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The increasing interest for local detection of magnetic nanoparticles (MNPs) during clinical interventions
requires the development of suitable probes that unambiguously detect the MNPs at a depth of several
centimeters in the body. The present study quantitatively evaluates the limitations of a conventional
magnetometry method using a sinusoidal alternating field. This method is limited by the variability of
the magnetic susceptibility of the surrounding diamagnetic tissue. Two different sensors are evaluated in
a theoretical model of MNP detection in a tissue volume. For a coil that completely encloses the sample
volume, the MNPs can be detected if the total mass contributing to the signal is larger than 4.1 x 10~
times the tissue mass. For a handheld surface coil, intended to search for the MNPs in a larger tissue
volume, an amount of 1 pg of iron oxide cannot be detected by sensors with a diameter larger than
15 mm. To detect a spot with MNPs at 5 cm depth in tissue, it should contain at least 325 pig iron oxide.
Therefore, for high-sensitive clinical MNP detection in surgical interventions, techniques with increased
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specificity for the nonlinear magnetic properties of MNPs are indispensable.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Alternating field magnetometry has been widely applied for
magnetic analysis and measurements of MNPs. Compared to MRI
and magnetic particle imaging, which require high fields and large
systems, the principle of alternating field magnetometry is very
suitable for clinical interventions, since it can operate at relatively
low field amplitudes using simple technology. A few clinical
applications for MNP detection, like sentinel lymph node detec-
tion, are based on the use of a detection coil and a single,
sinusoidal excitation field [1,2].

In the last decade, several studies have been published about
the application of magnetic nanoparticles (MNPs) for sentinel
lymph node biopsy (SLNB) [3-8,1,2]. Especially the disadvantages
accompanying the usually applied radionuclides in SLNB, concern-
ing radiation exposure, complicated logistics and legislation, have
stimulated the search for other tracers and detection methods,
leading to the introduction of MNPs in SLNB. Adequate depth
sensitivity of an MNP probe is crucial in this case, because axillary
sentinel lymph nodes can be found to be 1.5-8 cm deep in the
body [9]. A simple, unambiguous method of magnetic detection is
regarded to be essential for clinical users to assist with real time
information during SLN localization and resection. To realize this,
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the availability of sensitive handheld probes with a high MNP
specificity is required.

With methods based on sinusoidal alternating field excitation
(further in this paper mentioned as conventional alternating field
magnetometry), the magnetic susceptibilities of the sample ma-
terials are the basis of contrast. Detection of MNPs with a large
susceptibility is successful when its signal provides a good contrast
with the surrounding medium with a low magnetic susceptibility,
i.e. the tissue. However, the weight of contributions of materials
with different (dimensionless) susceptibilities is based on the
volume or the mass ratio. In other words, for a certain mass of
MNPs, the measured signal equals the signal contribution of the
tissue or the medium mass. This ratio determines the detectability
of MNPs in a typical application. Therefore, for high-sensitive,
clinical MNP detection, the intrinsic linear magnetic properties of
the body have to be taken into account.

Conventional alternating field magnetometry also detects the
linear magnetic tissue. Especially for applications with a relatively
large contribution from tissue volumes and very low amounts of
MNPs or MNPs at distant locations, the detection limits for MNPs
are crucial. For a very low response from deeply located MNPs or a
small amount of MNPs, the tissue response can dominate over the
particle response. Simply increasing the excitation field strength,
to increase the depth sensitivity of the sensor, will not solve the
problem, since the signal-to-noise-ratio will decrease by an
increased contribution of a larger tissue area. Furthermore, safety
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limits on the field amplitude, heat dissipation and sensor stability
may affect the clinical usability of the probe.

In this study, the intrinsic limitations of conventional alternat-
ing field magnetometry are quantitatively demonstrated for clin-
ical MNP detection. To achieve a result that can be compared in
fairness with other optimized magnetic detection techniques, the
analysis is based on general and the most optimistic assumptions.
The evaluation is based on two different sensor types. In model A,
the MNP detection limit is calculated for a sample enclosing
detection coil. Model B evaluates MNP detection in a large tissue
volume with a surface coil.

2. Methods

The sensors in models A and B, both consisting of an excitation coil
and a single detection coil, are quantitatively evaluated in a theoretical
model. The evaluation is based on some general assumptions that are
applied to both sensor models. The alternating excitation field H is
assumed to be homogeneous over the whole sample, with an
amplitude of 10 mT g, !'and an excitation frequency of f=1 kHz. The
geometry of the excitation coil is therefore not included in both
models. The amplitude of the excitation field is assumed to be low; for
larger amplitudes the nonlinear magnetic properties of MNPs become
important and the situation turns to the disadvantage of the detect-
ability of MNPs. In the detected signal, the contribution from the
excitation field is assumed to be effectively eliminated, eg by
electronic compensation.

