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A B S T R A C T

Magnetic Particle Imaging (MPI) has evolved over the past two decades from a conceptual imaging innovation to 
a promising modality ready for translation into clinical settings. MPI visualizes the distribution of super
paramagnetic iron oxide nanoparticles (SPIONs) using time-varying magnetic fields and offers unique advantages 
such as high sensitivity, real-time 3D imaging, and the absence of ionizing radiation. This review traces key 
milestones in MPI’s development across instrumentation, algorithmics, tracer systems, and medical applications. 
Advances in scanner technology include field-free point and field-free line architectures, with preclinical and 
now human-scale systems enabling imaging of extremities and the brain. Reconstruction methods in MPI have 
evolved along two complementary paths: system matrix-based reconstruction and x-space algorithms. Both ap
proaches are well-established and offer distinct advantages in terms of image quality, computational efficiency, 
and application-specific flexibility. In parallel, nanoparticle design has advanced significantly, with novel tracers 
like SPION-loaded erythrocytes, magnetosomes, and SMART rhesins improving circulation time, specificity, or 
signal quality. MPI’s sensitivity allows for diverse biomedical applications, including cardiovascular imaging, 
endovascular intervention guidance, stroke detection, perfusion monitoring, and cell tracking. The integration of 
MPI with other modalities such as MRI and CT further expands its diagnostic potential by adding an anatomical 
background. The recent reintroduction of a clinically approved tracer (Resotran) and the emergence of human- 
scale scanners mark important steps toward clinical implementation. As the field moves forward, the validation 
of clinical benefit through prospective trials remains a key challenge. Nevertheless, current momentum strongly 
suggests that MPI is ready to become a valuable tool in clinical diagnostics within the near future.

1. Introduction

It was 20 years ago when the two inventors Bernhard Gleich and 
Jürgen Weizenecker published a new imaging modality in Nature: 
Magnetic Particle Imaging (MPI) [1] following a patent application [2]. 
The basic principle of MPI is the visualization of the spatial distribution 
of superparamagnetic iron oxide nanoparticles (SPIONs) by static and 
oscillating magnetic fields. Due to its tracer characteristics, MPI offers a 
high sensitivity with background-free imaging [3]. Especially, its 
real-time capabilities of 3D imaging [4] and the lack of ionizing radia
tion promoted MPI to be very promising for a broad variety of medical 
applications. Furthermore, the principle of multi-contrast MPI, which 
allows the signal distinction of different particle types and constitutions 
like viscosity or temperature [5,6] offers versatile functional imaging 
perspectives. After continuous excellent research worldwide, the first 

human-sized scanners for the brain and leg were introduced [7–9], and 
furthermore, a clinically approved tracer agent became available on the 
European market [10]. Thus, the clinical introduction of MPI seems to 
appear imminent.

In this review, MPI’s remarkable journey from “patents to patients” is 
illustrated by presenting the milestones from 20 years of MPI research 
developments in instrumentation, algorithmics, nanoparticular tracer 
systems, and medical applications. Fig. 1 will guide the reader, as the 
developments have partly occurred independently. Nevertheless, the 
community has succeeded in consolidating the individual research 
achievements in such a way that the first human applications are now 
being prepared.
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2. Instrumentation developments

Magnetic Particle Imaging utilizes three fundamental field compo
nents to excite and spatially encode SPIONs: the Drive Field (DF), the 
Selection Field (SF), and the Focus Field (FF). The DF, a field with a high 
frequency in the kHz range and a small amplitude, is responsible for 
dynamically exciting SPIONs within a system. The SF, a static gradient 
field either generated by coils [11] or permanent magnets [12], defines 
the spatial encoding by creating a region with zero magnetic field 
strength. Only SPIONs within or near this zero magnetic field strength 
contribute to the measurement signal. The DF amplitude and the SF 
strength define the imaging volume, referred to as field of view (FOV). 
The FF, a field with low frequency and high amplitude, is used to extend 
the FOV. For the SF, two main encoding schemes have emerged: 
field-free point (FFP) and field-free line (FFL) encoding.

