse
MNPs. Therefore, to model particle response function accurately
(solution of Equation 4.11), the particle size distribution needs to be
taken into account. Consequently, we approximate the polydispersity
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in core diameters dc by a normal distribution, which is detailed in
Table 4.1. For numerical purposes, this distribution is discretized
into an increasing number of bins until the resulting individual MNPs
response (again, solution of Equation 4.11) stabilizes, which means
that a further increase in bin density does not noticeably change the
solution. Finally, the PRF is defined as the weighted average of these
responses according to the discretized normal distribution.

Brownian relaxation influences the Néel relaxation by orienting the
MNPs along the direction of the applied magnetic field [35, 36]. If
Brownian relaxation is not possible (e.g., when particles are trapped
in a medium or tissue), then Brownian relaxation is prohibited. De-
pending on the orientation of the magnetic easy axes of the particles
suspended in the sample under investigation, this effect alters the
Néel relaxation behavior of the particles if their anisotropy is not
equal to unity (i.e., they deviate from perfect spherical symmetry).
Following initial research by Shliomis et al. [37], this effect is mod-
elled by an effective anisotropy constant as an energy term Keff ,
which is composed of both longitudinal and transverse anisotropy
energies. Assuming the potential landscape as U = K sin2 θ, then
we have U∥ = K in the longitudinal case and U⊥ = 0 for both
transverse orientations. This results in an effective anisotropy con-
stant:

Keff = 1
3K∥ + 2

3K⊥ = 1
3K (4.12)

Considering that the anisotropy constant changes with the particle
core size [38], a polydisperse sample cannot be modelled using only
one anisotropy constant. Therefore, a relation is proposed, which
results in a different anisotropy constant for each core size:

K = Kadc + Kb (4.13)

Ka and Kb are fit parameters for known anisotropy constants for cer-
tain diameters. The resulting K can be filled into Equation 4.12 to
get the effective constant. While Equation 4.13 is not a perfect solu-
tion due to the assumption of linear relation (which would determine
the anisotropy constant for every particle size), it is an improvement
from the same constant for all particle sizes.

To evaluate the formulated magnetization dynamics (Equation 4.11)
and to elaborate on the regimes in which either relaxation mechanism
might dominate, we compute the resultant magnetization curves
for monodisperse nanoparticle samples of selected core sizes (dc =
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Perimag® Synomag®-D50 Synomag®-D70
FWHM (% diff) MoR FWHM (% diff) MoR FWHM (% diff) MoR

Model -1.03 0.002 -47.22 0.217 -24.46 0.105
Langevin 54.52 0.094 -56.05 0.284 -31.28 0.130

Table 4.2: Quantification of the Goodness of Fit of Figure 4.3, based
on difference in Full Width Half Maximum from the experimental data
and the Mean of absolute Residuals in the FWHM window

10nm, 18nm, 26nm). This was visualized by means of their PRFs,
which are similar to the derivative of the magnetization curve or
the point spread function in MPI. This denotes the sample’s signal
amplitude as a function of the applied field magnitude.

4.3.4 Model validation

Our model is validated by comparing the results to a classical solution
of FPE (using the Legendre polynomials) and experimental observa-
tions. Three species of MNPs, namely Synomag®-D70, Synomag®-
D50 and SHP-15, were evaluated for their magnetic performance
using their PRF. This was done three times and then averaged to
filter unwanted fluctuations. These results were compared with a
numerical evaluation of the model that we introduced earlier. It is
common practice to set the damping constant to 0.1, and work with
a ferrofluid viscosity of η = 1.0049 mPa s; the other parameters are
defined in Table 4.1. The model was evaluated in MATLAB (2021a,
MathWorks, Natick, USA) using the ode15s subroutine, a variable-
step, variable-order solver for stiff differential equations based on
the numerical differentiation formulas. The Legendre expansion con-
verges fairly rapidly, and the set of ODEs was evaluated up to the
60th coefficient.

