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1 Introduction

Approximately 8,000 individuals are diagnosed with melanoma each year in the Netherlands[1]. The incidence
of melanoma has steadily increased over the past 40 years, largely due to excessive childhood sun exposure and,
to a smaller extent, artificial UV sources like tanning beds. Based on current trends, an increase in melanoma
incidence in the Netherlands is expected in the coming years[2]. Melanoma is a highly aggressive form of skin
cancer originating from malignant melanocytes. The primary risk factor for developing melanoma is exposure to
natural or artificial ultraviolet (UV) rays which are known for their genotoxic effects[3]. Additional risk factors
include the number of melanocytic nevi, family history, and genetic susceptibility. Melanoma is characterized
by its high propensity to metastasize and metastases may appear years after the initial tumor treatment[4].
Patients diagnosed with metastatic melanoma at a later stage face poor prospects, as the disease becomes in-
creasingly challenging to cure.

The current therapeutic approach for melanoma patients diagnosed after a diagnostic excision with a melanoma
stage pT1b or higher(TNM8)—indicating melanomas with a thickness of less than 0.8 mm with ulceration or
more than 1 mm, with or without ulceration—involves performing a surgical re-excision of the scar and assess-
ing the nodal status with a Sentinel Lymph Node Biopsy(SLNB)[2]. A SLNB offers a precise evaluation of the
disease stage, as melanoma staging is determined by the extent and spread of the cancer. Consequently, the
presence of metastatic cells in regional lymph nodes (LNs) upstages a patient from stage I or II(regional disease)
to stage III(metastasis in regional LNs). For this reason, the presence of metastatic cells in regional LNs is
considered the most important prognostic indicator for disease-free survival and serves as a guide for possible
adjuvant therapy[2]. While research shows varying results for these adjuvant therapy in melanoma stages II and
III regarding disease-free survival[2], increasingly promising outcomes are emerging recently[5, 6]. As a result,
accurate staging with SLNB is becoming even more critical to prevent patients from over- and undertreatment
with these aggressive therapies[7, 8].

In the current standard of care for SLNB, a tracer (radioactive substance and/or blue dye) is injected near
the scar at the primary tumor location. The tracer travels through the lymphatic system to the sentinel lymph
node (SLN). The SLN is the first LN in the direct drainage pathway from the primary tumor to the regional
nodal basin. This allows visualization of SLNs by preoperative lymphoscintigraphy and makes SLNs intraopera-
tively detectable using a gamma probe. This is followed by surgical dissection and evaluation of the LN(s) at the
histopathology department. This method accurately identifies the LN most likely to contain metastases from the
primary tumor and accurately detects the presence of metastatic cells with pathological examination. However,
this technique has several drawbacks, including radiation exposure for both patients and healthcare person-
nel, stringent legislative controls, the decay of radiotracers, limited availability of radiotracers, and reliance on
nuclear medicine units[9]. Furthermore, the SLNB procedure itself can lead to complications as lymphedema,
reduced strength, and pain in patients[10]. These factors demonstrate a clinical need for a new, radiation-free,
method for accurate SLN localization and staging.

To address the limitations of the radioactive tracer, a magnetic SLNB using Super Paramagnetic Iron-Oxide
(SPIO) nanoparticles was developed[11]. In this procedure, SPIO particles are injected near the primary tumor
site. Similar to the radioactive method, the SPIOs travels through the lymphatic system, enabling the detec-
tion of the SLN(s) using a magnetic probe. This offers numerous benefits such as no radiation exposure, easy
accessibility of the tracer and a long shelf life. However, the currently available magnetometer for intraoperative
detection of SPIO-enhanced LNs faces challenges which include a relatively low detection depth, biological noise,
and interference from surgical equipment. Therefore, surgeons need to switch to plastic or carbon tools, and
the system needs to be balanced prior to each measurement, which increases surgery time. To overcome these
issues, the MD&I group at the University of Twente (UT) developed a differential magnetometry (DiffMag
handheld probe) technique. This patented detection principle utilizes the nonlinear magnetic SPIO response
and is therefore unafected by surgical equipment[12, 13].

An additional advantage of SPIOs is their visibility on Magnetic Resonance Imaging (MRI). This visibility
allows for SPIOs to be used as contrast agent, which offers the potential for preoperative staging and map-
ping[14]. Identifying the SLN in melanoma patients with unclear drainage patterns, such as those with tumors
on the abdomen or back, can be challenging. This makes the radioactive preoperative lymphoscintigraphy cru-
cial. To overcome this and eliminate the need for radioactivity, SPIO-enhanced mapping with MRI is explored
as a potential replacement for this preoperative lymphoscintigraphy[15, 16]. Additionally, studies also explore a
non-invasive method for accurately staging LNs using this SPIO enhanced MRI. Previous research revealed that
the intravenous injection of SPIOs could enhance MRI to non-invasively predict the nodal status of patients
with prostate cancer[17]. This enhancement stemmed from the absorption of SPIO-particles by macrophages
gathering in LNs, making them noticeably dark on MRI images. However, in regions where malignancy affects
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the LNs and macrophage accumulation does not occur, the LNs maintain their original intensity on MRI images.
Therefore, the uneven distribution of iron within the SLN can serve as a valuable indicator of the presence of
metastasis in the SLN[18, 14].

The combination of the DiffMag handheld probe and the mapping and staging with SPIO-enhanced MRI
holds promise for a new, radiation-free, and for some patients, non-invasive approach to SLN detection and
evaluation. In this approach all patients receive a SPIO injection, followed by an MRI scan to non-invasively
assess the nodal status. If staging is accurate, an SLNB is unnecessary, and only a re-excision is required. If
there is any doubt in the evaluation, a Magnetic SLNB using the DiffMag handheld probe is performed during
the same procedure as the tumor site re-excision. This approach spares many patients from the potential com-
plications of a SLNB procedure.

The feasibility of the DiffMag handheld probe and SPIO-enhanced MRI staging are not yet proven. To address
these aspects, the MelaDiff trial was initiated. This trial is a multi-centre clinical trial detailed in Appendix A.1.
It utilises SPIO-enhanced preoperative MRI, perioperative LN identification using DiffMag and postoperative
MRI staging. In this trial the DiffMag handheld probe is evaluated and the possibility of non-invasively staging
LNs with SPIO-enhanced MRI is further explored. Figure 1.2 gives an overview of the current standard of care
SLNB, the steps of the MelaDiff trial and the ideal magnetic procedure as written above.

Before the trial can be implemented, it faces two challenges. Figure 1.2 shows two red circles, indicating
the locations in the trial of these challenges. The first challenge is that the DiffMag handheld probe has never
been used in vivo, meaning no prior experience exists in a clinical setting. As a result, it is unclear what issues
might arise during the trial or if any optimizations are necessary before its evaluation in melanoma patient care.
The second challenge lies in the MRI data acquisition process, which is notably time-consuming. The MelaDiff
trial first focuses on ex vivo MRI as this offers higher image resolution and allows for a closer examination of the
SPIO distribution patterns in both healthy and metastatic LN tissue[14]. Multiple sequences are scanned during
this imaging process to identify the most optimal sequence for LN staging. Figure 1.1 presents ex vivo MRI
images obtained in previous research of two healthy LNs and one metastatic LN, along with their corresponding
pathological slices. These images are of high quality and allow for a good assessment of the SPIO distribution.