FFP systems are designed to focus nanoparticle signal at a specific 
point which is moved via the DF and/or the FF to encode the FOV. The 
development of FFP systems has been significantly influenced by Philips 
Research Hamburg, where both, the first preclinical [13] and clinical 
demonstrators [7], of this technology have been introduced. Several 
research groups designed individual systems of various size, coil design, 
gradient strength, spatio-temporal resolution and application purposes 
[14–18]. The first preclinical commercial FFP-system was introduced by 
Bruker BioSpin [19]. Recent developments in MPI focus on technology 
scaling for human applications targeting the head [8,9,20] or lower 
limbs [21]. FFP systems offer various excitation concepts, ranging from 
1D excitation [16] to 3D excitation [13] typically with a fixed frequency 
in the range of 5 kHz [22] up to 100 kHz [23]. For some applications 
devices with varying DF frequencies exist [24]. The sampling trajec
tories in FFP systems often depend on the number of DF channels and 
can include patterns such as Lissajous trajectories [25], cartesian sam
pling [26] or travelling wave encoding [17].

The FFL technology was first conceptualized by Weizenecker et al. 
[27], with the first prototypes developed by Erbe et al. [28] and 
Goodwill et al. [29]. Several research groups developed individual 

systems with varying encoding schemes and size [30–32]. Open con
cepts in this area have been explored by [33,34]. The first commercial 
FFL-system was introduced by Magnetic Insight [35]. A significant 
milestone is the development of an FFL system at clinical scale [9,20,
36]. While excitation in FFL systems always occurs in 1D, an important 
distinction in FFL systems is the type of rotation of the FFL, with dif
ferentiation between electrical [37] and mechanical rotation [38].

MPI excels in providing highly sensitive and quantitative visualiza
tion of SPION concentration distributions. However, MPI does not 
inherently offer anatomical information about the specimen being 
imaged. To overcome this limitation, combining MPI with other imaging 
modalities is advantageous. Several concepts have been explored for 
integrating MPI with existing imaging techniques such as Magnetic 
Resonance Imaging (MRI), Computed Tomography (CT), and Ultra
sound. The combination with MRI [39] and CT [40] aims to merge the 
anatomical detail provided by these modalities with the sensitive con
centration mapping of MPI, resulting in a comprehensive imaging so
lution that leverages the strengths of each technique. Image registration 
can be simplified by using fiducial markers [41] or specifically designed 
dual use tracers [42]. A first commercial system combining CT and MPI 
is currently being developed by Bruker [43]. Ultrasound, due to its 
manual handling not regularly used for anatomical imaging in this 
context, has been investigated for its potential in targeted thermother
apy. This approach utilizes ultrasound’s ability to deliver localized 
thermal energy to facilitate therapeutic interventions, complementing 
the imaging capabilities of MPI [44].

In addition to imaging systems, Magnetic Particle Spectroscopy 
(MPS) has been developed to assess the suitability of nanoparticles for 
MPI and to advance the investigation of new application concepts. In 
principle, MPS differs from MPI solely by omitting a gradient field. MPS 
systems range from 1D [45,46] to 3D [47] excitation, with various DF 
frequencies [48], extending to MPS with pulsed sequences [49,50] that 
allow arbitrary excitation of particles. MPS with a fixed frequency are 
easier to build and allow for variety in technical aspects such as mea
surement chamber size or possible offset range. MPS with variable DF 

Fig. 1. Milestones in instrumentation, algorithmics, nanoparticular tracer system development and application research of two decades of MPI research.
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frequencies are limited to small coil systems and low duty cycles when 
operated with reasonable power. In conjunction with specialized eval
uation routines, MPS systems can be utilized independently of MPI for 
laboratory investigations [51].

For both MPI and MPS systems, specialized hardware concepts for 
individual components are continuously being developed. These include 
sensitive receive coils [52,53], efficient amplifiers [54,55], and tailored 
filters [56,57], as well as specific hardware developments such as 
Magnetic Fluid Hyperthermia (MFH) coils [58].