To quantify the goodness of fit, a Full Width Half Maximum (FWHM)
and a Mean of absolute Residuals (MoR) are used. The FWHM is
an important characteristic in MPI because it denotes the spatial
resolution. The MoR is the mean of the absolute difference inside
the FWHM-window. Thus, the difference of the experimental data
and the model result was calculated inside the FWHM window. The
absolute value of these differences was averaged to get the MoR:
(
∑

n |M(Bn) − E(Bn)|)/n, where M is the model result and E is
the experimental data.

4.4
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Figure 4.2: Magnetization curves, their numerical derivatives and corre-
sponding relaxation times as a function of magnetic field for monodisperse
particles, which are obtained from numerical evaluation of the Brownian
and Néel FPEs for 10 nm (left), 18 nm (middle) and 26 nm (right) parti-
cles. Simulation parameters: K = 20 kJ/m3, dh = dc + 12 nm, T = 300
K, α′ = 0.1, η = 1.0049 mPas, Ms = 300 kJ/m3T.

Figure 4.3: Particle Response Functions (experimental and simulated)
for three particle-types under application of a 2.5 kHz, 1.3 mT/µ0 AC
field, α′ = 0.1, η = 1.0049 mPas, the particles’ characteristics can be
found in Table 4.1. Left: Perimag®, T: 298 K, bins: {10, 11,. . . , 25}

nm. Middle: Synomag®-D50, T: 267K, bins: {14, 15,. . . , 34} nm.
Right: Synomag®-D70, T: 267K, bins: {14, 15,. . . , 34} nm
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Results

4.4.1 Numerical modelling of Brownian and Néel dominated M-H curves

To explore the boundaries of the developed model, we calculate the
behaviour of particles with characteristics that would, under normal
circumstances, lead to either Brownian or Néel dominated magneti-
zation behaviour. Figure 4.2 illustrates the magnetization curves for
iron oxide particles of different core diameters (10nm, 18nm and
26nm) and constant coating thickness (6nm). As expected, the
largest particle shows a magnetization curve corresponding to Brown-
ian dominated relaxation, while the smallest particle shows a magne-
tization curve corresponding to Néel behaviour. However, the 18nm
particle does not have a dominant relaxation mechanism and shows
competing behaviour of both relaxation mechanisms. We observe
Néel behaviour for low offset field (B+) values, whereas Brownian
relaxation dominates for higher fields. This relates well to observa-
tions by Deissler et al, who also showed a transition from Néel to
Brownian behaviour for increasing field strengths.

4.4.2 Experimental verification of particle response functions

The experimental and numerical results for Perimag®, Synomag®-
D50 and Synomag®-D70 are shown in Figure 2. The data are nor-
malized with respect to the largest value to assess shape similar-
ity. Quantification of the Goodness of Fit can be seen in Table 4.2.
Overall, we observe a good agreement between the shape predicted
by the simulations and the experimental results, showing predomi-
nantly Brownian relaxation in the case of Synomag®-D70 and Néel
relaxation for Perimag®. Furthermore, the Langevin function fails
to adequately predict the shape of the PRF. For the critical case of
Synomag®-D50, the model shows potential for improvement but still
surpasses the Langevin equation.

4.5
Conclusions and Discussion

In this work, we explored the magnetization dynamics of a variety of
MNPs. The FPEs pertaining to Brownian and Néel relaxation were
solved by means of their Legendre approximations. A strong point of
our model is the fact that it includes the effects of polydispersity and
the resulting anisotropy. Our model also demonstrates the impact of
both relaxation mechanisms on the magnetization dynamics of parti-
cles simultaneously. We observe a deviation from the commonly used
Langevin solution for the magnetic behaviour of MNPs, even in the
case of larger particles that predominantly relax through Brownian
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relaxation. For all cases, it was observed that the adiabatic approx-
imation (the Langevin equation) is not valid because of the finite
Brownian relaxation time, even at the relatively low frequency of 2.5
kHz and low excitation field strengths. Moreover, we found that the
PRF shape of MNPs in the critical size range is well predicted by a
combined model that takes both Brownian an Néel relaxation into ac-
count. The difference between the model result and the experimental
data might be explained by the assumption of a spherical particle,
as the Synomag particles are instead flower-shaped. Furthermore,
Brownian relaxation dominates in the high field range, while Néel
relaxation describes the low-field regime quite well. Keeping this ef-
fect in mind, a close look at the PRFs obtained by Arami et al.[39]
leads to a similar conclusion. Here, an increase in the steepness of
PRFs was observed for increasing viscosity, while particles suspended
in chloroform (lowering the viscosity) show a much flatter PRF, all
else being equal.