Figure 1.1: MRI and corresponding pathology images obtained in LowMag trial for a low iron-content LN (first
row), a high iron-content LN (second row) and metastatic LN with high iron-content[14].

However, the need for this high quality images and the use of multiple sequences result in an average scan
time of approximately 340 minutes(≈ 6 hours) per LN. This lengthy acquisition time limits its clinical applica-
bility, as this duration is unfeasible for routine use in daily clinical practice. Additionally, it hinders research
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efficiency and restricts the integration of newly developed sequences during research. To address these issues,
Compressed Sensing (CS) has been proposed as a method to accelerate the image acquisition process[19]. In
MRI, CS has the potential to substantially reduce acquisition time while preserving image quality[20]. Previ-
ous work has applied CS on the ex vivo MRI scanner[19]. However, it did not integrate CS into T2-weighted
images and MRI maps, and only utilized standardized parameters. For this reason, this thesis concentrates on
evaluating the performance of the DiffMag handheld probe in vivo and integrating and evaluating CS in the ex
vivo MRI LN protocol. This research is guided by the following questions:

Primary research question:
How can the implementation of the MelaDiff trial be optimized to achieve a radiation free, potentially non-
invasive way of sentinel lymph node staging and detection in melanoma patients using differential magnetometry
(DiffMag) and SPIO-enhanced MRI?

Secondary research questions:
1. How does the in vivo usability and feasibility of the DiffMag handheld probe compare to that of the Sen-
tiMag?
2. To what extent can T1/T2 weighted images and T1/T2 maps be accelerated with CS while maintaining
acceptable image quality?
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Figure 1.2: Overview of the current standard of care SLNB, the MelaDiff trial and the ideal procedure. For
the conventional SLNB procedure (orange blocks), a radioactive tracer is injected at the primary tumor site
at a maximum of 24 hours before surgery. Lymphoscintigraphy is used to localize the SLNs preoperatively.
According to the local protocol, a blue dye is injected preoperatively, which can visually guide the surgeon to
the SLNs. The SLNs are intraoperatively detected using the blue discoloration and the radioactivity measured
by the gamma probe. Investigation of the SLNs at the department of histopathology indicate if metastases
are present. In the MelaDiff trial (blue blocks) the magnetic procedure will be studied in addition to the
current procedure to compare the magnetic SLNB to the gold standard. Moreover, the DiffMag device will
be compared to the CE-marked SentiMag. For magnetic SLNB procedure, SPIO particles are injected at the
primary tumor site additionally to the radioactive injection. Preoperative MRI will be used for SLN localization.
The SLNB will be performed using the SentiMag, DiffMag and gammaprobe. Investigation of the SLNs at the
department of histopathology indicate if metastases are present. The red circles indicate at which parts the
MelaDiff trial is optimized in the current thesis. In the ideal procedure (green blocks) all patients receive a
SPIO injection, followed by an MRI scan to non-invasively assess the nodal status. If staging is accurate, an
SLNB is unnecessary, and only a re-excision is required. However, if there is any doubt in the evaluation, a
Magnetic SLNB using the DiffMag handheld probe is performed.
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2 Background

This thesis concentrates on evaluating and identifying problems of the DiffMag handheld probe, along with
integrating and assessing CS in the ex vivo LN MRI imaging protocol. For this reason, the underlying principles
of both techniques are explained, followed by an explanation of the current ex vivo LN MRI protocol.

2.1 Principals of Differential Magnetometry (DiffMag handheld probe)

The DiffMag detection principle uses the nonlinear magnetic SPIO response and should therefore be unaffected
by surgical equipment[13]. To be unaffected by surgical equipment, it is crucial to isolate a signal specific to
these of SPIO particles. The University of Twente observed such a signature in the nonlinear magnetization
characteristics of the SPIOs[21]. This nonlinear characteristic differs from the linear magnetization behavior of
predominantly diamagnetic tissues as surgical equipment. This principal is shown in Figure 2.1.

Figure 2.1: The signature of the nonlinear magnetization characteristics of nanoparticles (blue) and the linear
magnetization behavior of predominantly diamagnetic tissues (red). The behavior of the nanoparticles clearly
differs from that of other diamagnetic tissues, giving them a unique signature[22].

When a sample containing SPIOs is exposed to a small oscillating magnetic field, it can be detected as a
voltage across the detection coil. This concept forms the foundation of conventional magnetometry, wherein the
detection voltage is proportional to the derivative of the magnetization curve around zero. Differential Mag-
netometry is an extension of conventional magnetometry. It additionally exploits the nonlinear magnetization
curve of SPIO nanoparticles, whereas the background signal remains linear (as depicted in Figure 2.1). By
comparing the values of the derivative at different points along the magnetization curve, it becomes possible
to apply a series of alternating offset fields with an amplitude to the sample and simultaneously examine the
derivative of the magnetization curve. This alternating offset field is shown in figure 2.2. This procedure ensures
the background-independent detection of SPIO nanoparticles[21].
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Figure 2.2: Left: Excitation sequence with no DC-offset field(blue), a negative DC-offset field (green), no DC-
offset field (yellow) and a positive DC-offset field (purple). Right top: Resultant detector voltage of tissue
without modulation. Right bottom: SPIOs with modulation

2.2 Compressed Sensing in MRI

MRI operates on the principle of aligning hydrogen nuclei in the body’s tissues using a strong magnetic field[23].
When these nuclei are exposed to radiofrequency pulses, they emit signals that are used to create detailed im-
ages of internal structures.

One common MRI sequence used in ex vivo MRI protocol is Fast Spin Echo (FSE). FSE is a MRI imag-
ing technique that acquires multiple echo signals in a single excitation[24]. It uses a series of refocusing pulses
to quickly capture data, which significantly reduces scan times. In FSE sequences, the Turbo Factor plays a key
role by defining the number of echoes collected per excitation. A higher Turbo Factor enables faster imaging
by acquiring multiple echoes within each repetition time.

Besides the use of this faster sequence, CS also offers the potential to significantly speed up image acquisi-
tion while maintaining image quality[20]. Traditional MRI techniques acquire a large number k-space points to
generate an image, resulting in relatively long scan times. K-space points represent the spatial frequency data
collected during the scan, which are used to construct the final image. Each point in k-space corresponds to
specific frequency and phase information that, when combined through a mathematical process called Fourier
transformation, creates the detailed image of the scanned area. CS in MRI aims to reduce these number of
samples needed to reconstruct an image, thus shortening scan times.