3. Algorithmic developments

Over the past 20 years, algorithmic development in MPI has signif
icantly progressed. Two main reconstruction schemes have evolved: 
system matrix (SM)-based reconstruction and direct x-space recon
struction [59–61]. The SM approach requires the creation of a system 
matrix that calibrates the hardware and particle system [62]. The SM 
can be measured for optimal calibration characteristics [61] or it can be 
modeled to enable hardware-independent calibration. Models range 
from simple and fast implementations [63] through deep learning al
gorithms [64] to sophisticated physical models [65]. Hybrid approaches 
utilize particle response measurements in MPS to achieve fast and sen
sitive calibration of the complex particle dynamics. To solve the system 
of equations generated by the SM various solvers, regularizers [66,67] 
and weighting techniques [68] have been explored to improve image 
quality, and significant advancements have been made in fast recon
struction, including methods for matrix compression [69] and for online 
reconstruction [70]. X-space reconstruction employs the direct mea
surement signal and knowledge of FFP or FFL trajectories to map the 
signal directly into the image space [71]. Relaxation times typically 
cause blurring in the image, which can be reduced by deconvolution 
[72].

In MPI, peripheral nerve stimulation (PNS) limits the maximum 
amplitude of the DF [73–75], which in turn restricts the achievable field 
of view (FOV) generated by the combination of DF and SF. To cover 
larger regions of interest (ROIs), a spatial shift of the FOV using FFs is 
required. For efficient image reconstruction, it is common practice to 
acquire data from multiple small FOVs and subsequently stitch them 
together in post-processing based on the applied FF positions. This 
technique is known as FOV-patching [76,77] or partial-FOV (pFOV) 
reconstruction. Alternatively, a single SM can be acquired for the entire 
combined trajectory of DF, SF, and FF, which allows for image recon
struction of the full FOV, albeit at the expense of increased calibration 
time and memory requirements [78]. Recently, a sinogram-based cali
bration for FFL imaging was proposed to decrease calibration time [79].

In addition to general advancements in reconstruction techniques, 
multi-contrast MPI has emerged as a valuable approach, allowing for the 
differentiation of particle signals based on variations in particle 
composition [5], size [80], temperature [81], and viscosity [82]. The SM 
approach requires at least two different system matrices for differenti
ation [5], whereas in the x-space approach, differentiation is achieved 
through the analysis signal characteristics such as relaxation times [83]. 
Dual frequency excitation with different DF frequencies can further 
enhance the distinction of particle properties, with research indicating 
that dual frequency excitation increases the sensitivity and specificity of 
MPI multi contrast signals [84].

The magnetic fields in MPI are used not only for imaging but also for 
controlling magnetic devices. Algorithms have been developed to enable 
the movement and control of various magnetic objects via the SF, 
opening new applications in therapy and micromanipulation [85–87].

Additionally, an open MPI dataset [88] and a standardized data 
format called MDF [89] which facilitates the exchange and analysis of 
imaging data, was established. Several freely accessible Julia packages 
[90] are available for the reconstruction and simulation of MPI data, 
supporting the development and implementation of MPI algorithms. 
Moreover, these standardization and open-source efforts are anticipated 

to facilitate broader adoption by enabling data exchange across diverse 
systems and institutions. This, in turn, supports a more efficient devel
opment process of both – software and hardware components for MPI.