The results presented in this work are qualitatively well described
by a system of independent Brownian and Néel relaxation, despite
the inevitable simplification of details such as Brownian alignment,
which influences the Néel process. For example, the Brownian re-
laxation process influences the Néel relaxation through alignment of
the particle’s magnetic easy axis, which is hindered when particles are
immobilized. This effect can be easily corrected for in this extreme
case by defining an effective anisotropy constant for immobilized par-
ticles with randomly oriented easy axes. It would be most interesting
to measure the PRFs for particles immobilized under application of
a strong external magnetic field and for particles immobilized in zero
field, and then verify this hypothesis.

Following the analogy used by Weizenecker et al [40], our model
could likely be improved by modelling with the coupled FPE instead
of the currently used decoupled FPEs. The existing model is based
on a coupled Fokker-Planck equation but has not yet been validated
through experimental data. Moreover, as noted in previous sections,
the linear relation between anisotropy and (only) the particle size is
limited. This imperfect solution is a good start however, because
particle size is one of the factors that affect the anisotropy constant
the most.

We must also comment that the experimental variation in particle
parameters dc, dh, K and Ms, as well as the inherent uncertainty in
iron concentration, complicates truly quantitative matching between
model and experiment. This deserves more attention, especially in
view of the considerable variety in the reported anisotropy constants
K in the literature [28, 41, 31, 42]. The current values for Ka

and Kb are based on K of Ludwig et al., because this value lies in
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the middle of the range found in literature and fits our results the
best. Nevertheless, by means of designing new or improving existing
particles, it is possible to fine-tune the desired PRF parameters (e.g.
FWHM) because the connection between particle composition and
magnetization dynamics can be better understood through study-
ing this model. This will in turn improve the quality of biomedical
applications.
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5 | Discussion and outlook

Wrapping up, this thesis has described the development of Differ-
ential Magnetometry and a few of its implementations. Initially
designed to solve a clinical need for a selective, radiation-free al-
ternative to the established radioisotope SLNB procedure in breast
cancer, DiffMag has developed into a versatile platform technology
with promising applications. In this final chapter, I discuss my find-
ings on the development of the DiffMag technology, and discuss its
limitations and potential for further development.

5.1
Conclusions

When we summarize the results presented in this thesis, it follows the
complete development of a particle-detector system for biomedical
applications. We have established the DiffMag protocol selectively
filters out the linear magnetic signal, isolating the nonlinear signal
which uniquely identifies the SPIO nanoparticles from their (diamag-
netic) background. Additionally, because the magnetic signal from
surgical steels in the employed field range is linear as well, these con-
tributions are filtered out, provided movement of the probe is slow
compared to the processing speed of the DiffMag system.

Following this, we tackle one of the main disadvantages of a Faraday-
based detection system, which is the fact that its maximum attain-
able detection depth is limited by the diameter of the coils. Because
of its differential nature, we can split the excitation and detection
coils of the DiffMag probe, which alleviates this downside. As a proof
of concept, we’ve shown this works, which is essential for applica-
tions that require small diameter probes, like laparoscopy. Further
improvements to processing speed and excitation field homogeneity
will improve accuracy and detection depth.

Finally, the system relies on an optimally tuned tracer-detector sys-
tem. Therefore, we developed an intuitive model that allows us to
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optimize a tracer for a certain set of excitation parameters, both field
strength and frequency. We have shown good agreement between
model and experimental verification, with small discrepancies mostly
caused by approximating the complex particle structure (nanoflowers,
for example) by simple spheres.

Here, we summarize the obtained results from all three components -
DiffMag principle development, probe developments and the particle
magnetization model.

5.1.1 DiffMag

In Chapter 2 we documented the development of a handheld DiffMag
device for intraoperative use. The clinical case that was considered
concerned breast cancer - meaning the area of interest for the probe
to work in is primarily the axilla. The geometrical constraints of this
case were such that a small diameter probe was required. As the
field penetration of a Faraday system is strongly dependent on the
excitation coil diameter, measurement depth is very limited in this
case. However, probes of similar geometries have shown good clinical
results despite this drawback.