This smaller subset of k-space points is acquired using a random sampling pattern[25]. Sampling randomly
is crucial because conventional equispaced undersampling followed by zero-filling leads to coherent aliasing.
This means that the reconstructed image will contain superimposed replicas of the original signal. These exact
replicas make it impossible to distinguish the original signal from and its replicas, as they are all equally alike
(Figure 2.3c). Random undersampling presents a different scenario. An image with random undersampling will
show incoherent artifact that look like random noise when a zero-filling fourier reconstruction is applied (Figure
2.3d).
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Figure 2.3: An intuitive reconstruction of a sparse signal from pseudo-random k-space undersampling. A sparse
signal (a) is 8-fold undersampled in k-space (b). Equispaced undersampling results in coherent signal aliasing
(c) that cannot be recovered. Pseudo-random undersampling results in incoherent aliasing (d). Strong signal
components stick above the interference, are detected (e) and recovered (f) by thresholding. The interference of
these components is computed (g) and subtracted (h), lowering the total interference level and enabling recovery
of weaker components[20].

After acquiring this undersampled k-space data using random sampling patterns, the next step in CS MRI
is the reconstruction of the image. The undersampled k-space data is converted to a spacial frequency domain
using a WT. This results in a sparse signal (Figure 2.3e). In this way, the actual signal components become
more prominent and distinguishable from noise and artifacts. This is because the sparse representation effec-
tively highlights the important features of the image while suppressing noise and irrelevant details. After that,
thresholding is employed to suppress the weaker signal components associated with noise and artifacts, leaving
behind the stronger signal components corresponding to the actual image information (Figure 2.3f).

In reconstruction, the regularization parameter plays a crucial role in balancing the accuracy of the recon-
struction and the sparsity of the signal[20]. Equation 1 describes the optimization process.

min
x

(∥y −Ax∥22 + λ∥Wx∥1) (1)

An image x is sought that minimizes the given expression, which consists of two key components: a data accuracy
term and a regularization term. The data accuracy term ensures that the reconstructed signal aligns with the
acquired measurements, while the regularization term promotes sparsity within the solution space. In this
context, x denotes the image, and y represents the acquired measurements. The sensing matrix A characterizes
the measurement process, and W provides a sparse representation of the signal. The regularization parameter
λ governs the trade-off between data accuracy and sparsity. A small λ favors accuracy but may compromise
sparsity, whereas a large λ emphasizes sparsity at the cost of accuracy.

2.3 Current ex vivo LN MRI protocol

To identify the most optimal MRI sequence, or combination thereof, for SPIO-enhanced MRI LN staging, a wide
range of sequences are included in research. The current ex vivo MRI protocol consists of T1- and T2-weighted
FSE sequences, Short Tau Inversion Recovery (STIR) imaging, as well as T1- and T2-mapping.

Research has demonstrated that (U)SPIO-enhanced T1- and T2-Weighted MRI images can be used to non-
invasively predict the nodal status[10, 26, 27]. T1-Weighted images highlight tissues based on their longitudinal
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relaxation time (T1)[23]. In these images, fat and other tissues with shorter T1 times appear bright, while
fluids, which have longer T1 times, appear darker. Conversely, T2-Weighted images emphasize the transverse
relaxation time (T2), making fluids appear bright and tissues with shorter T2 times, like fat, appear darker.
Echo Time (TE) is a crucial parameter in this process. It represents the time between the application of the
radiofrequency pulse and the peak of the signal received from the tissue. TE affects the contrast in T2-Weighted
images by determining how long the tissues have been allowed to dephase before the signal is captured. Simi-
larly, Repetition Time (TR) is the interval between successive radiofrequency pulses applied to the same tissue
slice. TR influences T1-Weighted image contrast by allowing tissues to relax between pulses, affecting their
appearance in the final image.

A fat suppression sequence, STIR, is included since most LNs contain significant amount of adipose tissue.
Metastatic areas and adipose tissue both lack macrophages, leading to no uptake of SPIOs and thus retaining
their original MRI intensity after SPIO injection. Therefore, a clear distinction between adipose tissue and
metastatic areas is crucial. By using this sequence, fat is suppressed, allowing for a clear distinction[28].

In STIR-, T1-, and T2-Weighted images, multiple scans are acquired and averaged afterwards. While this
process increases the total scan time, it significantly reduces noise and therefore increases the image quality.
Throughout this thesis, this will be referred to as the ”number of averages.”

T1 and T2 mapping is a MRI technique used to calculate the T1 or T2 time of tissues and display them
voxel-vice on a map[29]. Challenges for SPIO-enhanced MRI LN staging involve quantification of SPIO het-
erogeneity across a SLN. The current evaluation of T1- and T2-Weighted images is prone to subjectivity[30].
To overcome these challenges and create a general evaluation protocol, MRI maps are included. Rather than a
representation of signal intensity, MRI maps depict variations in T1 and T2 values. To generate these maps, a
series of MRI images are acquired using sequences with varying echo times (for T2 mapping) or inversion times
(for T1 mapping)[29, 31]. The data from these sequences are then fitted to mathematical models that calculate
the T1 and T2 relaxation times for each voxel, producing detailed maps. T1 and T2 relaxation times have
the potential to serve as independent, tissue specific values and could therefore contribute to a quantitative
assessment of the LN.

Table 1 provides an summary of these currently used sequences, along with their duration and number of
averages used.

Table 1: Current ex vivo MRI protocol with duration and averages. Resulting in a total scan duration of 340
minutes.

Sequence Duration(min) Number of averages

T1-Weighted 53 8
T2-Weighted 160 8
STIR 72 3
T1-Map 29 N/A
T2-Map 26 N/A
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3 Method

3.1 In vivo evaluation of the DiffMag handheld probe

In vivo measurements of the DiffMag handheld probe were conducted at the UMC Maastricht. Pigs used for
the laparoscopic general surgical skills course were surgically prepped and anaesthetised for the purpose of the
course. They were humanely euthanized prior to dissection via overdose.

Twenty-five minutes before overdose two magnetic tracers (Magtrace, Ferronova; 28 mg iron/mL and Fer-
rotrace; 55 mg iron/ml, Ferrnova) were injected subcutaneously into the both the hind legs. A total volume of
1 mL was injected at four spots in both hind legs subcutaneously. The needle was inserted at an angle ≈ 15° -
20° to the limb surface, needle penetration was ≈5 mm, and the bevel of the needle was pointing outwards. In
the left leg, 1 mL of Magtrace was injected, while in the right leg, 1 mL of Ferrotrace was used. This procedure
was performed on two pigs. These injection points were located 15 cm from the tip of the hoof and spaced
approximately 1 cm from the center of each quadrant, as shown in Figure 3.1. About 0.25 mL was injected
at each site. Following the injections, leg pumps were performed for 30 seconds, and a waiting period of 25
minutes was observed before starting the SLNB to promote lymphatic uptake.

Figure 3.1: Injection sides in the hind leg

The DiffMag probe was utilized to detect in vivo signals from draining inguinal LNs in the groin area. Ini-
tially, the groin was scanned transcutaneously using DiffMag (Figure 3.2B), and areas with high signal intensity
were identified as magnetic ’hot spots.’ These locations were marked with blue pencil crosses (Figure 3.2A).
Following this, the skin and underlying structures were carefully removed at these marked spots. If the probe
continued to register a high signal, the LN was excised (Figure 3.3). After removal, the LNs were transported
to the University of Twente for use in optimizing the ex vivo MRI LN protocol.