4. Nanoparticular tracer system developments

The nonlinear magnetization behavior of superparamagnetic iron 
oxide nanoparticles constitutes a fundamental principle of the MPI 
technique. Consequently, substantial research efforts have been directed 
toward the optimization of nanoparticle-based tracer systems. The 
properties of the SPIONs influence the MPI signal and the biological 
distribution. The pharmacodynamics of the tracer agent is crucial for the 
circulation time in the vasculature and the clearing of the tracer. These 
factors are mainly influenced by the particle configuration and the type 
of coating. The SPIONs employed in MPI are typically cleared from the 
body through the reticuloendothelial system. This leads to an accumu
lation of SPIONS in the spleen and the liver of mammals. The blood half- 
life of SPIONs is short. For instance, the MPI signal of Resovist showed a 
half-life time of less than 5 min in rabbit experiments [91]. To overcome 
this limitation, Antonelli et al. introduced the principle of erythrocyte 
SPION-loading [92]. This enables prolonged detection of the SPION 
signal, effectively functioning as a long-circulating blood pool tracer. 
These nanocarriers might be beneficial to monitor biological perfusion 
processes continuously, e.g. changes of brain perfusion after stroke 
(therapy) [8,93]. In addition to extending the circulation time of 
SPIONs, the particle-loading approach has also been investigated in the 
context of cellular labeling. Here, Lindeman et al. illustrated tumor-cell 
labeling via commercial and self-synthetized SPIONs in human neck 
cancer cells [94]. Bulte et al. illustrated the possibility to detect and 
track mesenchymal stem cells via MPI in a mouse brain [95]. Cellular 
uptake of SPIONs forms the foundation of these approaches. However, 
once internalized, SPIONs are no longer accessible for the specific tar
geting of (superficial) molecular structures. In contrast, antibody 
conjugation of tracers allows for highly specific functional imaging ap
plications. For instance, lactoferrin was conjugated via antibodies on 
SPIONs and thus allowed for binding on brain tumor (glioblastoma) cells 
[96]. This approach is the basis for various targeted diagnostic and 
therapeutic applications, e.g. tumor specific hyperthermia [97]. In 
addition to applications on the cellular level, SPIONs can be used as 
tracers in different preformed biological environments and thus deliver 
indirectly specific information. A very common approach is the 
administration of SPIONs in the vasculature and the visualization of the 
distribution along the vessels or in the heart [4,98]. In combination with 
blood-pool tracers, a water-bolus injection was suggested by Mohn et al. 
[99]. Here, a signal void is caused by local particle displacement and 
thus allows for indirect bolus tracking. In addition to vascular imaging, 
lung imaging is possible with inhaled nanomagnetosols [100]. 
Furthermore, SPIONs have been studied as bimodal tracer agents to 
realize the combination of MPI with MRI or CT [42,101]. It should be 
recognized that, although the underlying imaging principles of the 
respective modalities are fundamentally distinct, their combination of
fers significant potential for synergistic application. [102]. An illustra
tive example is the imaging of atherosclerotic plaques using a 
combination of MRI and MPI. In this context, the R2* relaxation effects 
caused by nanoparticles are measured by MRI, while the magnetic 
particle signal is captured through MPI [103].

In the very first MPI publication, Weizenecker and Gleich describe 
optimal superparamagnetic tracers to have an iron oxide core size of 30 
nm [1]. Interestingly, the size distribution of Resotran, which was a 
clinically approved MRI contrast agent with MPI eligibility at that time, 
showed a very broad size spectrum with only 3 % of the particle being 
inside the described optimal range. Nevertheless, the resulting 
particle-particle interactions and particle aggregation are crucial for the 
imaging performance of the used tracers [104]. MPI is called to be a 
quantitative imaging modality. This means that there is a linear corre
lation between the number of particles and the resulting signal intensity 
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[74]. Nevertheless, this dependency seems to be limited at higher con
centrations of certain particle types [105]. This is especially important 
when acquiring system matrices with a SPION sample. In 2022, Reso
tran, chemically identical to Resovist, with both consisting of Fer
ucarbotran, was introduced to the European market. Resotran 
demonstrated a comparably strong performance in MPI, thereby 
addressing a long-standing limitation: the absence of an approved tracer 
material. This development represents a significant step forward toward 
the clinical translation of MPI, which had previously been hindered by 
this regulatory gap [10]. Nevertheless, the MPI-performance of these 
clinically useable tracers is limited. Dedicated preclinical MPI-tracers 
have shown to be superior in their MPI-performance [106]. In that re
gard, new tracer concepts like superferromagnetic iron oxide nano
particle chains (SFMIOs) [107] or genetically engineered magnetosomes 
[108] must be acknowledged. The former causes a tenfold higher spatial 
resolution and signal-to-noise ratio compared to previously used setups. 
Another new nanoparticular system is “SMART rhesins” which are 
structurally designed as hollow microspheres containing SPIONs [109]. 
These are very advantageous for environments with high viscosity. Due 
to the encapsulation of the particles in the rhesin, the Brownian and Néel 
relaxation and thus the resulting signal is unaffected by the surrounding 
medium.

