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Abstract
For small, early-stage or otherwise non-palpable breast tumors, surgeons rely on localization
technologies to accurately find and remove the tumor tissue during breast conserving surgery.
However, current widely accepted localization technologies either use painful and logistically
challenging guidewires, or complex radioactive iodine sources.Wehave developed an implantable
magneticmarker, intended tomark the location of a breast tumor, that can be detected during surgery
using a clinical handheldmagnetic susceptometry system.Here, we report on the development and
optimization of thismagneticmarker, focusing on thematerial, shape and variousmaterial assemblies.
It was found that the effects ofmagnetic shape anisotropymay decrease localization precision. This
can be circumvented by combiningmultiple isotropicmagnetic elements separated fromone another.
Afinal optimized prototypewas constructed and compared to a commercially availablemagnetic
marker. Finally, the technologywas tested in an ex vivo surgical setting on tissue to assess radiological
visibility and surgical feasibility. Themarker was successfully detected and removed in all ex vivo
sessions, and the technologywas found feasible.

1. Introduction

Breast conserving surgery (BCS) is the cornerstone of
curative treatment for patients diagnosed with early
stage breast cancer [1]. In BCS, the goal is to remove
only the malignant tissue whilst keeping the healthy
breast intact. The clinical challenge is often to locate
the tumour tissue during surgery, as early stage breast
cancer looks and feels very alike healthy tissue.
Surgeons require additional guidance during surgery
to accurately remove the tissue of interest [2].

Wire guided localization (WGL) has been the stan-
dard approach for this since its introduction in the
1970s [3], but it is associatedwith drawbacks including
(1) high patient discomfort [4, 5]; (2) reduced surgical
flexibility [2, 4]; (3) logistical challenges [2, 6] and (4)
procedural complications [7, 8]. Radioactive seed
localization (RSL), in which a gamma detector is used
to guide the surgeon towards a radioactive iodine-125
seed that can be implanted up to weeks in advance of

surgery, has been proposed to solve the drawbacks of
WGL by providing logistical and surgical flexibility.
However, the safe use of these tiny (4.5*0.8mm) radio-
active sources is strictly controlled by governmental
legislation. From procurement, storage and issuing
towards recovery and disposal of these sources, every
step needs to be recorded and strictly controlled. The
risk when losing a source is large, as an inspection
body may retract the clinics’ license. Therefore, the
adoption of RSL was only as low as 18% in the Nether-
lands in 2014, and expected lower abroad [9].

Interestingly, research towards the use of magnet-
ism for a variety of medical applications—both diag-
nostic and therapeutic—has gained considerable
traction over the past decades. Indeed, magnetic reso-
nance imaging (MRI) has become one of the keymod-
alities of the radiology department, whilst magnetic
particle imaging [10], magnetorelaxometry [11] and
susceptibility measurements [12] have all become
very active research fields. What these technologies
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have in common is that they exploit the specific char-
acteristics of single-domain magnetic nanoparticles.
Of these technologies, alternate current (AC) suscep-
tometry has reached clinical maturity first. Indeed,
handheld susceptometry systems can be used in com-
bination with an injectable solution ofmagnetic nano-
particles (Sienna+, Endomag LtdCambridge, UK) as a
replacement of radioactive technetium-based sentinel
lymph node biopsies in breast cancer [13]. The use
of these solutions for primary tumour localization is
suboptimal as the fluid diffuses within the tissue
with time.

The goal of the current research was to develop
and optimize a magnetic implantable marker that can
be detected using a commercially available clinical
handheld susceptometry system. This innovative
approach should allow accurate tumour localization
of breast cancer, potentially eliminating the need for
cumbersome wire guided localization or radioactivity.
From the clinician’s perspective, a novel implantable
marker for surgical localization should at the very least
(1) meet the dimensional constraints of conventional
needles for breast biopsies (at maximum 14 G); (2) be
able to mark small lesions (at maximum 5mm in
length) and (3) function as a point-source—or a signal
hotspot for the surgeon to operate towards.