The resilience of the DiffMag probe with regards to the presence of
metal is noteworthy, and a big advantage compared to other magne-
tometry techniques. This filtering effect works because the field at
which magnetic saturation for these materials occurs lies much higher
than that of the SPIO nanoparticles, and the magnetic behavior of
the surgical steels can be considered linear. However, even though
we have shown the method in itself works, its efficacy during move-
ment is limited due to the speed of signal processing. Even though
the magnetization signal is linear and nature and thus is filtered out
by DiffMag, it still induces a large current before processing, and
thus potentially clips the input range of the detection coils. This can
be countered by effective compensation of the induced linear signal,
but this requires near real-time signal processing. It is strongly rec-
ommended to move signal processing into the analog domain before
data acquisition (which is currently the limiting factor with regards to
speed), or move it to a dedicated chip like an FPGA. With faster ac-
quisition and processing, dynamic compensation of the varying linear
contribution to the signal will be possible.

Regarding the separation of excitation and detection coils - we have
shown that it is still possible to detect relevant amounts of SPIO
nanoparticles, even when the mutual induction between excitation
and detection coils varies (by physically allowing them to move rela-
tive to each other). This is possible due to the differential nature of
our procedure.
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5.1.2 Particle design and evaluation

Obviously, the detector is only half of the system here. In Chapter
4 I described an intuitive model we use to quickly assess a particle’s
relevant properties for use with a DiffMag detector. Studying this
model, we come to the conclusion that a traditional Langevin only
solution to the Brownian Fokker-Planck equation is insufficient, and a
coupling between both Fokker-Planck equations is required, because
both relaxation channels aren’t independent of each other. For small
particles, Neèl relaxation dominates, whereas for larger (clusters of)
particles, the Brownian channel completely determines the particle
ensemble’s magnetic performance. However, in the critical range of
15-25nm, both channels influence each other and contribute to the
resultant signal. We realize our approach is intuitive at best and
not exactly representative of the real-world physics going on, as the
coupling in our case is only made through the anisotropy constant
K. Successful approaches to couple both F-P equations have been
explored, but are much more computationally intensive. Main point:
Brownian relaxation improves Neel relaxation by aligning easy axis
of the particle with the applied magnetic field. Concurrent solution
of both F-Ps is hard, so we incorporate this effect by lowering the
anisotropy constant.

5.1.3 Tracer availability

In an ideal world, we would be able to design, produce and use an
optimized particle and detector combination. In reality however, very
few tracer materials are available in clinically relevant quantities, and
even fewer have managed to navigate the (rightfully so) complex cer-
tification pathways, and have obtained either FDA or CE clearance.
This is a definite risk for clinical acceptance and uptake of detection
methods relying on these tracers, and new CE regulations have defi-
nitely not improved the success rate of new products so far.

5.1.4 Application aspects - clinical considerations

When thinking about applying DiffMag in a clinical context - like the
SLNB procedure, it is important to consider the up and downsides of
both DiffMag and its existing and potential competitors. By combin-
ing the selectivity of a radioisotope-based detection procedure with
the safety and logistical advantages of conventional magnetic tracers,
we aimed to combine the best of both worlds. However, as we showed
in this thesis, our approach has downsides as well. These mainly con-
cern, besides the earlier addressed limitations around probe diameter
and detection depth and speed, electromagnetic compatibility with
other equipment in the surgical area. Given the electronically noisy
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and complex surroundings in the OR, and to prevent problematic in-
terference with the normal operation of this equipment (EEG, ECG,
for example), this aspect deserves more attention. Even though our
solution was designed with EMC compatibility and the ICNIRP guide-
lines in mind, testing in a real world or realistically simulated environ-
ment is essential to prove the solution’s efficacy and safety.