5. Application developments

Due to its unique combination of imaging features, the spectrum of 
MPI’s potential medical applications is broad. The high temporal 

resolution, which allows for real-time capabilities, renders MPI very 
promising for cardiovascular imaging. As a first in vivo experiment, a 
beating mouse heart was visualized by Weizenecker et al. [4]. In 
contrast to MRI, which is clinically established for cardiac imaging, 
there is no breath-hold or gating needed during cardiac MPI imaging. 
The real-time option and the absence of ionizing radiation furthermore 
qualifies MPI very advantageous for the guidance of endovascular in
terventions. In that regard, proof-of-concepts are given for stent im
plantation [110], ballon angioplasty [111] and even untethered 
aneurysm therapy [87]. Furthermore, the quantitative characteristic of 
MPI (direct correlation between signal intensity and particle concen
tration) allows for accurate quantification of vessels and vascular pa
thologies, like stenoses [112] and visualization of the stent lumen [113]. 
This feature is also highly beneficial for valid perfusion measurements. 
Initial studies showed that MPI is a sufficient tool for kidney perfusion 
monitoring [114] and the detection of ischemic stroke [93]. In addition 
to perfusion deficiencies, MPI can also be used to detect bleeding. Here, 
cerebral hemorrhage [115,116] and gastrointestinal bleeding scenarios 
[117] have been proven to be detectable by MPI in animal models so far. 
Another cerebral imaging aspect which is feasible with MPI is functional 
brain imaging. Discrete hypercapnia induced perfusion changes can be 
detected and thus are the basis for MPI based functional brain mapping 
[118]. First non-human primate results indicate sufficient sensitivity of a 
recently introduced human-size MPI brain scanner [119]. As a 
tracer-based method, MPI is also promising for breast cancer and 
lymph-node detection. First results illustrate the possibility to use MPI as 
an alternative for scintigraph sentinel-lymph node localization [120,

Fig. 2. Milestones in MPI instrumentation, preclinical application and tracer research that enable clinical evaluation [125–133].
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121]. Additionally, the margins of breast cancer might be localized 
during operations via a handheld MPI device [122]. In addition to the 
wide spectrum of macroscopic diagnostic applications, MPI’s sensitivity 
allows for dedicated microscopic imaging scenarios. The SPION loading 
of cells allows for precise monitoring of e.g. stem cells [95]. In that re
gard, the distribution of cells inside the body can be displayed with high 
spatial and temporal precision over long timeframes. Hence, neuronal 
stem cells were tracked for 87 days in a rat model [123]. The signal 
characteristic of cell-loaded SPIONs differs from unbound SPIONs [124] 
which might allow a differentiation between intracellular and extra
cellular particles by multi-contrast MPI.

6. Outlook and clinical perspective

Over the past 20 years, MPI has undergone impressive development 
from the introduction as a entirely new imaging concept to a well- 
established preclinical modality. With human-scale scanners and clini
cally approved tracer materials at hand, the first human MPI images 
appear to be imminent. Examinations of regions such as the human brain 
or leg represent crucial milestones for both the modality itself and the 
entire research community. In Fig. 2, the current scientific status of the 
most promising human application scenarios is illustrated. Nevertheless, 
on its path towards clinical integration, MPI must demonstrate distinct 
clinical benefits by answering specific medical questions. These benefits 
will need to be validated in prospective, randomized controlled clinical 
trials. In that regard, regulatory aspects must be considered and 
addressed promptly to enable the use of MPI scanners in clinical studies 
and, prospectively, in patient care. If MPI succeeds in confirming its 
potential according to the rigorous standards of evidence-based medi
cine, this emerging modality could secure a lasting place in clinical 
practice.