The research starts with experimental bench-top
measurements in which a variety of shapes, materials
and assemblies are investigated to optimize themarker
design. An optimizedmarker prototype was compared
to a commercial magnetic marker that became avail-
able during the execution of this work. Finally, the
developed technology was tested in an ex vivo surgical
setting in human breast tissue to assess clinical
applicability.

2.General experimental set-up

Throughout all experiments, a commercially available
clinical handheld AC susceptometer (Sentimag, Endo-
mag Ltd, Cambridge, UK) was used. This system
consists of a base system and a cable-connected
detection probe that contains a set of concentric drive
and sense coils. The sense coils are arranged in an axial
2nd-order gradiometer configuration [14]. To limit
the influence of temperature, the coils are wound
around a high-grade ceramic body that has a low
coefficient of thermal expansion. A susceptometer
measures the magnetic susceptibility of a sampling
volume by emitting a small sinusoidal exciting field
using the drive coil (typically several mT) that fluc-
tuates with frequency f (in the case of the SentiMag 1 0
KHz). This field causes a time-dependent field in the
sampling volume. Following Faraday’s law, this field
will induce a current in a separate sense coil. Exact
detection parameters and coil geometry of the Senti-
mag system are not known as this entails proprietary
commercial information. Coil diameters are estimated

at approximately 16 mm (full probe diameter
is 18 mm).

The sampling volumemay contain (a combination
of) dia-, para- and/or ferromagnetic material, which
will create a small negative, small positive or large
positive induced magnetization, respectively. As the
magnetization of a ferromagnetic material is much
higher than either dia- or paramagnetic material, a
relatively small volume of ferromagnetic material will
govern the behaviour of the entire sampling volume.
Therefore, the amplitude of the induced field will be
strongly correlated to the amount of ferromagnetic
material in the sampling volume, and the distance
between the excitation coil and the sample. Dia- or
paramagnetic materials may slightly attenuate the sig-
nal. To accommodate for these attenuations, the Sen-
tiMag offset may be subtracted before measurements.
The Sentimag system feeds back the amount of induc-
tion in the sense coils to the end-user using a relative
count value (range 0–9999) on the display and a sound
that increases in pitch when the count increases. It
therefore functions as a proximity sensor.

In the bench-top set-up, the SentiMag probe was
suspended vertically from a manual XYZ translating
table sufficiently far away from any metallic objects
(>15 cm from tip). Horizontal distance response (DR)
curves were obtained by incrementally moving the
probe at a constant vertical distance from left to right
over the marker and noting the count value at each
increment. Vertical DR curves were obtained by incre-
mentally increasing the distance between sample and
probe and noting the count value at each measure-
ment location (figure 1). All experiments were per-
formed twice, and values were averaged. In horizontal
DR graphs, the sample was placed in the origin (0, 0),
and all measurements were performed along the axis
of longitudinal samples. For clarity, vertical DRs are
plotted on a log-lin scale. In previous, non-published
research we determined the lower limit of reliable
detection to be 30 counts, everything under 30 counts
is considered not sufficiently reliable in our analyses.

During the experiments, we define the relative
sample shape isotropy by dividing the length of its

Figure 1. Schematic overview ofmeasurement set-up to
obtained horizontal and vertical distance response (DR).

2

Biomed. Phys. Eng. Express 4 (2018) 067001 B Schermers et al



shortest axisD by its longest axis L. A value of 1 means
the sample is isotropic, a value near 0 means highly
anisotropic.

The marker development process is subdivided
into two steps, namely (1) material selection and (2)
volume, shape and configuration selection. As a final
step (3) ex vivo testing was performed to assess clinical
applicability.

As a rule of thumb, the final marker design was
initially constrained to the size of the largest needle
used in conventional breast biopsy procedures, which
is 14 Gor approximately 1.8 mmdiameter.