For tissue, the volume susceptibility of water y;; = — 9.05 x 107°
is assumed, with 20% variation taking into account tissue differences
(=11 x 107% < . < — 7 x 107°) [10]. For iron oxide (Fe;04) MNPs
the (optimistic) value of y,,, = 50 is assumed. The respective mass
densities are p,; = 1000 kg m~ and p,,, = 5180 kg m™>.

The detected voltage U (V) in the coil is the sum of the
contributions from tissue and MNPs:

U = Ugs + Uypp- (1)

In practice, the tissue component can be eliminated by subtracting
the signal U of a tissue sample or region not containing MNPs
(Uynp=0). After this compensation procedure, the resulting re-
sponse of tissues with MNPs can be fully attributed to the MNPs.
However, because of the susceptibility variations of tissues in the
human body, some uncertainty is introduced in the compensation,
which affects the detectability of MNPs. This uncertainty can be
expressed as a variability in the effective tissue susceptibility in
the range of y .. =-4.0x 107°. Because adequate reduction of
this uncertainty during clinical procedures is difficult to verify, we
use this full range of variability for the definition of the detection
limit. For both sensor models, it is therefore assumed that the
MNPs can be detected when the amplitude of the MNP contribu-
tion exceeds the signal variability of tissue: Uynp > — Ugis var-

2.1. Model A: sample volume enclosing coil

Sensor model A considers a setup typically for magnetic
analysis of small (ex vivo) samples, with a coil that encloses the
entire sample volume, containing the tissue and MNPs (Fig. 1).
Assuming a detection coil with a homogeneous sensitivity profile
in the coil, the whole sample space is assumed to be detected with
a spatially constant coil sensitivity S (TA™!), i.e. every sample
volume element is detected with equal sensitivity. The space
outside the coil is neglected in the signal contribution.

The signal U received by the detection coil can be written as

U= - 2zf-msS, (2)

tissue

detection

IH direction

Fig. 1. Model A: a sample enclosing sensor with diameter d and a tissue volume
which contains distributed MNPs. The tissue volume is assumed as a homogeneous
medium, filling the entire coil volume. The sinusoidal excitation field is homo-
geneous and parallel to the axis of the coil.

with m (A m?) being the magnetic moment of the entire sample.
For the magnetic moment we write

m=MV=yHV, 3)

with M (Am~') being the magnetization, V (m?®) the volume of
sample material and H (Am~"') the applied field. The detected
voltage U is proportional to the total magnetic moment m of the
sample. The individual susceptibilities of diamagnetic tissue and
superparamagnetic MNP materials determine their respective
partial contributions to the signal. According to the definition of
MNP detectability, the MNPs are defined to be detectable if the
magnetic moment of the MNPs m,, equals the opposite magnetic
moment variability of the tissue my -

Mynp = — Mg ygr — )(MNP'H'VMNP == Xtisvvar'H"/ﬁS' (4)
Since the excitation field is assumed to be homogeneous, both the
tissue and the MNPs are subjected to the same field. Thus, the
susceptibilities of MNPs and tissue provide us the ratio of MNP and
tissue volumes that produce the same magnetic moment:

VMNP _

~tis,var

Viis AMNP (5)
Using the mass densities of tissue pys and iron oxide p,\,, the
mass ratio my: myp of equally detected MNPs and tissue varia-
tions can be calculated:

Mynp _ Viune Pune
Mg Vis Pris (6)

This mass ratio represents the minimum mass of iron oxide MNPs
that can be detected in model A, with a tissue volume in the
sample enclosing coil.

detection tissue
coil
d
MNPs
-
H direction

Fig. 2. Model B: the single sided sensor with diameter d and a tissue volume which
contains a spot with MNPs. The tissue volume is assumed as a homogeneous
infinite medium at the right side of the probe. The excitation field is homogeneous
and parallel to the axis of the coil. The MNP spot is positioned on the axis of the coil
at a distance x between 0 and 25 mm from the coil.
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2.2. Model B: single sided detection of MINPs in a tissue volume