Reflecting on the groundbreaking achievements of the past two de
cades, it seems more than likely that MPI will become an established tool 
within the clinical diagnostic spectrum well before another 20 years 
have passed.
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[3] T. Knopp, N. Gdaniec, M. Möddel, Magnetic particle imaging: from proof of 
principle to preclinical applications, Phys. Med. Biol. 62 (2017) R124–R178, 
https://doi.org/10.1088/1361-6560/aa6c99.

[4] J. Weizenecker, B. Gleich, J. Rahmer, H. Dahnke, J. Borgert, Three-dimensional 
real-time in vivo magnetic particle imaging, Phys. Med. Biol. 54 (2009) L1–L10, 
https://doi.org/10.1088/0031-9155/54/5/L01.

[5] J. Rahmer, A. Halkola, B. Gleich, I. Schmale, J. Borgert, First experimental 
evidence of the feasibility of multi-color magnetic particle imaging, Phys. Med. 
Biol. 60 (2015) 1775–1791, https://doi.org/10.1088/0031-9155/60/5/1775.

[6] M. Utkur, E.U. Saritas, Simultaneous temperature and viscosity estimation 
capability via magnetic nanoparticle relaxation, Med. Phys. (2022) 15509, 
https://doi.org/10.1002/mp.15509 mp.

[7] J. Rahmer, C. Stehning, B. Gleich, Remote magnetic actuation using a clinical 
scale system, PLoS One 13 (2018) e0193546, https://doi.org/10.1371/journal. 
pone.0193546.

[8] M. Graeser, F. Thieben, P. Szwargulski, F. Werner, N. Gdaniec, M. Boberg, 
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optimization of a magnetic field generator for magnetic particle imaging with soft 
magnetic materials, Adv. Intell. Syst. 6 (2024) 2400017, https://doi.org/ 
10.1002/aisy.202400017.

[12] M. Irfan, O. Mercan Dogan, N. Dogan, A. Bingolbali, Selection field generation 
using permanent magnets and electromagnets for a magnetic particle imaging 
scanner, Alex. Eng. J. 61 (2022) 7685–7696, https://doi.org/10.1016/j. 
aej.2022.01.028.

[13] B. Gleich, J. Weizenecker, H. Timminger, C. Bontus, I. Schmale, J. Rahmer, 
J. Schmidt, J. Kanzenbach, J. Borgert, Fast MPI demonstrator with enlarged field 
of view, Proc Int Soc Magn. Reson. Med. 18 (2010) 218.

[14] T.F. Sattel, T. Knopp, S. Biederer, B. Gleich, J. Weizenecker, J. Borgert, T. 
M. Buzug, Single-sided device for magnetic particle imaging, J. Phys. D Appl. 
Phys. 42 (2009) 022001, https://doi.org/10.1088/0022-3727/42/2/022001.

[15] M. Schilling, F. Ludwig, C. Kuhlmann, T. Wawrzik, Magnetic particle imaging 
scanner with 10-kHz drive-field frequency, Biomed. Tech. (Berlin) 58 (2013), 
https://doi.org/10.1515/bmt-2013-0014.

[16] P.W. Goodwill, G.C. Scott, P.P. Stang, S.M. Conolly, Narrowband magnetic 
particle imaging, IEEE Trans. Med. Imag. 28 (2009) 1231–1237, https://doi.org/ 
10.1109/TMI.2009.2013849.

[17] P. Vogel, M.A. Ruckert, P. Klauer, W.H. Kullmann, P.M. Jakob, V.C. Behr, 
Traveling wave magnetic particle imaging, IEEE Trans. Med. Imag. 33 (2014) 
400–407, https://doi.org/10.1109/TMI.2013.2285472.