To improve readability, introduction including
materials, results and intermediate discussion is pro-
vided for each step, as findings from one step led to the
substantiation for subsequent steps and actions. The
article concludes with a general overview of the find-
ings and implications of the developed technology for
the surgicalfield and future research.

3. Step 1:material selection

3.1. Introduction
For medical applications, stainless steel (STS) is a
commonly used material, as it combines good
mechanical characteristics and workability with high
corrosion resistance and biocompatibility. STSs are
subdivided into high-level grades depending on their
dominant crystalline structure (i.e. ferritic,martensitic
or austenitic). Of these, ferritic and martensitic STSs
show ferromagnetic behaviour, whilst austenitic STS
is generally known as ‘non-magnetic’, or having a

relativemagnetic permeability very close to that of free
space.

Of all three STS types, wire samples (10 mm×
1 mm) were tested (table 1). Of these samples, vertical
and horizontal DRswere determined.

3.2. Results
Figure 2(A) shows that samples 2 and 3 (ferritic and
martensitic) perform equally, sample 1 (austenitic)
performs notably worse. The signal decays exponen-
tially with a third power against the vertical distance,
which is in line with what one would expect for this
type of measurement and device. Figure 2(B) shows
the horizontal DRs for the well-performing materials
of figure 2(A). Note the prominent bimodal aspect in
the curves.

3.3.Discussion
This step shows that the material should be ferromag-
netic, and that the specific type of STS is irrelevant for
detectability, as they perform equally. Interestingly,
the samples create a strong bimodal curve aspect in the
horizontal DRs (figure 2(B)). It was hypothesized that
this effect was caused by magnetic shape anisotropy,
i.e. the tendency of an anisotropic sample to be
magnetized preferably along its longitudinal axis [15].
As the detection probe was moved along the long-
itudinal axis of the sample, themagnetic field is largely
perpendicular to this axis when directly above the
sample, and relatively parallel when on either end of
the sample. This leads to higher magnetization and
thus higher signals when beside the marker, and lower

Table 1.Three types of tested Stainless Steels (STS).

Sample Material Type Shape Size (length×diameter;mm)

1 STS 304 Austenitic Wire 10×1
2 STS 420 Ferritic Wire 10×1
3 STS 630 Martensitic Wire 10×1

Figure 2. (A): Vertical distance response of samples 1–3 (see table 1). Line through points serves as a guide to the eye.Horizontal
dashed line represents the lower limit of reliable detection. (B): Horizontal distance response of samples 2 and 3. Sample 1was omitted
due to inferior performance in vertical direction. Line through points serves as a guide to the eye.
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when directly above, see figure 3. A strongly bimodal
response curve as shown here is unacceptable for
localization purposes, as the signal should have its
maximum when directly above the sample, i.e. a
standard bell shaped or unimodal curve, centred over
the marker. This effect is further investigated in the
following step.

4. Step 2: shape, volume and configuration

4.1. Introduction
The extent of the influence of shape anisotropy effects
demonstrated in step 1 was further investigated by
reducing a wire sample of 10 mm length to 4 mm and
1 mm (increasing isotropy from 0.1, to 0.25 to 1;
samples 3–5, table 2). Horizontal DRs were obtained
for each of the samples to assess the curve aspect.

The influence of sample volume on detectability
was investigated by obtaining vertical DRs of four
spherical ferromagnetic stainless steel 420 samples
with increasing diameters (1.5, 2.0, 2.5, 3.0 mm, sam-
ples 6–9).

Further, it was investigated what would occur if an
overall anisotropic sample was constructed by

assembling multiple isotropic spherical elements on a
single axis whilst touching (samples 10 and 11). Hor-
izontal and vertical DRs were obtained to assess curve
shape and the influence of increased total sample
volume on vertical detectability, respectively.