During this process, both metal and plastic instruments were used to evaluate the DiffMag’s responses to
different materials. A metal spreader was used to open the wound and metal tweezers were employed alongside
the probe to grasp the tissue and locate the LN.

To assess the representatives of the pig LNs compared to human LNs, magnetic measurements using SPaQ
were conducted at frequencies of 2500, 5000, and 7500 Hz. A look-up table (LUT), generated by developers of
the SPaQ system[32], was used to calculate the iron content in the pig LN. This iron content was then compared
to the iron levels in LNs from the LowMag trial, which involved human SPIO-enhanced LNs.
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Figure 3.2: In vivo porcine SLNB. A) Injection site indicated with the red arrow and inguinal ’hot spot’ indicated
with yellow arrow. B) Detection of SPIO-enhanced LNs with the DiffMag probe

Figure 3.3: Porcine LNs during and after removal

3.2 Optimization of the ex vivo LN MRI protocol with Compressed Sensing

Previous work implemented CS on the 0.5T tabletop MRI (Pure Devices, Germany) which is used to scan
LNs ex vivo (Figure 3.5A)[19]. This implementation was based on the CS toolbox developed by Lustig et al.,
which was made publicly available[20]. This implementation included a FSE T1-weighted CS sequence with 50%
sampling. This CS sequence was tested on a phantom and standardized parameters were used for reconstruction.

The concept of using a dynamic density 2D Poisson disc sampling pattern instead of a classic Cartesian pattern
was also implemented. In CS, the k-space design plays a crucial role in the final image reconstruction. In
k-space the low spatial frequencies are represented at the center of k-space and high spatial frequencies are
located towards the edges[33]. The Poisson disc approach ensures that the central area of the k-space is densely
sampled while the peripheral regions receive fewer samples. It also guarantees that the sampled points are
randomly distributed, while also ensuring a minimum distance between them, which encourages sparsity. The
extreme outer regions of the k-space are not sampled, as these areas typically contain minimal information in
a fully sampled image[19]. Figure 3.4 shows the impact of this Poisson disc pattern compared to a Cartesian
pattern. Note that this approach is not feasible for 2D imaging, but it is well-suited for 3D CS applications.
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Figure 3.4: CS sampling patterns. Cartesian pattern k-space design (a) with reconstruction (b-c). The Poisson
disc design (d) ensures that the central area of the k-space is densely sampled while the peripheral regions
receive fewer samples, resulting in a higher image quality (f)[19].

This previous work implemented CS in T1-weighted and designed a Poisson Disc k-space design. However,
it did not incorporate CS into T2-weighted images and MRI maps, nor did it explore different Poisson disc
sampling patterns or the effect of the regularization parameter on the reconstruction outcome.

3.2.1 Compressed Sensing in T1- and T2-Weighted Fast Spin Echo MRI

To integrate CS in T2-weighted images and to evaluate effects of alternative k-space patterns, the obtained pig
LNs from the in vivo experiments were used. Excessive fat from the LNs were removed and they were placed
in a tube filled with formaldehyde. The bottom of the tube was filled with plastic to ensure the LN was within
the field of view (FOV) of the table top MRI(Figure 3.5B).

Figure 3.5: Overview of the table top MRI A) The table top MRI system B) Colored LN in formaldehyde before
scanning

Initially, the pig LNs were scanned with a fully sampled pattern utilizing a 3D FSE sequence, with param-
eters set as shown in Table 2.

Table 2: MRI Parameters FSE sequences

Parameter T1-Weighted T2-Weighted

Echo Time(ms) 4.5 4
Repetition Time(ms) 450 4000
Isotropic resolution(mm) 0.25 0.25
Bandwidth(Hz/voxel) 500 500
Turbo factor 4 4
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Immediately following this fully sampled scan, the scan was repeated with the same parameters but now
using sampling rates of 50% and 25%. The Poisson disc sampling pattern was used for these scans and they were
reconstructed afterwards with the Lustig reconstruction[20]. During reconstruction, the standardized values of
15 iterations and 0.005 for the regularization parameter were used. The reduction in k-space points during
this process can sometimes result in artifacts known as Gibbs ringing[34]. Gibbs ringing is an artifact where
oscillations or ripples appear at the edges of structures, caused by abrupt changes in intensity within the image.
This issue is avoided by smoothing the sharp edges of the k-space with a hamming window (Figure 3.6).

Figure 3.6: k-space before and after smoothing with a hamming window

To enhance the performance of the Poisson disc pattern, variations in the diameter of its central part were
explored. Initially, the central disc had 47% of the sampled area, which was then increased to 57% and 67%
(Figure 3.7). Comparison of the reconstructed images was performed using the evaluation matrix described in
section 3.2.3.

Figure 3.7: Poisson disc pattern with varied Centre parts

3.2.2 Regularization parameter

To explore the effects of varying regularization parameter values on the reconstructed image, a fixed number of
averages of 4 and 2 were maintained, and two different sampling percentages—50% and 25%—were examined.
A range of regularization parameter values from 0.0005 to 2 was tested. The results were assessed using the
evaluation matrix described in Section 3.2.3.

3.2.3 Image quality assessment

The CS images were compared to the fully sampled 16 average image. The LN was segmented to focus solely
on the relevant areas. The image quality of the reconstructed images was evaluated using Peak Signal-to-Noise
Ratio (PSNR), Mean Squared Error (MSE) and Structural Similarity Index Measure (SSIM) metrics.

1. PSNR measures the quality of an image by comparing it to a reference image. It calculates the ratio of
the maximum possible power of a signal to the power of corrupting noise that affects the accuracy of its
representation. Higher PSNR values indicate lower levels of noise and better image quality.

2. MSE is a commonly used metric to quantify the difference between two images. It computes the average
squared differences between the pixels of the original and the distorted images. Lower MSE values suggest
less distortion and higher image quality.

3. SSIM is a metric used to measure the similarity between two images. It takes into account the luminance,
contrast, and structure of the images. A higher SSIM value indicates a greater similarity between the
images, implying better quality.
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3.2.4 Compressed Sensing in MRI maps

CS was integrated into T1 and T2 MRI maps using the Poisson disc pattern as k-space design. This undersam-
pled k-space was generated prior to scanning and used consistently across all scans with varying TEs or TRs.
To reconstruct the undersampled maps, the individual scans per acquisition time were temporally separated
and reconstructed individually. The regularization parameter was set to 0.005. After reconstruction, the scans
were reintegrated into a single reconstructed scan, accommodating with the varying acquisition times.

From this reconstructed scan, a MRI map was generated using a fitting technique. In this approach, the
transverse relaxation time was estimated by fitting the acquired signal intensities (SI) against the TEs or TRs,
employing Equation 2 as the fitting model. To ensure an accurate fit, initial values were selected within the
range of expected values for each voxel. Consequently, parameter a was initial set to the maximum signal in-
tensity value. The starting value for T1 and T2 were determined at the point where the signal intensity equaled
0.63 for T1 and 0.37 for T2. Parameter c, representing the potential offset, was set to the mean of the signal
intensity.