[18] S.-M. Choi, J.-C. Jeong, J. Kim, E.-G. Lim, C. Kim, S.-J. Park, D.-Y. Song, H.- 
J. Krause, H. Hong, I.S. Kweon, A novel three-dimensional magnetic particle 
imaging system based on the frequency mixing for the point-of-care diagnostics, 
Sci. Rep. 10 (2020) 11833, https://doi.org/10.1038/s41598-020-68864-9.

[19] Homepage: Bruker-Biospin, Ettlingen, Germany. https://www.bruker.com/en/pr 
oducts-and-solutions/preclinical-imaging/mpi.html, 2025. (Accessed 26 June 
2025).

[20] E.E. Mason, E. Barcikowski, J. Carl, M. Chandeeing, B. Davison, B. Fellows, 
W. Fetsch, K. Fields, J. Greve, J.J. Konkle, E. Mattingly, T. Sanders, O. Sehl, 
D. Trease, A. Truxal, M. Weyhmiller, P.W. Goodwill, Preliminary results: large 
bore clinical MPI system imaging human head-sized FOVs, Int. J. Magn. Part. 
Imag. 10 (1 Suppl 1) (2024).

[21] P. Vogel, M.A. Rückert, C. Greiner, J. Günther, T. Reichl, T. Kampf, T.A. Bley, V. 
C. Behr, S. Herz, iMPI: portable human-sized magnetic particle imaging scanner 
for real-time endovascular interventions, Sci. Rep. 13 (2023) 10472, https://doi. 
org/10.1038/s41598-023-37351-2.

[22] K.-J. Janssen, M. Schilling, F. Ludwig, J. Zhong, Single harmonic-based 
narrowband magnetic particle imaging, Meas. Sci. Technol. 33 (2022) 095405, 
https://doi.org/10.1088/1361-6501/ac78c6.

[23] Q. Su, S. Sun, L. Xu, J. Zhong, An 101 kHz – narrowband magnetic particle 
imaging scanner, Int. J. Magn. Part. Imag. 11 (1) (2025) 1, https://doi.org/ 
10.18416/IJMPI.2025.2503032.

[24] D. Pantke, N. Holle, A. Mogarkar, M. Straub, V. Schulz, Multifrequency magnetic 
particle imaging enabled by a combined passive and active drive field feed- 
through compensation approach, Med. Phys. 46 (2019) 4077–4086, https://doi. 
org/10.1002/mp.13650.

[25] T. Knopp, S. Biederer, T. Sattel, J. Weizenecker, B. Gleich, J. Borgert, T.M. Buzug, 
Trajectory analysis for magnetic particle imaging, Phys. Med. Biol. 54 (2009) 
385–397, https://doi.org/10.1088/0031-9155/54/2/014.

[26] F. Werner, N. Gdaniec, T. Knopp, First experimental comparison between the 
Cartesian and the Lissajous trajectory for magnetic particle imaging, Phys. Med. 
Biol. 62 (2017) 3407–3421, https://doi.org/10.1088/1361-6560/aa6177.

[27] J. Weizenecker, B. Gleich, J. Borgert, Magnetic particle imaging using a field free 
line, J. Phys. D Appl. Phys. 41 (2008) 105009, https://doi.org/10.1088/0022- 
3727/41/10/105009.

[28] M. Erbe, T. Knopp, T.F. Sattel, S. Biederer, T.M. Buzug, Experimental generation 
of an arbitrarily rotated field-free line for the use in magnetic particle imaging, 
Med. Phys. 38 (2011) 5200–5207, https://doi.org/10.1118/1.3626481.

[29] P.W. Goodwill, J.J. Konkle, B. Zheng, E.U. Saritas, S.M. Conolly, Projection x- 
space magnetic particle imaging, IEEE Trans. Med. Imag. 31 (2012) 1076–1085, 
https://doi.org/10.1109/TMI.2012.2185247.