As a final step, the optimized marker designed was
compared to a magnetic localization marker that
became commercially available during the execution
of this work (Magseed, Endomag Ltd, Cambridge,
UK). This marker has 5×1 mm dimensions (iso-
tropy 0.2) and is constructed from medical grade
stainless steel of which the specific type is unknown
(sample 12).

4.2. Results
Figure 4(A) shows that the bimodal curve aspect is
reduced and finally eliminated when sample isotropy
increases to 1. The significantly lower curve aspect of
sample 5 relative to sample 3 suggests that volume is a
relevant contributing factor in the detectability.
Figure 4(B) shows that detectability indeed increases
when sample volume increases, with maximum
detectable distance (were the curve crosses the hor-
izontal limit of reliable detection) increases from

Figure 3.Hypothesized cause of bimodal curve aspect infigure 2(B) due tomagnetic shape anisotropy. Blue arrow is the easy axis of
magnetization, orange ellipse is a longitudinal sample. In situationA, the detection probe is positioned directly above the sample and a
large part of themagneticfield lines are perpendicular to the axis ofmagnetization. In situation B the probe is next to the sample and
the field lines are largely parallel to this easy axis. This leads to relatively highermagnetization and signal than in situationA.

Table 2. Samples to investigate shape (3–5), volume (6–9) and configuration (10 and 11).

Sample Material Shape Schematic shape Dimensions (length×diameter;mm) Isotropy (diameter/length)

3 STS 630 Wire ——— 10× 1 0.1

4 STS 630 Wire – 4× 1 0.25

5 STS 630 Wire - 1× 1 1

6 STS 420 Sphere ● Ø1.5 1

7 STS 420 Sphere ● Ø2.0 1

8 STS 420 Sphere ● Ø2.5 1

9 STS 420 Sphere ● Ø3.0 1

10 STS 420 2×Sphere ●● 2xØ1.5 0.5

11 STS 420 3×Sphere ●●● 3xØ1.5 0.33

12 STSa Magseed/wire — 5× 1 0.2

a Type of STS unknown.
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22 mm, 28 mm, 37 mm to 40 mm for samples 6
through 9, respectively.

For surgical localization purposes, a combination
of high detectability with a unimodal curve aspect—
i.e. hotspot detection—is essential. The marker design
is constrained by the largest needle size clinically
applicable for breast, which currently is 14 G (or
1.8 mm diameter). It was attempted tomaximize mat-
erial volume within these constraints by investigating
the effects of placing multiple isotropic samples in a
row (samples 10 and 11). Figure 5(A) shows that
detectability is increased with increasing volume, from
22mm, 28 mm to 30 mm, which is congruent with
figure 4(B). Moreover, figure 5(B) shows that the
unimodal aspect essential for localization purposes is
maintained, even though the complete sample shape is
now anisotropic.

Finally, we compared the performance of our pro-
totype to currently available magnetic markers: the
commercially available magnetic marker shows a
strong bimodal curve shape, with signal peaks at

approximately 1 cm on either side of the marker. In
contrast to the commercially available marker, our
prototype sample #11 (3 spheres) shows the desired
monomodal curve shape, see figure 6.

Figure 4. (A): Horizontal distance response of samples 3–5with increasing isotropy. Line through points serves as a guide to the eye.
(B): Vertical distance response of samples 6–9, spheres with increasing diameter. Line through points serves as a guide to the eye.
Horizontal dashed line represents the lower limit of reliable detection.

Figure 5. (A): Vertical distance response of samples 6, 10, 11. Assemblies of one, two and three 1.5 mmdiameter spheres in a row. Line
through points serves as a guide to the eye.Horizontal dashed line represents the lower limit of reliable detection. (B): Horizontal
distance response of samples 6, 10, 11. Line through points serves as a guide to the eye.

Figure 6.Horizontal distance response of sample#11 versus
Magseed, a commercially availablemagneticmarker. Inset:
photograph ofMagseed.
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4.3.Discussion
Step two confirms that shape anisotropy is the cause of
the undesirable bimodal aspect and can be eliminated
by using isotropic samples. Second, it shows that
detectability is proportional to sample volume, thus
sample volume should be maximized. Finally, sample
volume can be maximized whilst maintaining a
unimodal curve aspect by assembling several isotropic
elements in a row.