SI = a ∗ e
−TE
T2 + c (2)
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4 Results

4.1 In vivo evaluation of the DiffMag handheld probe

Two hotspot were transcutaneously identified with the DiffMag handheldprobe when no surgical instruments
were near the probe. During this transcutaneous measurements, the SLNs produced approximately 100 Diff-
Mag counts(Figure 4.1b). The DiffMag needed to be balanced once throughout the procedures. No drift was
observed in the readings of the device over time. A filled-in questionnaire about the usability of the DiffMag
can be found in Appendix C.

The device detected a minimum of 400 counts when tweezers were placed close to the tip of the DiffMag
probe when kept stable(Figure 4.1e). These readings increased up to 6210 counts as the probe moved closer to
the tweezers(Figure 4.1c). The DiffMag showed red counts when the metal surgical instruments were moved
around the DiffMag probe.

Based on the ex vivo measurement of the LNs, iron contents of 20.6, 115.4, and 20.3 µg were calculated.

Figure 4.1: DiffMag counts measured at various points during the SLNB. a) Transcutanously measured. b)
Measured in the incision. c) DiffMag signal artifact in presence of a ferromagnetic pair of tweezers. d) Misleading
impression of LN presence due to the pair of tweezers. e) Measurement directly on LN. f) Ex vivo measurement
of LN on a metal table.

4.2 Optimization of the ex vivo LN MRI protocol with Compressed Sensing

4.2.1 Compressed Sensing in T1- and T2-Weighted Fast Spin Echo MRI

Figure 4.2 present an overview of T2-weighted FSE scans of a pig LN using sampling percentages of 100%, 50%,
and 25% with 2, 4, 8 and 16 averages. SSIM scores of the images are given in Figure 4.3.

The PSNR for the 100% sampled images is 22.3 for 2 averages, 27.3 for 4 averages, and increases to 32,4
for 8 averages. In comparison, the PSNR for the 50% sampled images is 22.318 for 2 averages, 24.904 for 4
averages, and rises to 25.80 for 8 averages. While the difference in PSNR is minimal at lower averages, there is
a substantial disparity at 8 averages.

Figure 4.4 shows T1-weigthed FSE scans of another pig LN with 100% and 50% sampling, which gave similar
results. SSIM score for 50% 2 average scan was 72.49% and increased to 73.87% for the 4 average scan and
79.65% for the 8 average scan.
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Figure 4.2: Pig LNs T2 weighted MRI FSE scans with different sampling rates and averages. Images become
sparser as the sampling percentage decreases. Scans at 25% sampling are sparse and display less detail compared
to those at 100% and 50%, even when utilizing 16 averages. However, images at 50% sampling remaining
recognizable and details still observable and closely resemble the scans with 100% sampling rate.

Figure 4.3: SSIM score of 25%, 50% and 100% sampling. The SSIM score of the 25% sampling starts ate 52%
and decreases to 0.41%, the 50% sampling starts at 82% for 16 averages and decreases to 65% for 1 average.
The 100% sampled image starts at 1, as this is the reference image, and decreases to a SSIM score of 74% for
1 average. For the lower averages, the SSIM score of the 50% sampled image is approximately 10% lower than
that of the 100% sampled image with the same number of averages.
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Figure 4.4: T1-weighted MRI scans of a pig LN with 50% and 100% sampling

Figure 4.5 displays T2 FSE scans of a pig LN obtained using compressed sensing with a Poisson disc pattern,
where the central part of the disc varies. Table 3 provides quantitative metrics, including SSIM, PSNR, and
MSE, comparing these scans to a fully sampled 16 average scan. The image featuring a 57% central area (Figure
4.5B) demonstrates slightly better performance, achieving a SSIM score of 78.0% compared to 76.3% and 75.4%
for the other scans. Also the PSNR and MSE performed slightly better, with 24.9 compared to 24.1 and 24.6
and 0.0032 compared to 0.0038 and 0.0035 respectively.

Figure 4.5: T2 FSE scan of a pig LN with varying centres of poisson disc

Table 3: T2 FSE scans with varying centre disc pattern compared to fully sampled image with 16 averages.

NA sampling(%) Disc Centre SSIM(%) PSNR MSE

4 50 0.47 76.322 24.175 0.0037875
4 50 0.57 78.011 24.9034 0.0032027
4 50 0.67 75.387 24.5611 0.0034653

Figure 4.6 provides an overview of four different scans with varying regularization parameters and averages.
Table 4 displays the comparison between these scans and the fully sampled 16 average scan. Table 4 summarizes
the results of these scans with varying regularization parameters and numbers of averages at a consistent
sampling rate of 50%. For 2 averages, as the regularisation parameter increases from 0.005 to 0.2, SSIM values
range from 71.77 to 72.11, while PSNR slightly fluctuates between 22.31 and 23.62. The corresponding MSE
values show a decrease from 0.0058 to 0.0043. When the number of averages is increased to 4, the SSIM values
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improve across all regularisation parameters, reaching a maximum of 78.01 at regularisation parameter is 0.005.
Similarly, the PSNR increases to a maximum of 24.90 at the same regularisation parameter, with MSE values
decreasing to as low as 0.0032.

Figure 4.6: T2 FSE scan of LN A) 2 Averages and with λ set to the original value (0.005) B) 2 Averages with λ
increased to 0.1 C) 4 Averages with λ set to original value (0.005) as used in the LowMag trial D) Fully sampled
image with 16 averages

Table 4: T2 FSE scans with varying regularisation parameter (λ) and NA

NA sampling(%) λ SSIM(%) PSNR MSE

2 50 0.005 71.77 22.31 0.0058
0.1 72.48 23.62 0.0043
0.2 72.11 22.91 0.0053

4 50 0.005 78.01 24.90 0.0032
0.1 76.534 23.75 0.0041
0.2 74.839 23.10 0.0049

4.2.2 Compressed Sensing in MRI maps

Figure 4.8 shows the fully sampled T2-map (Figure 4.8A) and the T2-map obtained with CS (Figure 4.8B) of
a pig LN. It reveals that the map obtained with CS results in higher T2 values. While the SPIO area retains
values around 0, consistent with the fully sampled map, the LN tissue gives higher values ranging from 0.2 to
0.25.

The T1-map generated with CS shows results comparable to the T2-map. Figure 4.7 presents both the fully
sampled T1-map (Figure 4.7A) and the T1-map obtained using CS (Figure 4.7B), with the CS map displaying
higher T1-values than the fully sampled map.

Figure 4.7: T2 maps with T2 values in seconds A) T2-map fully sampled B) T2-map with compressed sensing.
The fully sampled map shows lower T2 values compared to the map acquired with CS
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Figure 4.8: T1 maps with T1 values in seconds A) T1-map fully sampled B) T1-map with CS. The fully sampled
map shows lower T1 values compared to the map acquired with CS

The intensity values of two pixels in the T2 map in the SPIO and LN areas, with and without CS, were
analyzed and are presented in Figure 4.9. The figure illustrates that the T2 values obtained without CS produce
smoother curves compared to those with CS in both the SPIO area (left) and the LN area (right). The data
points in the curves without CS show less fluctuation and more gradual transitions, particularly at the lower
echo times.