During the development of the first DiffMag probes, clinicians have
been involved from the get go. We believe that design and implemen-
tation of a new medical device needs to be done in close collaboration
with the eventual end user, as early as possible. Therefore, we believe
and have received feedback that the device has a usable form factor
for a surgeon, and performs similarly to the current gold standard in
terms of user interface and user experience. For new applications, it
is vital to reassess the exact needs in terms of UI and UX together
with the intended end users.

5.2
Outlook

At the beginning of this thesis, I mentioned the somewhat lackluster
uptake of magnetic techniques in medicine, outside of shielded rooms
at least. We strongly believe that by designing a robust measurement
technique, combined with state of the art nanoparticle technology,
we are slowly but surely able to move out of the magnetically shielded
room, and into, in this case, the operating theatre. Many challenges
lie ahead to bring the DiffMag principle from a proof of concept stage
to a mature technology. Subsequent research projects following mine
have already shown promising results, both in maturing the mea-
surement concept and in broadening the application spectrum from
breast cancer, to head & neck carcinoma and laparoscopy. Whilst
obviously we focus on magnetic techniques in this thesis, in the end
the only thing that matters is the optimal implementation of a (di-
agnostic) devices is the optimal solution that benefits the patient
most. Sometimes that will be a magnetic technique, in other situ-
ations a nuclear medicine approach may be more beneficial. In the
end, the device ought to fit the problem at hand, and not the other
way around.

Coming back to our stated intention in the introduction of this thesis,
our aim was to develop a practical device that would allow us to move
magnetic detection techniques out of the shielded environment that
limits its uptake in medical practise. By implementing Differential
Magnetometry in a small, handheld device, with its active compensa-
tion allowing us to filter out unwanted signals from the environment
like the human body and surgical instruments, we have shown that it
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is definitely possible to use sensitive, selective magnetometry without
the need for shielded rooms and cumbersome hardware.
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Summary

The implementation of magnetic detection techniques in clinical prac-
tice has long lagged behind developments in society as a whole.
Whilst techniques like magnetic resonance imaging and (to a lesser
extent) MEG/MCG have been succesfully introduced, use of mag-
netic techniques for diagnostics and treatment has always been lim-
ited to well controlled, shielded environments. In this thesis, we
describe the development of a sensitive and specific method to use
magnetic nanoparticles for diagnostics and localization, without the
need for shielded surroundings. This opens up a world of new appli-
cations for magnetic detection, ranging from intraoperative detection
of sentinel lymph nodes to tracking and tracing of stem cell therapies,
to navigation applications.

Differential Magnetometry

In chapter 2, we introduce the concept of Differential Magnetom-
etry. By exciting a sample containing superparamagnetic iron oxide
nanoparticles (SPIONs) with an induction coil generating an alternat-
ing magnetic field, we magnetize the particles. This magnetization
is measured by a pair of detection coils. If we now periodically add a
static magnetic field to the excitation, we alter the magnetic response
of the particles, because the magnetization dynamics of these par-
ticles are strongly nonlinear. By determining the difference between
these two magnetization signals, we obtain a specific particle signal,
which contrasts with the predominantly linear magnetic properties of
tissue and surgical instruments, in this field range. In this chapter,
we illustrate how the time derivative of the magnetization changes
as the magnetization is pushed towards saturation by the applied DC
offset field.

The principle of Differential Magnetometry was implemented in a
handheld probe, intended for intraoperative detection of the sentinel
lymph node during breast cancer surgery. This application forms a
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formidable challenge for magnetic techniques, as demands on sensi-
tivity and selectivity are high, and the injected dose needs to be as
low as possible to prevent post surgical sideeffects like skin staining
and MRI artefacts. Additionally, emitted power of the coils is lim-
ited to prevent tissue heatup and other effects like described in the
ICNIRP guidelines on non ionizing radiation protection. Whilst con-
ventional magnetometers, explored for this type of application, have
issues balancing out the effects of a varying background suscepti-
bility (due to different tissue oxygenation, which is slightly param-
agnetic, for example), and metallic surgical instruments, DiffMag is
robust against these artifacts, provided the measurement electronics
are fast enough to compensate in real time for the changing induced
signal. In this chapter, we outlined the clinical requirements for this
application, and how they translate into a first prototype probe and
electronics combination. The probe consists of coaxial pairs of ex-
citation and detection coils, with a few windings of compensation
coil wound around the excitation coil for real-time adjustment of the
excitation parameters. The excitation coils are driven by a current
controlled power amplifier, which is controlled by MATLAB through
a high-speed DAQ system. Following the detection coils, a lownoise
preamplifier forms the final element of the probe. An instrumentation
amplifier takes the measured signal and feeds it into the processing
DAQ. The DiffMag signal analysis and processing are all performed
in MATLAB. All characterization measurements were performed us-
ing samples of the well known MRI contrast agent Resovist. Probe
operation was evaluated by measuring its dose-response curve, lat-
eral and depth sensitivity. Furthermore, we show initial results of
the active compensation mode, which strongly suppresses the signal
from surgical instruments placed near the detector.