This behaviour contrasts with an additionally tes-
ted commercially available magnetic marker, which
shows strong influences from shape anisotropy and
therefore high signal peaks detected at approximately
1 cm on either side of themarker, which is undesirable
for localization purposes as the end-user will generally
navigate towards the high peaks.

5. Step 3: ex vivoproof-of-concept

5.1. Introduction
A marker prototype was constructed from three
1.5 mm diameter STS 420 spheres, assembled in a row
with no visual space between the spheres (same as
sample 11, table 2) and subsequently encased in
polymer (4.6 mm × 1.6 mm). In a first session, the
marker was implanted at an arbitrary location in a
chicken breast, after which imaging from all relevant
modalities (x-ray, ultrasound, CT, MRI) was obtained
to assess visibility. Subsequently, two experienced breast
surgeons were asked to perform surgery to retrieve the
marker using themagnetic detector as guidance.

In a second session, two healthy breast tissues from
a patient that underwent preventive dual breast
removal (due to a genetic disposition) were obtained
from the pathology department before slicing. The
marker prototype was again implanted at an arbitrary
location into the specimen by a researcher. Subse-
quently, an experienced breast surgeon who did not
attend the implantation procedure was invited to per-
form surgery to retrieve themarker using themagnetic
detector as guidance.

After of each procedure, the surgeon was asked to
rate the surgical technique of the magnetic procedure
on a 5-point Likert scale ranging from ‘Far inferior to’
to ‘Far superior to’, relative toWGL.

5.2. Results and discussion
Visibility on the most used imaging modalities for
breast cancer (ultrasound, mammographic x-ray and
CT-scan)was excellent. On ultrasound themarker was
clearly visible with an evident acoustic shadow that
helps to identify the marker. On mammographic
x-ray, the metal interior of the marker was visible
without any artefacts. On CT, a small 6 mm circular
metal artefact was visible, with a larger windmill
artefact surrounding it.

On MR an imaging artefact was expected as the
ferromagnetic material in the marker influences the

field homogeneity of theMR system. Indeed, a large 56
mmsusceptibility artefact was found, (figure 7).

A total of four surgical marker retrievals were per-
formed (three on chicken, one on human breast tis-
sue) by two experienced breast surgeons. All
procedures went smoothly, and all markers were
retrieved on first attempt. See figure 8 for a photo-
graphic overview of one of the procedures. Surgeons
rated the surgical technique of the magnetic technol-
ogy superior to far superior overWGL (score 4.5).

6.General discussion and conclusion

A clinical need exists to replace the wire guided
approach for the intraoperative localization of small or
otherwise difficult to locate breast tumours. Although
radioactive alternatives solve the biggest drawbacks of
wires, their inherent complexity and strict regulation
means clinics are hesitant to switch. We have devel-
oped and optimized a novel implantable magnetic
marker that can be detected by an off the shelf clinical
magnetic susceptometer (Sentimag), together forming
a non-radioactive localization technology to replace
thewire guided approach.

The expected clinical benefits of our proposed solu-
tion over the standard ofwire guided localization are (1)
patient comfort (nowire protruding from the breast; no
extra procedure on day of surgery); (2) logistical flex-
ibility (decoupling of radiology and surgery schedules)
[16] and (3) technical (flexibility of surgical approach),
the surgeon can (re)assess his surgical approach towards
themarked tumour in real-time and at anypoint.

The benefits of using magnetism rather than
radioactivity for tumour localization, are manifold.
For example, magnetism does not decay over time and
is inherently safe for both patient and user. This
implies simplicity, magnetic markers may be acquired
in bulk and stored until needed, without any special
storage or procurement conditions. At the pathology
department, a resection specimen with a magnetic
marker in place does not require additional steps for
safe disposal and eliminates the risk of contamination
(as a result of accidentally cutting through a radio-
active marker). For each of the involved departments,
the workload when using a magnetic technology is
expected to be markedly reduced as opposed to a
radioactive technology.