Figure 4.9: Intensity values of one pixel within the SPIO area (A) and one within the LN area (B) plotted
over different TE’s. For the map without CS, the intensity values start at approximately 0.03 and gradually
decrease, showing a smooth decline with some fluctuations, stabilizing around 0.005. In the map with CS the
intensity values start around 0.15, and exhibit more variability compared to the measurements without CS.

The intensity values of T2 maps for the SPIO and LN area with and without CS were analyzed and are
presented in a boxplot in Figure 4.10. The boxplot compares the intensity values across four different areas: CS
LN area, CS SPIO area, Normal SPIO area, and Normal LN area. The CS LN area showed a median intensity
value around 0.2, with the interquartile range (IQR) spanning from approximately 0.15 to 0.22. A number of
outliers were observed above and below this range, indicating some variability in the intensity values within
this region. The SPIO area in the map without CS displayed a median intensity value around 0.075, with an
IQR from approximately 0.05 to 0.1. In the CS SPIO area, the median intensity value was lower, around 0.1.
The IQR for this region ranged from approximately 0.05 to 0.12. The LN area had an intensity value of around
0.05, with an IQR from approximately 0.025 to 0.075.
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Figure 4.10: Boxplot of T2-values of T2-maps with and without CS. CS map show higher T2-values than the
fully sampled map.
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5 Discussion

The thesis aimed to optimize the implementation the MelaDiff trial protocol. This involved performing an in
vivo evaluation of the DiffMag handheld probe and integrating CS into the ex vivo LN MRI protocol.

Compared to the SentiMag, the DiffMag probe demonstrated advantages in LN detection accuracy and overall
user-friendliness during in vivo use. While both systems are simple, making them accessible for first-time users,
the DiffMag probe stands out for its performance and ease of operation. The SentiMag requires recalibration
approximately every 30 seconds and is prone to signal drift. The DiffMag showed no signs of drifting and needed
to be balanced only once at the beginning of the procedures, which typically lasted about 45 minutes. Once
the DiffMag probe is set down, its signal resets to zero, and when picked up again, it immediately resumes
accurate functioning. This responsiveness allows for quicker and more reliable identification of SPIO-enhanced
SLNs. In clinical practice, especially in challenging SLNB procedures where LN identification can be difficult,
the DiffMag’s consistency and stability can reduce procedure time and complexity. The absence of recalibration
and signal drift not only streamlines the process but also enhances the overall efficiency and user experience,
making the DiffMag a more reliable and user-friendly device compared to the SentiMag.

During the procedures, the DiffMag measurements were influenced by nearby metallic surgical instruments.
Given the claims that it was unaffected by other diamagnetic materials[13], the DiffMag did not perform as
well as expected. Similar to the SentiMag, the DiffMag device exhibited significantly higher counts when metal
equipment came within approximately 3 cm of the probe. Even when both the probe and the surgical equipment
were kept stable, the DiffMag device continued to display higher counts compared to when the equipment was
farther away. This suggests that the principle, as shown in Figure 2.2, is not working as intended. Further
research has been initiated to identify why the DiffMag is malfunctioning in term of influence from metal and
proposed possible solutions[35]. In this work, two primary sources were identified for the signal artefacts: 1) The
magnitude of DiffMag counts depend not only on the amount of SPIONs and the distance between them and
the probe, but also on the speed at which the probe moves towards or away from the sample. 2) The changing
magnetic flux generates a magnetic field that opposes the applied magnetic field. This opposing field reduces the
overall magnetic effect, leading to a decrease in the measured voltage, even though the paramagnet’s positive
susceptibility would normally increase it. A proposed solution for these issues involves phase-shift-dependent
signal detection. The phase shift of SPIONs can be easily identified even with the presence of surgical metal
instruments and should theoretically solve the problem. Further research must reveal whether these updates
are sufficient. Until this metallic interference issue is fully addressed the DiffMag probe may be considered to
impractical. With the current DiffMag device, surgeons are still forced to switch to plastic instruments during
the procedure and afterwards relocate the SLNs. This undermines the probe’s effectiveness, makes it impractical
for use in the operating room and increases the duration of the procedure.

An appropriate working magnetometer becomes even more important with the newly introduced radiation-
free methods for SLN detection, such as IndoCyanine Green (ICG). ICG, a fluorescent dye, can effectively
highlight lymphatic vessels and nodes during surgery, while allowing for the continued use of metallic surgi-
cal equipment[36, 37]. However, while ICG is efficient at identifying SLNs, it does not facilitate preoperative
LN mapping or staging. For this reason, SPIOs provide a more comprehensive approach as it also allows for
preoperative staging and mapping. When combined with a properly functioning magnetometer, SPIOs offer
an advantage over ICG due to their multiple capability. However, if the magnetic probe does not function
optimally, a combined approach using both SPIOs and ICG might become the new standard of care[38].

One of the limitations of the in vivo comparison of DiffMag and SentiMag is that the SentiMag could not
be used alongside the DiffMag during the porcine measurements, due to hygiene concerns. For this reason the
SentiMag’s performance was based on clinical experience from the LowMag trial, which involves SLNBs on
breast cancer patients. However, the porcine procedures where not fully representative for a typical clinical
scenario as where the SentiMag was evaluated on. The iron content in the pig LNs was 120.6, 115.4, and 20.3
µg. In comparison, the LowMag trial reported iron levels ranging from 0.1 to 109 µg in human LNs[14], making
the third LN’s iron content within the clinically representative range for human LNs. However, the first two
LNs, with higher iron levels, were likely easier to detect. Additionally, the pig LNs might be located more
superficial than typically seen in human axillas. This could have influenced the effectiveness of SLN detection
using the DiffMag in the porcine model. Nevertheless, the use of surgical equipment and the recalibration of
the DiffMag during these tests were fairly representative, as the same equipment and procedures were employed
as in clinical practice, including the handling of the probe. For this reason, these porcine tests provided initial
insights into the DiffMag probe’s performance relative to the SentiMag and offered valuable information on
its interaction with surgical equipment. However, the upcoming MelaDiff trial will be crucial in determining
whether the DiffMag probe maintains its stability and effectiveness in more complex SLNB procedures and
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whether the issue with metallic interference can be solved.

Besides the evaluation of the Diffmag handheld probe, this thesis also focused on integrating CS into the
ex vivo LN MRI protocol to make the imaging process less time-consuming. In the LowMag trial all scans
were fully sampled, and for both T1- and T2-weighted scans, 8 averages were taken. This resulted in a total
scan time of 340 minutes(≈ 6 hours) per LN. This lengthy image process makes the clinical applicability of
SPIO-enhanced MRI staging unfeasible and hinders research efficiency. This thesis successfully implemented
CS in T1- and T2-weighted images, but its integration into MRI maps has revealed some irregularities that
require further investigation.

Analysing T2-weighted FSE scans with and without CS, the SSIM scores, as expected, increased with higher
sampling percentages and a greater number of averages. Nevertheless, the image with 50% sampling with 16 and
8 averages keeps recognizable details and closely resembled the fully sampled images. Even with averages set to
4, the LN remains clearly visible, which is support by the little decrease of the SSIM score. On the contrary, the
25% sampled images are significantly sparser and display less detail, even with an increased number of averages.
This is also indicated by the much lower SSIM score. For this reason, the 25% sampling is deemed insufficient
for maintaining acceptable image quality.