For in vivo applications with a clinical handheld MNP sensor,
the sample volume is positioned at one side of the detection coil.
Such a sensor is typically used in the search for clinically relevant
MNP spots in tissue. A relatively large diamagnetic tissue volume
is present, which contributes to the signal in the magnetometer. In
this context, it is important whether the presence of a small
volume of MNPs at a certain location can be determined. To obtain
a quantitative indication for MNP detection with a single sided
magnetometer, a model is defined with a single detection coil and
an infinite, large tissue volume containing a small spot with MNPs
(see Fig. 2).
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Fig. 3. The signal contribution Uyyp (blue solid line) for model B for different coil
diameters calculated for a 1 pg iron oxide sample, plotted with the detection limit
Utis,var defined by susceptibility variations of tissue (green dashed line). The
calculated signals from tissue U qr and MNPs Uynp are detected by a coil with
100 windings and a homogeneous excitation field of 10 mT alternating at f=1 kHz.
Larger tissue volumes are detected with larger coil diameters, which reduces
distant detection of MNPs. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)
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In addition to the general assumptions mentioned above, some
additional conditions are formulated. The detection coil has
n=100 thin wired (~0.1 mm) windings, which justifies the as-
sumption of zero coil length and a coil position x=0m on the
tissue surface. The spot with MNPs is positioned on the coil axis at
different positions x. According to Eq. (1), the signal U received by
the detection coil contains the individual contributions of the
different materials in the sample. The signal contribution U can
be calculated using Faraday's law of induction. Since the tissue
contribution is subtracted with the uncertainty of the variation in
susceptibility, the remaining signal contribution that determines
the detection limit is calculated by

d(ptis var dB
Utis,vur == - =-n

dt

tis,var A
’

dt (7)

with @ .. being the magnetic flux through the coil due to the
magnetization variation of tissue and A = zR? (m?) the coil surface.
In this model, the tissue is assumed to be an infinite homogeneous
medium at one side of the coil. The magnetization variation of the
tissue My o, Produces the magnetic field variation By, that is
detected by the sensing coil:
Btis,var = ﬂoMtis,var = MO'}(tis,var’H‘ (8)
The signal contribution Uy, of 1 pg iron oxide MNPs depends
on the position x on the axis of the detection coil and is calculated
using Egs. (2) and (3), assuming a homogeneous coil sensitivity S
(x) over the very small MNP volume. The coil sensitivity S(x) is
calculated using the Biot-Savart law, defined for the magnetic field
strength on the axis of a single loop, divided by the applied current
and multiplied by the number of turns:
S = B i
I 2(R? 4+ x*)2 (9)
with B being the magnetic field at position x on the axis of a coil
with diameter d = 2R (m) and I (A) the current through the coil.
The spatially dependent coil sensitivity thus represents the field
strength produced per unit current through the detection coil.
Assuming a homogeneous excitation field of H = 10 mT ;40‘1, the
signal Uyp of a small volume of MNPs containing 1 pig iron oxide
at positions x between 0 and 25 mm on the coil axis and the
uncertainty of the compensation signal for the tissue volume U .,
are calculated. For a sensor with diameter d = 2R, the detectable
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Fig. 4. The mass detection limit of model B for iron oxide MNPs in tissue vs. detection coil diameter, calculated for six axial distances to the coil. The mass detection limit
increases rapidly with MNP distance and with coil diameter. For clarity, the mass values are plotted on linear (a) and logarithmic (b) scales.
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iron oxide mass at position x is given by

“Htis,var

myp = 27(R? + x2)3/2. .
e (10)

The iron oxide mass detection limit of sensors with diameters
between 1 and 50 mm is calculated for 6 different MNP positions
between 0 and 5 cm.

3. Results
3.1. Model A: sample volume enclosing coil

For the sample enclosing coil sensor, the detection limit
of MNPs in tissue is reached for a volume ratio
Vinp! Viis = 4.0 x 1075/50 = 8.0 x 1078, According to Eq. (6), this
corresponds to a mass ratio of mypp/mgs = 8.0 x 1078.5180/1000=
4.1 x 1077 . With model A, the iron oxide MNP mass that can be
detected is 2.4 million times smaller than the contributing tissue
mass. For successful iron oxide MNP detection with a sample
enclosing coil, a 1cm? tissue sample should contain at least
0.41 pg Fes04, equivalent to 0.30 pg iron.

3.2. Model B: single sided detection of MNPs in a tissue volume

For the surface sensor in model B, the results for four different
coil diameters are shown in Fig. 3. The detection limit is deter-
mined by the voltage Uy, that is produced by tissue with a
susceptibility that is maximally different from the reference spot.
As soon as the MNP contribution in the detected voltage decreases
below the tissue variability contribution, the MNPs are regarded as
undetectable. For example, for a coil with a diameter of 10 mm,
1 pg iron oxide nanoparticles can be detected up to a depth of
5 mm in tissue.