Our research shows that it is possible to construct a
marker within the constraints of clinically acceptable
needle dimensions (14 G), whilst still being able to
detect it up to 30 mm. The challenge was to optimize
material volume andmarker shape. The first improves
detectability, whilst the second may influence accur-
acy. Indeed, it was shown that an anisotropic sample
shape (e.g. samples 3, 4 and 12) created a strong bimo-
dal distance response curve in the horizontal direction,
which was indicative of magnetic shape anisotropy
and may prevent accurate localization. We found that
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an improved marker, constructed from multiple iso-
tropic elements, prevents shape anisotropy from
occurring whilst still having the benefit of improved
detectability due to increasedmarker volume.

Nevertheless, a maximum distance of detection of
30 mm limits the clinical applicability of the technol-
ogy in the breast. One of the key functionalities of a
surgical localization technology is the ability to detect

the location of the tumour from the skin onward, so
that the surgeon can plan the shortest or most cosme-
tically optimal route towards the tumour. One can
imagine that a centrally located lesion in a large breast
may be difficult to bring within the 30 mm from the
detection probe from the skin.

Other limitations of the technology are that afluctu-
ating magnetic field induces Eddy currents in metallic

Figure 7.Visibility ofmarker prototype in a chicken breast on (A)CT. (B)MRI. (C)Ultrasound and (D) x-ray (mammography). Red
insets are zoomed details of themarker.

Figure 8.Overview of ex vivo proof of concept. (A) injection ofmarker into specimen. (B) surgical procedure using Sentimag guidance.
(C) removal of simulated lump. (D) check ifmarker present in specimen.
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instruments, which in turn creates a magnetic field
which is detected by the susceptometer. This implies
that the current system is incompatible with standard
metal surgical instruments, and surgeons should switch
to polymer tools.Moreover, the large susceptibility arte-
fact with the magnetic marker in situ precludes the use
of MRI diagnostics with a marker in situ, which how-
ever canbe solved by adjusting the clinicalworkflow.

Several other parties have worked on non-radio-
active marker-based solutions for tumour localization.
For example, SAVI scout (Cianna Medical, Aliso Viejo,
CA, USA) uses a combination of infrared light and
electromagnetic radiation to detect an implanted
electromagnetic reflector of 1.2 cm length [17]. LOCali-
zer (Health Beacons, Inc., Concord, MA, USA) uses a
large and a small coil to first transcutaneously and then
intraoperatively detect an implanted 12-gauge RFID tag
[18]. The benefit of our proposed solution over its non-
radioactive alternatives is that it functions by means of a
small and passivemarker.Our 4.5 mmmarker canmark
small lesions of interests and even if, hypothetically, the
marker was in some way damaged while in situ, the fer-
romagnetic elements would still be detectable as the
magneticmaterial propertieswould remainunaffected.

In conclusion, we have shown that it is feasible to
produce a magnetic marker that is detectable up to
30 mm using a commercially available AC magnetic
susceptometer, for the use of tumour localization dur-
ing surgery. Furthermore, we were able to eliminate
the magnetic shape anisotropy effects by assembling
isotropic elements in an anisotropic marker shape.
Both on animal and human tissue, two surgeons have
shown that the entire process ofmagnetic-based surgi-
cal localization using this novel marker is feasible.
Limitations of the technology include MR suscept-
ibility artefacts and the necessity to switch to polymer
surgical tools during measurements. Future research
should focus on clinical proof-of-concept of the tech-
nology, especially with regards to the detectable dis-
tance, as well as more advanced detection algorithms
that reduce or eliminate the influence of surgical tools,
and that improve the detection distance.