When further analysing the 50% sampled image, it was found that the optimal regularisation parameter for
the 4 averages scan was a value of 0.005. This gave the highest SSIM score(Figure 4.6 and Table 4). For the
2 averages scan, the highest SSIM score was found by setting the regularisation parameter to 0.1. A visual
inspection confirmed this, as the image shows less noise. Analysing the varying central area part of the poisson
disc reveals that the image with a 57% central area has a sligthly better SSIM score. This is possibly due to
the better preservation of crucial image information in the higher k-space frequencies while maintaining enough
information in the lower frequencies. For this reason, T2-weighted image with a sampling rate of 50%, a central
sampling part of 57% and 2 averages, reconstructed with regularisation parameter of 0.1, is deemed sufficient.
This reduces the scan time with 140 minutes (from 160 minutes without CS to 20 minutes with CS).

T1-weighted images show similar results in the effects of sampling percentages and averages on the image
quality (Figure 4.4). The 25% sampled images lack too much detail and images with 50% sampling rate and 4
averages still produce sufficient results. Efforts were made to achieve better results with the 2 averages scan by
increasing the reconstruction parameter to 0.1. The SSIM score did improve, but visual inspection indicated
that it was insufficient to visualise clear borders. The boundaries of the SPIOs were not clearly visible and did
not closely resemble those in the fully sampled image. Additionally, increasing the number of averages from 2 to
4 adds only 7 minutes to the total scan time. So for these two reason, the 4 averages scan with a reconstruction
parameter of 0.005 is preferred. This reduces the scan time with 39 minutes (from 53 minutes without CS to
14 minutes with CS). Table 5 gives an overview of the updated parameters of the ex vivo MRI protocol, as can
be used in the MelaDiff trial, derived from the above considerations.

Table 5: Updated ex vivo MRI protocol parameters

Parameter \Weighting T1 T2

Number of averages 4 2
Sampling rate (%) 50 50
Sampling pattern Poisson Disc (57% center part) Poisson Disc (57% center part)
Regularisation parameter λ 0.005 0.1
Duration (min) 14 20
Time saving (min) 39 140

For CS in MRI mapping, the boxplots suggest that the contrast between the SPIO area and the LN area
is more pronounced in the CS map than in the fully sampled map. The T2-values of the fully sampled in
the SPIO area of the map are lower than those in the 50% sampled map, while the T2-values in the LN area
maintain approximatly the same value. This enhancement could potentially improve visibility of SPIOs in MRI
images. However, these results indicate that scanning MRI maps with a lower sampling rate influences the
outcome of the map. Although the sampling pattern was kept constant over different scans with varying TEs,
it suggests that the sampling rate introduces a difference compared to the 100% sampling pattern. This is also
seen in Figure 4.9, which exhibits significant fluctuations in the CS map plot, rather than a smooth curve as
in the fully sampled map plot. This may be due to the individual reconstruction of the scans. The scans are
splitted before reconstruction, introducing a individual component in terms of intensity values. This could lead
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to different intensity values after reconstruction. Nevertheless, increased contrast between SPIOs and LN tissue
may potentially improve the evaluation of SPIO distribution. However, it remains uncertain if this accurately
represents the true distribution. A recommendation for further analyse would be to acquire slices of the LN and
lay them alongside the MRI maps to assess whether the CS MRI map accurately reflects the true distribution.

Although CS is not ready to be implemented into MRI maps, it was successfully implemented in T1- and
T2- weighted FSE MRI sequences. Leaving the total scan procedure with T1-, T2-, STIR- weighted and T1-
and T2-map scans at 144 minutes (≈2.5 hours). Resulting in a total time saving of 179 minutes (≈3.5 hours).
This reduction in scan time moves SPIO-enhanced staging closer to being clinically applicable. Additionally, it
enhances the practicality of research by allowing the integration of other imaging sequences. One of these se-
quences is DIXON. DIXON is a fat suppression sequences, which enables the distinquisment between malignant
LN tissue and benign adipose tissue. Since SPIOs are also not present in adipose tissue it is very important to
identify this tissue. Studies were set up to explore the potential of DIXON sequence[39].

While SPIO-enhanced MRI shows promise as a non-invasive method for accurate LN staging and significant
progress has been made, multiple research steps are necessary to fully explore its clinical potential. Firstly, a
crucial step involves comparing ex vivo MRI scans of LNs with their corresponding pathological slices. This
comparison allows for the accurate identification of metastatic regions on the pathological slice, which can then
be correlated with the ex vivo MRI scan. To facilitate this a protocol was designed in the LowMag trial which
included staining of pathological slices with iron, macrophages, and tumor cells staining[14]. This enables the
precise localisation of specific cells and allows for a cell-based comparison with MRI scans. The LowMag trial
made important initial strides, but more data is needed to make an accurate comparison.

Following the exploration of ex vivo MRI scans, the next step is to extend this research to in vivo MRI,
as the ultimate goal is to accurately stage LNs non-invasive. To achieve this, pre-contrast MRI scans can be
compared with post-contrast MRI scans. These results can then be aligned with pathological slices to identify
metastatic areas.

Finally, for such a method to be truly valuable in daily clinical care, both the sensitivity and specificity must
meet a high threshold. High specificity is essential because false positives could lead to unnecessary interven-
tions, which can cause severe complications for the patient without any clinical benefit. Equally important is the
sensitivity. High sensitivity is crucial because missing metastatic cells in the LNs could lead to undertreatment,
depriving the patient of essential therapy and potentially reducing their chances of survival. Another important
consideration is the accuracy of the SPIO-enhanced MRI scans. If the scan cannot definitively rule out the
presence of metastatic cells, many patients still need to undergo a SLNB. This may results in added stress and
confusion for patients. Additionally, if it occurs too often, it complicates clinical practice and increases costs,
making it impractical. Figure 5.1 provides an overview of the stages.
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Figure 5.1: Overview of the research stages for investigating LN staging using SPIO-enhanced MRI: Initially, ex
vivo MRIs are analyzed to achieve a higher resolution of metastatic and non-metastatic SPIO-enhanced LNs,
allowing for a detailed examination of SPIO distribution patterns in these tissues. Next, in vivo MRI scans are
assessed to determine the potential for SPIO-enhanced in vivo evaluation and to verify if the patterns observed
ex vivo are seen in vivo. Finally, the method’s feasibility is evaluated in terms of sensitivity, specificity, and
accuracy, to determine the added value of this approach in daily clinical practice.