[30] M. Weber, J. Beuke, A. Von Gladiss, K. Gräfe, P. Vogel, V.C. Behr, T.M. Buzug, 
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for negative contrast perfusion imaging in magnetic particle imaging, Phys. Med. 
Biol. 68 (2023) 175026, https://doi.org/10.1088/1361-6560/ace309.

[100] S. Nigam, J. Mohapatra, A.V. Makela, H. Hayat, J.M. Rodriguez, A. Sun, 
E. Kenyon, N.A. Redman, D. Spence, G. Jabin, B. Gu, M. Ashry, L.F. Sempere, 
A. Mitra, J. Li, J. Chen, G. Wei, S. Bolin, B. Etchebarne, J.P. Liu, C.H. Contag, 
P. Wang, Shape anisotropy-governed high-performance nanomagnetosol for in 
vivo magnetic particle imaging of lungs, Small 20 (2024) 2305300, https://doi. 
org/10.1002/smll.202305300.

[101] F. Wegner, K. Lüdtke-Buzug, S. Cremers, T. Friedrich, M.M. Sieren, J. Haegele, M. 
A. Koch, E.U. Saritas, P. Borm, T.M. Buzug, J. Barkhausen, M. Ahlborg, Bimodal 
interventional instrument markers for magnetic particle imaging and magnetic 
resonance imaging-A proof-of-concept study, Nanomaterials 12 (2022) 1758, 
https://doi.org/10.3390/nano12101758.

[102] S. Karaca, D. Alptekin Soydan, C.B. Top, E.U. Saritas, Initial MRI results using 
open-sided hybrid MPI and low-field MRI scanner, Int. J. Magn. Part. Imag. 11 (1 
Suppl 1) (2025), https://doi.org/10.18416/IJMPI.2025.2503024.

[103] G. Prévot, T. Kauss, C. Lorenzato, A. Gaubert, M. Larivière, J. Baillet, J. Laroche- 
Traineau, M.J. Jacobin-Valat, L. Adumeau, S. Mornet, P. Barthélémy, M. Duonor- 
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M. Graeser, E.T. Mandeville, J.B. Mandeville, L.L. Wald, Functional magnetic 
particle imaging (fMPI) of cerebrovascular changes in the rat brain during 
hypercapnia, Phys. Med. Biol. 68 (2023) 175032, https://doi.org/10.1088/1361- 
6560/acecd1.

[129] S. Bai, L. Gai, Q. Zhang, Y. Kang, Z. Liu, Y. He, W. Liu, T. Jiang, Z. Du, S. Du, 
S. Gao, M. Zhang, T. Li, Development of a human-size magnetic particle imaging 
device for sentinel lymph node biopsy of breast cancer, Front. Bioeng. Biotechnol. 
12 (2024) 1327521, https://doi.org/10.3389/fbioe.2024.1327521.

[130] C.Y. Kong, J. Williams, N. Hemadasa, D. Murphy, M. Bews-Hair, The introduction 
of Magtrace® lymphatic tracer for axillary sentinel node biopsy for breast cancer 
in a rural scottish district general hospital: initial experience, perspectives, 
outcomes and learning curves, clin, Breast Cancer 24 (2024) e495–e502, https:// 
doi.org/10.1016/j.clbc.2024.03.013.

[131] F. Wegner, Th Friedrich, P. Elfers, F. Kleefeldt, D. Peter, P. Gruschwitz, T. Reichl, 
J. Günther, M. Rückert, T. Kampf, V. Behr, T. Buzug, R. Kloeckner, J. Barkhausen, 
T. Bley, P. Vogel, V. Hartung, Advancing clinical MPI: safety assessment of 
medical implants in a human cadaver model, Int. J. Magn. Part. Imag. 11 (1 Suppl 
1) (2025).

[132] F. Thieben, F. Foerger, F. Mohn, N. Hackelberg, M. Boberg, J.-P. Scheel, 
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