Declaration of interest

Three authors on this paper (TRuers, B tenHaken and
B Schermers) are inventors on the patent that
describes this technology. Two authors are share-
holders in a start-up company that aims to bring this
technology to commercial fruition (B Schermers and
TRuers).

ORCID iDs

BSchermers https://orcid.org/0000-0002-5850-9999

References

[1] vanDongen J A, VoogdA, Fentiman I et al 2000 Long-term
results of a randomized trial comparing breast-conserving
therapywithmastectomy: european organization for research
and treatment of cancer 10801 trial JNCI J. Natl. Cancer Inst.
[Internet] 92 1143–50

[2] AhmedM,Rubio I T, Klaase JM andDouekM2015 Surgical
treatment of nonpalpable primary invasive and in situ breast
cancerNat. Rev. Clin. Oncol. 12 1–19

[3] Hall FM,KopansDB, SadowskyNL andHomerM J 2013
Development of wire localization for occult breast lesions:
boston remembrancesRadiology 268 622–7

[4] Rampaul R S, BagnallM, Burrell H, Pinder S E, Evans A J and
Macmillan RD2004Randomized clinical trial comparing
radioisotope occult lesion localization andwire-guided
excision for biopsy of occult breast lesionsBr. J. Surg. [Internet]
91 1575–7

[5] MorenoM,Wiltgen J E, Bodanese B, Schmitt R L,
Gutfilen B and da Fonseca LMB2008Radioguided breast
surgery for occult lesion localization-correlation between two
methods J. Exp. Clin. cancer Res. 7 27–9

[6] Langhans L et al 2017Radioactive seed localization orwire-
guided localization of nonpalpable invasive and in situ breast
cancer: a randomized,multicenter, open-label trialAnn. Surg.
266 1

[7] ChanBKY,Wiseberg-firtell J A, Jois RH S, JensenK and
Audisio RA 2015 Localization techniques for guided surgical
excision of non-palpable breast lesionsCochraneDatabase
Syst. Rev. 12CD009206

[8] SeifiA et al 2009Migration of guidewire after surgical breast
biopsy: an unusual case reportCardiovasc. Intervent. Radiol. 32
1087–90

[9] NabonBreast Cancer Audit (NBCA) 2014Year Report Breast
Cancer Audit (Dutch) Available from: https://dica.nl/
jaarrapportage-2014/

[10] PanagiotopoulosN et al 2015Magnetic particle imaging:
current developments and future directions Int. J.
Nanomedicine 10 3097–114

[11] Wiekhorst F, Steinhoff U, EberbeckD andTrahms L 2012
Magnetorelaxometry assisting biomedical applications of
magnetic nanoparticles Pharm. Res. 29 1189–202

[12] Ludwig F et al 2014 Self-consistentmagnetic properties of
magnetite tracers optimized formagnetic particle imaging
measured by ac susceptometry,magnetorelaxometry and
magnetic particle spectroscopy J.Magn.Magn.Mater. 360
169–73

[13] DouekM et al 2014 Sentinel node biopsy using amagnetic
tracer versus standard technique: the SentiMAGMulticentre
trialAnn. Surg. Oncol. 21 1237–45

[14] tenHakenB et al 2010Magnetic Detection of the Sentinel
LymphNode in ExVivo Tissue withColorectal Cancer BT - 17th
Int. Conf. on BiomagnetismAdvances in Biomagnetism ed
S Supek andA Sušac (Berlin, Heidelberg) (Springer Berlin
Heidelberg) pp 447–9

[15] Coey J 2009Magnetism andMagneticMaterials [Internet].
(Cambridge: CambridgeUniversity Press) (http://
medcontent.metapress.com/index/A65RM03P4874243N.
pdf) [cited 2014 17]

[16] SharekD, ZuleyML, Zhang J Y, SoranA, Ahrendt GMand
GanottMA2015Radioactive seed localization versus wire
localization for lumpectomies: a comparison of outcomesAJR.
Am. J. Roentgenol. 204 872–7