Separation of excitation and detection coils

Then, we look into another challenge in chapter 3: can we down-
size the detection system, such that it fits in a standard 6mm trocar
opening, for laparoscopic detection of sentinel lymph nodes. The
only way we can achieve this, and improve the maximum attainable
detection depth, is by separating the excitation coil system from the
detection coils. Usually, this is impossible, because the constantly
varying mutual induction between the two coil sets is indistinguish-
able from the signal of interest, that of the particles. But because
of the stepwise pulse sequence in DiffMag, we can allow for some
measurement time to compensate for this changing mutual induc-
tion, as long as the rate of change of the mutual inductance is slow
compared to the pulse sequence time.
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Building on the DiffMag foundations laid in chapter 2, we elaborate
on the phase sensitive detection scheme, and how it is used to calcu-
late the optimal compensation signal which is coupled into the coils
of the gradiometer. We then illustrate the physical setup, and the
expanded electronics package, as the induction of the excitation coils
is now such that two separate power amplifiers are required, one for
the AC signal and one for the DC pulses. Following this description,
we show the first results of the active, iterative compensation and
finish by discussing improvements that are needed before this setup
is ready for (pre)clinical evaluation in a controlled setting.

Modelling magnetic nanoparticles

When looking for an optimal combination of magnetic probes and
tracers, it is essential to understand the physics underlying the tracerś
behavior in the relevant field regime. These dynamics are primarily
governed by the time-dependent evolution of sampleś magnetization
due to externally applied magnetic fields. Especially in the mag-
netic field and frequency range where Neèl and Brownian relaxation
mechanisms compete, a complete understanding of the physics in-
volved is still lacking. In this chapter, we explored a model in which
we propose a very basic coupling of both magnetization channels,
through the effect that magnetic anisotropy has on the Neèl relax-
ation mechanism. The basic idea is that Brownian relaxation, even
in the situation where Neèl relaxation dominates, acts to align the
magnetic easy axis with the applied field, which shortens the Neèl
relaxation time. We describe this model in chapter 4.

We explore the feasibility of this model by numerically evaluating the
Fokker-Planck equations that describe both relaxation mechanisms,
whilst taking into account the particle size and anisotropy distribu-
tion. The model was evaluated for three different particles, with over-
all good agreement between measurement and simulation.

Magnetic measurements were performed using the in house built Su-
perParamagnetic Quantifier, which is a coaxial magnetometry setup
similar to those used in AC magnetometry experiments, but using
the DiffMag excitation and detection scheme. In the chapter, we
describe experimental parameters used in the experiment, and char-
acterization of the samples, to which we added TEM images for size
distribution measurmements.

Finally, we combine the discussion points from the individual chap-
ters, and have a short outlook on the potential of DiffMag for clinical
applications, and illustrate the steps that need to be taken before
(pre)clinical evaluation can take place.
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Samenvatting

De implementatie van magnetische detectietechnieken in de kliniek
heeft lang achtergelopen bij ontwikkelingen in de samenleving in het
algemeen. Hoewel technieken als MRI en (in mindere mate) MEG
en MCG hun weg naar de kliniek hebben weten te vinden, is het
gebruik van magnetische technieken voor diagnostiek en behandel-
ing altijd beperkt gebleven tot goed gecontroleerde, afgeschermde
omgevingen. In dit proefschrift beschijf ik de ontwikkeling van een
gevoelige en selectieve methode om magnetische nanodeeltjes te ge-
bruiken voor diagnostiek en lokalisatie, zonder de noodzaak voor
afgeschermde omgevingen. Dit opent de deur naar een wereld vol
nieuwe toepassingen voor magnetische detectie, variërend van in-
traoperatieve detectie van poortwachter lymfeklieren tot het vol-
gen en lokaliseren van stamcelbehandelingen, en navigatietoepassin-
gen.