Literature is already exploring this in vivo evaluation of LNs with (U)SPIO-enhanced MRI and is showing
varying results regarding sensitivity and specificity. Research in breast cancer patients with USPIO-enhanced
MRI utilizing the pre- and postcontrast scan gave sensitivity and specificity of 86.4% and 97.5% respectively[26].
The results of USPIO postcontrast images alone were 84.7% sensitivity, 96.8% specificity. Additionally, Mo-
tomura et al. have showed that SPIO-enhanced MRI, including a T1-, T2*-Weighted and fat-suppression
sequence, can predict SLN status[40]. The sensitivity, specificity and accuracy were 100%, 96% and 96% re-
spectively. However, the MAGMEN trial included 15 cutaneous melanoma patients from which micrometastatic
deposits were identified in four SLNs taken from three patients. SPIO enhanced-MRI correctly predicted two
of the metastases using T1-, T2- and T2* Weighted sequences along with DIXON, indicating a sensitivity of
only 50%[10]. The two false negative SPIO-MRI predicted SLNs were both containing metastases measuring
<0.1 mm. The interpretation of the SLN status can thereby be challenging due to the size of the metastases.
On the contrary, the first two studies also included micrometastase and show, for this reason, promising re-
sults for SPIO-enhanced MRI staging in clinical practice. Nevertheless, additional clinical trials must indicate
whether SPIO-enhanced MRI staging can consistently achieve these high thresholds for specificity, sensitivity,
and accuracy.
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6 Conclusion

This thesis has taken steps towards optimizing the implementation of the MelaDiff trial protocol by evaluating
the DiffMag handheld probe in vivo and optimizing CS in the ex vivo LN MRI protocol. The evaluation of
DiffMag shows that the DiffMag probe offers advantages over the SentiMag in terms of user-friendliness and
consistency during in vivo use. However, challenges related to interference from surgical equipment persist. The
MelaDiff trial must indicate if the DiffMags’ advantages over the SentiMag holds up during real surgery, and
whether software updates can effectively address the interference issues.

The integration of CS into T1- and T2-weighted MRI sequences reduces the ex vivo scan time by 179 min
while maintaining sufficient image quality. This reduction in scan time makes SPIO-enhanced MRI staging
more clinically feasible by decreasing the time of the imaging process. Additionally, in research, it allows for the
integration of other sequences in the same scan duration. However, further investigation is required to address
the limitations identified in integrating CS in MRI mapping.

Looking ahead, the upcoming MelaDiff trial will be the next step in determining whether the DiffMag handheld
probe can offer clinical value and whether SPIO-enhanced MRI can establish itself as a reliable, non-invasive
alternative for LN staging. If successful, this method could improve patient care by reducing the need for
invasive SLNBs, provided it demonstrates high sensitivity, specificity, and clinical practicality. While challenges
persist, the foundation laid by this research represents a step forward in melanoma staging. These steps bring us
closer to a non-radioactive LN staging procedure that provides prognostic information and guides appropriate
treatment strategies, while sparing most patients the potential complications associated with SLNBs.
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A MelaDiff trial

A.1 Summary MelaDiff protocol

Rationale: The sentinel lymph nodes (SLNs) are the first lymph nodes (LNs) to drain the tumor site and there-
fore the first LNs to bare metastases. Hence the importance to investigate these LNs for the best treatment
strategy. Current-standard-of-care for melanoma patients with a melanoma stage of pT1b or higher, involve
a surgical procedure, referred to as SLN biopsy (SLNB). The SLNB procedure involves a combined detection
procedure using a radio-active tracer (Tc99-m nanocolloid) and optionally blue dye (Patent blue) followed by
surgical dissection and evaluation of the LNs at the histopathology department. Due to the use of radioiso-
topes, this procedure suffers from several disadvantages such as limited availability, strict rules and regulations,
degradation time in patient and radioactive load for user and patient.
To overcome the limitations of a radioactive tracer, a magnetic SLNB was developed which is facilitated by
super paramagnetic iron-oxide (SPIO) nanoparticles. This potentially offers numerous benefits making surgery
planning more flexible: no exposure to radiation, easy accessibility of the tracer, long shelf life and long half
time in the patient. However, the currently available commercial product for intraoperative detection of SPIO-
enhanced LNs (Sentimag®, Endomagnetics, ltd., United Kingdom) is hampered by a relatively low detection
depth, biological noise, and effects of surgical equipment. With the current Sentimag® probe, the surgeons
need to switch to plastic or carbon equipment and the system needs to be balanced prior to each measurement,
which increases the surgery time by 20%. A new and effective way to localize SPIOs is differential magnetometry
(DiffMag). This patented detection principle, developed by MD&I group at University of Twente (UT), utilizes
the nonlinear magnetic response of nanoparticles. While this innovative approach has shown promising results in
test environment, the DiffMag has not previously been used in clinical setting and may require further optimiza-
tion. Clinical insights and feedback from healthcare professionals are essential to this ongoing refinement process.

An additional advantage of SPIOs is their visibility on MRI, which could provide mapping the SLNs pre-
operatively. Especially in patients with melanomas on the abdomen or back this would be very useful to see
which lymph node stations are connected to the melanoma. In addition, studies have shown that SPIOs are
absorbed into lymph nodes in different ways, depending on the presence of metastases. SPIOenhanced MR lym-
phography could therefore provide an opportunity for a non-invasive preoperative assessment of nodal status.
In this pilot study we want to evaluate the clinical use of the DiffMag handheld probe for further optimization.
Moreover, we want to map the lymph nodes preoperatively using MR lymphography. In addition, ex vivo MRI
will be used to examine the possibility of assessing the nodal status.

Objective:
Primary objective:
Assessing feasibility and usability of the handheld DiffMag magnetometer (facilitated by the magnetic tracer,
Magtrace®) for localizing SLNs in melanoma patients during a SLNB procedure.
Secondary objectives:
Assessing the feasibility of LN mapping and staging with preoperative enhanced MRI enhanced by SPIONs.

Study design: Interventional, minimally invasive, pilot study in melanoma patients.

Study population:
20 adult patients with melanoma of the upper and lower extremities, scheduled for a SLNB will be approached
to participate in the study.

Intervention (if applicable):
Preoperative, patients will receive two MRI-scans (optional) and a magnetic tracer injection at the primary
tumor site. During surgery, SLNs will be detected using two types of magnetometers (SentiMag® & DiffMag)
in addition to the standard procedure.

Main study parameters/endpoints: 1. SLN detection measured by DiffMag vs radioactive detection.
2. SLN detection measured by DiffMag vs SentiMag®. 3. Usability DiffMag Secondary study parame-
ters/endpoints: 1. Usability of LN mapping by SPIO-enhanced MRI 2. Usability of LN staging by SPIO-
enhanced MRI
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A.2 Approval MEC-U
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A.3 Approval ’lokale uitvoerbaarheid’ ZGT
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B Lymphatic system of pigs

Figure B.1 provides a schematic overview of the lymphatic system in pigs. Pigs have two locations where lymph
nodes can be detected transcutaneously: the head/neck area and the groin area. For the head/neck are this
is the ventral superficial cervical LN, the middle superficial cervical LN and dorsal cervical LN. To facilitate
drainage to these LNs, injections must be given in the tongue. In the groin area are the superficial inguinal
LN and the superficial popliteal LN located. To drain to these areas, injections must be done in the hind
limb. Other lymph nodes are situated deeper and can be reached by surgically opening the pig and extracting
abdominal organs.

Figure B.1: Schematic overview of lymphatic system of pigs[41]
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C Questionnary usability DiffMag handheld probe
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