[17] CoxCE et al 2016 Pilot study of a new nonradioactive surgical
guidance technology for locating nonpalpable breast lesions
Ann. Surg. Oncol. 23 1824–30

[18] Reicher J J, ReicherMA, ThomasMandPetcavich R 2008
Radiofrequency identification tags for preoperative tumor
localization: proof of conceptAJR. Am. J. Roentgenol. 191
1359–65

8

Biomed. Phys. Eng. Express 4 (2018) 067001 B Schermers et al

https://orcid.org/0000-0002-5850-9999
https://orcid.org/0000-0002-5850-9999
https://orcid.org/0000-0002-5850-9999
https://orcid.org/0000-0002-5850-9999
https://doi.org/10.1093/jnci/92.14.1143
https://doi.org/10.1093/jnci/92.14.1143
https://doi.org/10.1093/jnci/92.14.1143
https://doi.org/10.1038/nrclinonc.2015.161
https://doi.org/10.1038/nrclinonc.2015.161
https://doi.org/10.1038/nrclinonc.2015.161
https://doi.org/10.1148/radiol.13121943
https://doi.org/10.1148/radiol.13121943
https://doi.org/10.1148/radiol.13121943
https://doi.org/10.1002/bjs.4801
https://doi.org/10.1002/bjs.4801
https://doi.org/10.1002/bjs.4801
https://doi.org/10.1186/1756-9966-27-29
https://doi.org/10.1186/1756-9966-27-29
https://doi.org/10.1186/1756-9966-27-29
https://doi.org/10.1097/SLA.0000000000002101
https://doi.org/10.1002/14651858.CD009206.pub2
https://doi.org/10.1007/s00270-009-9620-9
https://doi.org/10.1007/s00270-009-9620-9
https://doi.org/10.1007/s00270-009-9620-9
https://doi.org/10.1007/s00270-009-9620-9
https://dica.nl/jaarrapportage-2014/
https://dica.nl/jaarrapportage-2014/
https://doi.org/10.2147/IJN.S70488
https://doi.org/10.2147/IJN.S70488
https://doi.org/10.2147/IJN.S70488
https://doi.org/10.1007/s11095-011-0630-3
https://doi.org/10.1007/s11095-011-0630-3
https://doi.org/10.1007/s11095-011-0630-3
https://doi.org/10.1016/j.jmmm.2014.02.020
https://doi.org/10.1016/j.jmmm.2014.02.020
https://doi.org/10.1016/j.jmmm.2014.02.020
https://doi.org/10.1016/j.jmmm.2014.02.020
https://doi.org/10.1245/s10434-013-3379-6
https://doi.org/10.1245/s10434-013-3379-6
https://doi.org/10.1245/s10434-013-3379-6
http://medcontent.metapress.com/index/A65RM03P4874243N.pdf
http://medcontent.metapress.com/index/A65RM03P4874243N.pdf
http://medcontent.metapress.com/index/A65RM03P4874243N.pdf
https://doi.org/10.2214/AJR.14.12743
https://doi.org/10.2214/AJR.14.12743
https://doi.org/10.2214/AJR.14.12743
https://doi.org/10.1245/s10434-015-5079-x
https://doi.org/10.1245/s10434-015-5079-x
https://doi.org/10.1245/s10434-015-5079-x
https://doi.org/10.2214/AJR.08.1023
https://doi.org/10.2214/AJR.08.1023
https://doi.org/10.2214/AJR.08.1023
https://doi.org/10.2214/AJR.08.1023

	1. Introduction
	2. General experimental set-up
	3. Step 1: material selection
	3.1. Introduction
	3.2. Results
	3.3. Discussion

	4. Step 2: shape, volume and configuration
	4.1. Introduction
	4.2. Results
	4.3. Discussion

	5. Step 3: ex vivo proof-of-concept
	5.1. Introduction
	5.2. Results and discussion

	6. General discussion and conclusion
	Declaration of interest
	References