Differential Magnetometry

In Hoofdstuk 2 introduceer ik het concept van Differentiële Mag-
netometrie of DiffMag. Door een specimen die superparamagnetis-
che ijzeroxide nanodeeltjes (SPIONs) te exciteren met een induc-
tiespoel die een wisselend magneetveld genereert, magnetiseren we
de deeltjes. Deze (alternerende) magnetisatie wordt gemeten met
een gradiometer. Als we nu periodiek een statisch magneetveld to-
evoegen aan de excitatie, veranderen we de magnetische respons van
de deeltjes, omdat de magnetisatie-dynamica van deze deeltjes sterk
niet-lineair is. Als we nu het verschil tussen deze twee magnetisatie-
signalen bepalen, verkrijgen we een specifiek signaal wat alleen van
de deeltjes afkomstig kan zijn, wat contrasteert met het grotendeels
lineaire magnetische gedrag van weefsel en chirurgisch instrumen-
tarium in dit veldbereik. In dit hoofdstuk illustreren we hoe de ti-
jdsafgeleide van de magnetisatie verandert wanneer de magnetisatie
richting verzadiging wordt gebracht door het aangelegde statische
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offsetveld.

Het principe van DiffMag was geïmplementeerd in een draagbare sen-
sor, bedoeld voor de intraoperatieve detectie van de poortwachter
lymfeklier tijdens borstkankerchirurgie. Deze toepassing vormt een
forse uitdaging voor magnetische technieken, omdat de eisen ten
aanzien van gevoeligheid en selectiviteit hoog zijn, en de geïnjecteerde
dosis zo laag mogelijk moet zijn om post-operatieve bijwerkingen als
huidverkleuring en MRI artefacten te voorkomen. Daar komt bij dat
het uitgestraalde vermogen van de spoelen beperkt is om weefselop-
warming en andere effecten zoals beschreven in de ICNIRP guidelines
on non ionizing radiation te voorkomen. Terwijl conventionele mag-
netometers, die verkend worden voor dit soort toepassingen, prob-
lemen hebben met het compenseren van het effect van een veran-
derende achtergrondsusceptibiliteit (bijvoorbeeld door veranderende
zuurstofopname in het weefsel, wat dit licht paramagnetisch maakt)
en metallisch chirurgisch instrumentarium, is DiffMag zeer robuust
tegen dit soort arttefacten, als de meetelectronica snel genoeg is om
in real time te compenseren voor het geïnduceerde ruissignaal. In dit
hoofdstuk benoemen we de klinische eisen voor deze toepassing, en
beschrijven we hoe deze vertaald zijn in het eerste prototype.

De sensor bestaat uit coaxiale paren excitatie- en detectiespoelen,
met kleine compensatiespoelen hier omheen gewikkeld, zodat het
magnetische signaal in real time bijgestuurd kan worden. De exci-
tatiespoelen worden aangedreven door een stroomgestuurde voeding,
die door middel van een data acquisitiesysteem aangestuurd wordt
met MATLAB. Na de detectiespoelen volgt een eerste voorversterker
met lage ruis als laatste onderdeel van de sensor. En gevoelige in-
strumentatieversterker ontvangt het signaal van de voorversterker
en voert dit het data acquisitiesysteem in, waarna DiffMag signaal-
analyse en verwerking worden uitgevoerd in MATLAB. Alle karak-
terisatiemetingen werden gedaan met samples van het bekende MRI
contrastmateriaal Resovist. De werking van de sensor werd geveri-
fieerd door middel van het meten van de dose-response curve, axiale
en dieptegevoeligheid van de probe. Vervolgens laten we de eerste
resultaten zien van het actieve compensatiemechanisme, wat het sig-
naal van chirurgisch instrumentarium in de nabijheid van de probe
sterk onderdrukt.