Similar to the calculations for a sample enclosing coil, the MNP
detection limit increases with coil diameter, because the tissue
contribution increases and the amplitude of the maximum MNP
signal decreases. From Fig. 3, it is clear that the MNP signal of 1 pg
iron oxide does not exceed the detection limit for coil diameters
larger than approximately 15 mm, even if the MNPs are positioned
close to the coil.

The detection limits for coil diameters between 0.1 and 5 cm
and six different axial MNP positions are shown in Fig. 4. For
example, using a large coil with a diameter of 5 cm, a minimum of
about 41 pg iron oxide can be detected at the coil-tissue interface.
At a distance of 5 cm, the MNP spot is only detectable if it contains
more than 325 pg iron, even for the smallest coil.

4. Discussion and conclusions

The quantitative analysis of MNP detection, using a theoretical
model of conventional alternating field magnetometry, has shown
the limitations for clinical application. The variability of the
diamagnetic susceptibility of tissue prohibits the detection of
small MNP amounts deeply located in larger tissue volumes in
patients.

For conventional alternating field magnetometry using a sam-
ple enclosing coil (model A) with a spatially homogeneous
sensitivity, a homogeneous excitation field and compensated
tissue contribution, the MNP detection limit is determined by
the mass balance of MNPs and tissue. Under the most optimal
conditions, the MNP mass that can be detected is 2.4 million times
smaller than the contributing tissue mass. For very small tissue
samples with relatively high MNP concentrations this might be

acceptable. However, for larger tissue samples or cellular MNP
uptake with typically low concentrations, this detection limit is
insufficient for accurate sample analysis.

For the single sided detection coil in model B, only with small
coils (d < 15 mm) and short MNP distances (x < 7 mm) the de-
tectable iron oxide mass is below 1 pg. Thus for cases with
superficial MNP locations, it is worth to consider small diameter
coils. For deeply located MNP spots, the variability of tissue
dominates over the response. For larger coil diameters the in-
creased tissue contribution dominates over the MNP signal, even
for close MNP positions.

The analysis was performed with specific assumptions that not
only simplified the calculations, but also provided the most
optimal conditions for sensitive MNP detection with a local probe.
The assumption of a homogeneous detection field is the advantage
of the MNP detection limit, since the MNP signal becomes less
dependent on location. Especially for model B with the single
sided detector, a single sided excitation coil would reduce the
detection depth, since the spatial decay of the excitation field
results in a reduced MNP magnetization and thus a lower MNP
signal contribution.

The MNP detection limit derived from the tissue susceptibility
variation is homogeneously applied to the modeled tissue volume.
The detection limit may only decrease if the reference measure-
ment can be performed with increased accuracy. Then, the tissue
susceptibility of the reference tissue is similar to the tissue
susceptibility around the MNPs. In surgical practice with a hand-
held probe it is difficult to improve the accuracy of the reference
measurement, since probe placement on soft tissues is hardly
reproducible. For cases with a larger variability in tissue suscept-
ibility, the mass detection limit of MNPs increases, while the depth
detection limit of the single sided probe in model B reduces.

The MNP susceptibility used for the calculations is based on
what is found for a typical MRI contrast agent (Resovist). Although
this value is optimistic, there are of course MNP formulations
possible with a larger susceptibility. However, for biomedical
applications it is unlikely to find materials for MNPs with a
significantly larger susceptibility that would eliminate the limita-
tions of conventional alternating field magnetometry.

The results presented above cannot be improved by choosing
another amplitude or frequency of the excitation field. The results
may even get worse, since the diamagnetic magnetization is
frequency independent and linearly related to the excitation field,
whereas the magnetic response of MNPs is strictly nonlinear and
depends on the excitation frequency [11,12]. The assumption of a
frequency independent linear MNP susceptibility in the present
model is therefore the most optimistic case for MNP detection
with conventional alternating fields. The geometric simplification
of the single sided detection coil with zero length is the most
sensitive design for a surface coil. For realistic, longer detection
coils the sensitivity will decrease, which is the disadvantage of
MNP detection.

The present quantitative analysis clearly shows that the con-
ventional alternating field magnetometry approach for local MNP
detection is limited by the significant contribution from tissue
susceptibility variations. For a wide clinical acceptance of MNP
detection in (surgical) interventions, a clinical probe is required
which has a selective sensitivity for nonlinear MNPs. The probe
should be able to detect micrograms iron oxide at a depth of
several centimeters, by eliminating the linear magnetic contribu-
tion of tissue and exploiting the nonlinear properties of MNPs.
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