Separation of excitation and detection coils

Vervolgens bekijken we in Hoofdstuk 3 een volgende uitdaging: het
reduceren van de omvang van de sensor, zodat deze in een standaard
6mm trocar-opening past, zodat laparoscopische toepassingen binnen
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bereik komen. De enige manier waarop dit gerealiseerd kan worden,
alsmede de dieptegevoeligheid van de sensor te verbeteren, is door
de excitatiespoelen fysiek te scheiden van de detector. Normaliter
is dit onmogelijk, aangezien de constant variërende mutuele inductie
tussen excitatie en detectie niet te onderscheiden is van het signaal
waar we in geïnteresseerd zijn. Vanwege de stapsgewijze veldsequen-
tie van DiffMag kunnen we wat meettijd investeren om voor deze
veranderende mutuele inductie te compenseren, zo lang de tijdscon-
stante van de verandering lang is ten opzichte van de meetsnelheid
van ons systeem.

Voortbordurend op de DiffMag basisprincipes uit hoofdstuk 2, il-
lustreren we het fasegevoelige detectie-algoritme, en hoe dit wordt
gebruikt om het optimale compensatiesignaal te bepalen wat uitein-
delijk door de compensatiespoelen in het systeem gekoppeld wordt.
Vervolgens beschrijven we de fysieke opstelling en de electronica die
uitgebreid is ten opzichte van het eerste prototype, aangezien we door
de omvang van de excitatiespoelen nu twee stroomgestuurde voedin-
gen moeten gebruiken, een voor het AC signaal en een voor het DC
signaal. Hierna laten we de resultaten van de actieve compensatie
zien, en sluiten af met het bediscussiëren van verbeteringen die nodig
zijn voordat het systeem klaar is voor (pre)klinische evaluatie.

Modelling magnetic nanoparticles

Wanneer een optimale combinatie van magnetische sensor en deeltje
gezocht wordt, is het essentieel om de natuurkunde te begrijpen die
het magnetisch gedrag van de deeltjes in het relevante veldregime
beschrijft. Dit gedrag wordt voornamelijk bepaald door de tijdafhanke-
lijke ontwikkeling van de magnetisatie van het sample, veroorza-
akt door het aangelegde excitatieveld. Juist in het gebied waar de
Neèl en Brownse relaxatiemechanismes beide actief zijn, ontbreekt
een complete beschrijving van de fysica. In dit hoofdstuk verk-
enden we een model waarin we een eenvoudige koppeling tussen
beide relaxatiemechanismes voorstellen, door het effect wat mag-
netische anisotropie heeft op het Neèl mechanisme. Het idee is dat
de Brownse beweging, zelfs in de situatie waar Neèl relaxatie nor-
maliter domineert, de magnetische as van het deeltje dusdanig uitlijnt
met het aangelegde magneetveld, dat daardoor de Neèl relaxatietijd
verkort wordt. Ik beschrijf dit model in Hoofdstuk 4.

We bekijken de geschiktheid van dit model door numeriek de Fokker-
Planckvergelijkingen die beide relaxatiemechanismes beschrijven te
evalueren, terwijl we daarin de distributie van deeltjesgrootte en
-anisotropie meenemen. Het model is geëvalueerd met drie ver-
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schillende types deeltjes, met goede overeenkomst tussen meting en
model.

Magnetische metingen zijn uitgevoerd met de zelfgebouwde Super-
Paramagnetic Quantifier, een coaxiale magnetometer vergelijkbaar
met opstellingen die gebruikt worden om AC magnetometrie-experimenten
uit te voeren, maar met DiffMag excitatie en detectiesequenties. In
dit hoofdstuk beschrijven we de experimentele parameters van het
experiment en karakterisatie van de samples, waar TEM microscopie
gebruikt werd voor het bepalen van de grootte-distributie.

Tenslotte combineren we de discussiepunten van de individuele hoofd-
stukken, en kijken we vooruit naar potentiële toepassingen voor Diff-
Mag in de kliniek, met een illustratie van de stappen die nog genomen
moeten worden voordat (pre)klinische evaluatie kan plaatsvinden.
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